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Abstract

This paper develops an interdisciplinary space architecture optimization framework to analyze the tradeoff on in-
situ resource utilization options, identify technology gaps, evaluate the benefits of in-situ resource utilization, and
optimize the design of infrastructure for Mars human space exploration scenarios and mission profiles. It performs
trade studies from the perspective of space logistics, which takes into account the interplanetary transportation,
infrastructure deployment, in-situ resource utilization system operation, and logistics of the produced resources. Our
method considers space architecture design and operation from the subsystem level to capture the coupling between
in-situ resource utilization technologies and in-space architecture elements for space resource logistics. A case study
involving a multi-mission human Mars exploration campaign is performed to evaluate the effectiveness of existing
and proposed in-situ resource utilization technology concepts and system designs. The results can provide us with a
better understanding of the benefits and costs of different in-situ resource utilization technologies for interplanetary
space transportation. A sensitivity analysis is also conducted to understand the impacts of lunar and near-Earth-object’s
in-situ resource utilization systems on Mars missions. The results of this analysis can help decision-makers determine
and optimize the roadmap for in-situ resource utilization technology development.
Keywords: Space logistics, Human space exploration, In-situ resource utilization

Nomenclature v = spacecraft index
A = setof arcs 14 = set of spacecraft
c = cost coefficient AV = change of velocity
d = mission demand w = set of time windows
D = total ISRU resource demand x = commodity variable
F = commodity transformation matrix Z = ISRU daily productivity
h = subsystem index € = energy storage efficiency
H = concurrency constraint matrix
i = node index Abbreviations
I, = specificimpulse ISRU = in-situ resource utilization
j = node index FSPS = fission surface power system
J = optimization objective PV = photovoltaic
K = battery/fuel cell design matrix RTG = radioisotope thermoelectric generator
L = storage length RWGS=reverse water gas shift reaction
M = subsystem mass SR = Sabatier reaction
N = ISRU hourly productivity SOCE = solid oxide CO; electrolyzer
N = setofnodes MRE = molten regolith electrolysis
P = subsystem power HR = hydrogen reduction
P, = power system output power CR = ca_rbothermal redl_Jctlon
Py, = subsystem power demand SWE = soil/water extraction
Q = infrastructure daily operating length DWE = direct water electrolysis
Q, = length of asolar day ES = Earh o
Q, = length of daytime per solar day TLI B trans-lunar injection
_ . . NRHO= near rectilinear halo orbit
Qs = subsystem daily operating length _ .
s - total ISRU system size PLLO = polar low lunar orbit
. = time step index LSP = lunarsouth pqle
T - set of time steps NEO = near-Earth ob_Ject
. . LMO = low Mars orbit
At = time of flight SLS = space launch system
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EUS = exploration upper stage

CLV = commercial launch vehicle

CUS = commercial upper stage

T/V = transfer vehicle

LLAM= lunar lander ascent module
LLDM= lunar lander descent module
IMLEO = initial mass in low-Earth orbit

1. Introduction

As the interest grows in deep space exploration, large-
scale space mission planning and space architecture
design have become increasingly important. Both NASA
[1] and SpaceX [2] have announced their exploration
plans to Mars by the 2030s. To build an affordable and
sustainable interplanetary space transportation system to
Mars, in-situ resource utilization (ISRU) systems and
propellant depots are two critical space infrastructures.
They can produce and store space resources in space,
especially spacecraft propellant, to support space
transportation and reduce mission costs. Studies on
campaign-level space mission planning have shown the
effectiveness of ISRU and propellant depots for space
transportation [3-7].

Multiple optimization frameworks have been
proposed to perform efficient space transportation
planning leveraging mission interdependencies through
heuristic methods [8], simulations [9], the graph theory
[10], or network flow models [3-7]. However, these
methods either do not consider ISRU infrastructure
design as part of the trade space or do not take into
account ISRU subsystem-level interactions and trade-
offs in the optimization. These interactions can directly
impact the ISRU system operation mechanisms and
system performances. For example, nuclear power
systems, such as the fission surface power system (FSPS)
and the large-scale radioisotope thermoelectric generator
(RTG), can support ISRU plant continuously regardless
of day and night. While the photovoltaic (PV) power
system can only support the infrastructure during the
daytime if no power storage system is deployed at the
same time. Moreover, it also suffers from radiation
degradation and dust power loss on the Martian surface.
Furthermore, some ISRU processes can share the same
subsystems, which makes their infrastructure design and
deployment more efficient. For example, the reverse
water gas shift reaction (RWGS) and Sabatier reaction
(SR) processes have the same reactant (i.e., CO, and H,)
and both produce H,0 as one of the products. Their
Martian atmosphere acquisition subsystem and H,O0
storage subsystem can be designed and deployed
together.

On the other hand, several testbeds have been built by
NASA [11] and Lockheed Martin [12] to evaluate the
performance of the hydrogen reduction reaction plant in
oxygen production. Integrated prototypes were also
developed for carbothermic reduction [13] and molten

regolith electrolysis [14] for production demonstration.
Besides the soil-based ISRU systems, Meyen [15]
performed a thorough analysis of the Mars atmosphere-
based ISRU experiment, also known as MOXIE. This
system will be implemented on the Mars 2020 Rover for
an on-site test.

Numerous studies also have been done focusing on
the  Martian  surface  transportation,  resource
identification and utilization assessment, and surface
mission scenario analysis. Smirnova proposed a Mars
surface transportation vehicle concept that guaranteed
reliable flights in the Martian atmosphere [16]. Chamitoff
et al. developed a powerful software tool for Martian
resource identification and landing site optimization [17].
In addition, Kading et al. presented a manned Mars
mission based on additive manufacturing techniques and
in situ materials [18]. Do et al. conducted a detailed
assessment of the Mars One mission plan [19].

However, these studies mainly focused on the
standalone performance of surface systems after
deployment. Our research, on the contrary, proposes an
integrated ISRU design and logistics framework from an
innovative perspective to take into account the
relationships between surface operations and space
mission planning from the subsystem-level. These
relationships, which are ignored in previous literature,
can directly influence mission planning solutions and
ISRU infrastructure designs. For example, in space
missions with frequent landing and surface operations,
only a small storage subsystem is needed because most
of the propellant is used right after production; whereas
for space missions with low-frequency time windows
because of rocket launch pad availabilities or mission
demand requirements, a large storage subsystem for
ISRU infrastructure is necessary.

To effectively analyze ISRU system performances,
identify technology gaps, and evaluate the actual benefits
of ISRU systems to human exploration to Mars, this
paper proposes an interdisciplinary space architecture
optimization framework that takes into account ISRU
subsystem-level trade-offs and the infrastructure
deployment.

There are three contributions achieved in this paper.
First, the proposed architecture optimization framework
enables effective space resource logistics optimization
for future human exploration to Mars considering the
synergistic effects of ISRU technologies, infrastructure
deployment, and logistics after resource productions.
Second, multiple soil-based and atmosphere-based ISRU
infrastructure sizing models are established based on
exiting ISRU design concepts and prototypes. These
models make it possible to perform a qualitative
performance comparison between different ISRU
technologies. Finally, a detailed Mars exploration case
study is developed based on the NASA Artemis lunar
exploration architecture [20]. It is conducted to analyze



the impact of trajectory selections in Earth-Moon-Mars
resource logistics and ISRU technology selections
leveraging the proposed interdisciplinary space
architecture optimization framework and developed
ISRU sizing models.

Our method provides an important step forward in
system-level architecture design and evaluation for future
large-scale human space explorations. It is also
particularly useful to identify the level of resource
information we need to design ISRU hardware and plan
space missions including the in-space transportation and
landing site selection.

The remainder of this paper is organized as follows.
Section 2 briefly introduces the network-based space
logistics optimization method used for space mission
planning. Section 3 describes the ISRU subsystem
definition and infrastructure sizing models. It also covers
the detailed analyses to implement power demand and
supply relationships in the space mission planning
formulation. In Sec. 4, model details and assumptions for
human exploration to Mars are established, including
candidate space transportation trajectories, the
transportation network model, Martian ISRU operation
environment assumptions, mission demand assumptions,
and a preliminary cost model. The results and discussions
are shown in Sec. 5. Finally, In Sec. 6, we conclude this
paper and discuss future works.

2. Space mission planning formulation

This section introduces the network-based space
logistics optimization method for space mission
planning. It considers the space mission transportation
model as commodity flows along arcs in a network. In
this network, nodes denote orbits or planets; arcs
represent trajectories; crew, payload, propellant, and
spacecraft are all considered as commodities flowing
along arcs. An example of the Earth-Moon-Mars
transportation network model is shown in Fig. 1.
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@ Martian System Node
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Fig. 1 Earth-Moon-Mars transportation network [7]

Consider a set of arcs A(V, NV, T), which contains a
set of available spacecraft V (index, v), a set of nodes V'

(indices, i,j), and a set of time steps T (index, t). To
compile the space mission planning formulation, we need
to define the following variables and parameters.

Xy = commodity flow variables. It can be discrete

or continuous variables depending on the

commodities.

d;; = mission supply and demand vector. Supplies are

positive and demands are negative.

Cyij¢ = Mission cost coefficient.

At;; = time of flight.

F,,;j = Commodity transformation matrix.

H,;; = Concurrency constraint matrix.

W;; = Mission time windows.

Based on the aforementioned notations, we can
express the network-based space logistics optimization
formulation as follows [6].

Minimize:
J = Y wijteq Coije Xvijt (1a)
Subject to:

Z(v,j):(v,i,j,t)ecﬂ Xvijt — Z(v,j):(v,j,i,t)eﬂ ijixvji(t—Atji) <d;
VieEN VteT (1b)

HyijXpije < 01 V(0,0,),t) € A (1)
xvijtzopX1 iftEI/Vij ..
{xm.jt = 0,y otherwise vwijineA  (d
X1
X2
Xpije = ,Xn € Zsgor Ry VR E{],...,p}
Xp vijt

V(v,i,j,t) €A

2.1 Objective function

Equation (la) is the objective function. It can be
mission cost or other mission performance measurements
depending on the definition of ¢,

2.2 Mass balance constraint

Equation (1b) is the mass balance constraint that
makes sure the commodity inflows to a node is always
larger than or equal to the summation of the commaodity
outflows and the mission demands. In this constraint, the
second term, Fy;x,;j , represents commodity
transformation during spaceflights or after infrastructure
deployment, including propellant burning, crew
consumptions, and ISRU resource production.

2.3 Concurrency constraint

Equation (1c) is the concurrency constraint that limits
commodity flow bounds, mainly defined by the
spacecraft payload capacity, the spacecraft propellant
capacity, and the ISRU storage capacity. This type of
constraint is also used to guarantee the non-negativity of
the commodity inflows (i.e., —Fy;jXy;jr < 0pxq) Lis the
number of total concurrency constraint types.



2.4 Time window constraint

Equation (1d) is the time window constraint. It
guarantees that only when time windows are open,
commodity flows are permitted. p is the number of
commaodity types.

The above is a brief introduction of the space mission
planning formulation through the generalized multi-
commodity flow model [3-7]. For detailed constraint
descriptions and constraint parameter settings, please
refer to Ref. [6].

3. ISRU system modeling

This section first shows the integrated ISRU
infrastructure model and modularized ISRU subsystems.
Then, in Sec. 3.2, we develop a series of ISRU models by
extrapolating the data from existing ISRU design
concepts and prototypes. Finally, Sec. 3.3 introduces the
ISRU operation models considering power system
demands and landing site environments.

3.1 Integrated ISRU Infrastructure Model
There are six subsystems considered in this ISRU
infrastructure model. The first subsystem is reactors,
which is the core of ISRU plants. They conduct chemical
processes to transform reactants into valuable products,
such as water (H,0), oxygen (0,), hydrogen (H,), and
methane (CH,). The sizing parameter of a reactor is the
ISRU resource hourly productivity N, in the unit of kg/hr.
The mass and power consumption sizing models of a
reactor can be written as Eqs. (2) and (3). Note that, there
are some ISRU reactors that use rigid solar concentrators
to provide thermal energy to the chemical reactions, such
as the integrated carbothermic reduction system [13]
developed by Orbitec Inc. and NASA. For those reactors
that use a special power source, we consider the power
architecture as part of the reactor in the sizing model and
the reactor does not require external power input
anymore.
Mg, = Fi(N) (2)
Ppe = G1(N) (3)
To obtain raw materials as ISRU reactants, we need
the second subsystem, excavator or acquisition systems,
to collect soil/regolith for the soil-based ISRU system or
C0, for the Martian atmosphere-based ISRU system. We
introduce the excavation rate mgy;; /645, in the unit of
kg/hr, as an intermediate variable to decouple the
excavation schedule and the reactor operating time. It is
a function of the ISRU resource productivity N, written
as Mgoi/as = f(N) . Based on the excavation rate
Msoi1/Gas» the sizing models for excavator/acquisition
subsystems can be written as Egs. (4) and (5). The
excavation complexity, difficulty, and site specificity
vary depending on the target raw materials attributes.
Using Mars exploration as an example, 95% of the

Martian atmosphere is made up of CO,. It is everywhere
on Mars. Therefore, the reactant excavation of
atmosphere-based ISRU is not a constraint for mission
landing site selection on Mars. For the Martian soil-based
water ISRU system, landing site selection can directly
impact the ISRU performance. Granular regolith is a type
of garden variety soil, which contains 1-3% water
concentration. It is easy to excavate and is found in most
places on Mars [21]. Gypsum/sulfate on Mars has a
higher water concentration, 5-10%. However, it is a
harder material that may require a rock excavator and
crushing. Its locations are also limited to the equatorial
region and mid-latitude area [21]. There is also
subsurface ice on Mars, which requires drilling devices
to collect it. The landing site for Martian icy regolith is
highly selective. The design of excavator/acquisition
subsystems is determined by the trade-off between the
landing site and ISRU technology selections.
MEx = F2 (mSOil/Gas) (4)
P, = GZ(mSoil/Gas) (5)
The third subsystem is separators that are used to
separate products from the reactor exhaust gas. The
performance and sizing of separators are directly relevant
to reactor types, exhaust gas components, and operating
environments. Therefore, the sizing parameter of a
separator is the same as the reactor, which is the ISRU
resource productivity N . The mass and power
consumption sizing models of separators can be written
as Egs. (6) and (7).
Ms, = F3(N) (6)
P, = G3(N) 7
The fourth subsystem is a hopper/feed/secondary
subsystem, which is supporting structures for other ISRU
subsystems. Therefore, its sizing is directly determined
by other subsystem sizing results. To make the ISRU
infrastructure design model consistent, we also use the
ISRU resource productivity N as the sizing parameter. Its
mass and power consumption sizing models can be
written as Eqgs. (8) and (9).
Myp = F4(N) (8
Pyp = G4(N) €)
After resources are produced, it requires storage
subsystems to temporarily store the resources before they
are consumed. The capacity of storage subsystems is
determined by the maximum amount of produced
resources to be stored during space missions. We can
define the storage length variable L, in the unit of days,
then the storage subsystem capacity should be equal to
QLN, where Q@ is the daily operating length (hr/day) and
N is the ISRU hourly productivity (kg/hr). Note that, L is
not the same as the total space mission duration. It is the
time between two space resource logistics missions.
Frequent logistics missions reduce the value of L, which
decreases the capacity requirement on storage
subsystems. However, frequent missions also increase



the propellant consumption and operation complexity
during spaceflights. On the other hand, occasional space
missions enlarge the value of L that leads to less
propellant consumption in space transportation but
requires larger storage subsystems to be deployed. This
is a trade-off between the space logistics operation and
the ISRU production operation. Based on the storage
capacity QLN, its mass and power consumption sizing
models can be written as Egs. (10) and (11).
Mg, = Fs(QLN) (10)
Pse = Gs(QLN) 11)
The last subsystem is the power subsystem, which is
one of the most important subsystems in ISRU trade
studies. The design and technology selections of a power
subsystem are relevant to landing site choice, space
mission planning, ISRU operation mechanism, and ISRU
infrastructure sizing. There are mainly two categories of
power sources considered in this research. The first
power source is huclear power, including FSPS and RTG.
This type of power system works continuously regardless
of the operating environment. Therefore, it is relatively
easier to perform trade studies and system sizing
analysis. The second power source is solar power, which
mainly includes the PV power system whose
performance is highly site-sensitive. For example, at the
0-20° N latitude region of Mars, the peak solar irradiance
after shadowing is 450 W/ m? and the period of high
activity for solar arrays is 6-7 hr/sol [22]. In this region,
solar arrays can work through the whole year after
implementing dust mitigation technologies. In the
northern polar area of Mars, the peak solar irradiance
after shadowing is 150 W/ m? and the period of high
activity for solar arrays is 24.6 hr/sol [22]. However, the
exploration mission can only last for about 90 days
during summer in this area because of the limited solar
source for the rest of the year. Moreover, if the PV power
system is the main power source and ISRU systems are
planned to work during the night, additional energy
storage systems need to be deployed. They can be
batteries or fuel cells. Different attributes of power
systems and operation environments make the trade
studies more complex, especially considering their
interaction with space logistics mission planning. In Sec.
3.3, we will discuss how to integrate power system trade
studies into the space mission planning framework. The
design parameter of the power subsystem is the total
power demand of all other ISRU subsystems. Then, the
mass sizing model can be written as Eq. (12).

Mpower = Fo(Pre + Pgx + Pse + Py + Pr)  (12)

Based on the aforementioned ISRU subsystem sizing
models and their dependencies, we can combine them
together and obtain an integrated ISRU modeling flow
chart as shown in Fig. 2. The inputs of this integrated
model are available ISRU technologies, potential power
sources and the requirement of ISRU daily productivity
N . The outputs are designated ISRU subsystem
infrastructure designs and technology selections.

Input: Type of Reactor System  Type of Power System Resource production Requirement, N
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Fig. 2 Integrated ISRU modeling flow chart

3.2 Available ISRU resources
In this section, we discuss available ISRU resources
and proposed ISRU sizing models. The interested
resources to be produced by ISRU include water (H20),
oxygen (O2), methane (CH.), and hydrogen (H). Table 1
shows available resources at different locations and
corresponding ISRU technologies to extract these
resources. These ISRU technologies are listed as follows.
Mars atmosphere based ISRU:
® Solid Oxide CO; Electrolyzer (SOCE)
® Reverse Water Gas Shift Reaction (RWGS)
®  Sabatier Reaction (SR)
® SR/RWGS Hybrid ISRU (SR/RWGS)
Lunar soil-based ISRU:
®  Molten Regolith Electrolysis (MRE)
® Hydrogen Reduction (HR)
® Carbothermal Reduction (CR)
General ISRU available for the Moon, asteroid,
and Mars:
®  Soil/Water Extraction (SWE)
® Direct Water Electrolysis (DWE)

Table 1 Available resources and corresponding ISRU technologies

Moon Mars Asteroids
Water Resource: Icy Regolith in Resource: Hydrated Resource:
(H20) Permanently Shadowed Regions  Soils/Minerals/Subsurface Icy Subsurface Regolith
(PRS) [ISRU: SWE] Soils [ISRU: SWE] [ISRU: SWE]



Resource: Minerals containing
iron oxides [ISRU: HR (needs

Ho)]

Resource: CO; in the atmosphere
(~96%) [ISRU: RWGS (needs H»);
SR (needs H»)]

Oxygen Resource: Icy Regolith in Resource: Hydrated Resource: Minerals
(02) Permanently Shadowed Regions  Soils/Minerals/Subsurface Icy in Regolith [ISRU:
(PRS) [ISRU: SWE/DWE] Soils [ISRU: SWE/DWE] SWE/DWE]
Resource: Minerals in Lunar Resource: CO; in the atmosphere
Regolith [ISRU: MRE; (~96%) [ISRU: SOCE,;
CR/MR/DWE; HR/DWE] RWGS/DWE; SR/IDWE]
Methane Resource: Minerals in Lunar Resource: CO; in the atmosphere ~ TBD
(CHy) Regolith [ISRU: CR/MR] (~96%) [ISRU: SOCE/MR (needs
H>); RWGS/DWE/MR; SR]
Hydrogen Resource: Icy Regolith in Resource: Hydrated Resource:
(H2) Permanently Shadowed Regions  Soils/Minerals/Subsurface Icy Subsurface Regolith

(PRS) [ISRU: SWE/DWE]

Soils [ISRU: SWE/DWE]

[ISRU: SWE/DWE]

Table 2 ISRU infrastructure design models

System Chemistry reactions R;rfs(l;illie Specltl"l(c‘)\ll)ower, Specific mass, kg
Reactor
Solid Oxide CO0, Electrolyzer (SOCE) 2C0, - 2C0 + 0, 0,, kg/hr 8.64 [23] 184.23 [23]
Reverse Water Gas Shift Reaction c0, +H, H,0, kg/hr 2.4 [24] 102.3 [23, 24]
(RWGS) - C0+ H,0
Sabatier Reaction (SR) CO, + 4H, CH,, kg/hr 0.68 [23] 72.2 [24]
- CH, + 2H,0
SR/RWGS Hybrid ISRU (SR/RWGS) 5C0, + 11H, CH,, kg/hr 4.2 [25] 275.5[25]
- 3C0 + 2CH,
+ 7H,0
Soil/Water extraction (SWE) Soil - H,0 H,0, kg/hr @3%: 13.7 [26] @3%: 357 [23]
@5.6%: 10 [25] @5.6%: 279 [26]
@8%: 7 [24] @8%: 195 [26]
Direct water electrolysis (DWE) 2H,0 - 2H, + 0, 0,, kg/hr 5.83 [23] 83.3 [23]
Molten regolith electrolysis (MRE) Soil - 0, 0,, kg/hr 26.94 [14] 197.58 [14]
Hydrogen reduction (HR) Soil + H, - H,0 H,0, kg/hr 0* [13, 27] @equator: 228 [27]
@pole: 482 [27]
Carbothermal reduction (CR) Soil + 2CH, + 2H, H,0, kg/hr 0* [13,27] 520.5 [27]
- 2CH, + 2H,0
Extraction/Acquisition system
Acquisition system for CO, —_ CO,, kg/hr 1.8 [23] 139.8 [23]
Excavator for soil @3% H,0 —_ Soil, kg/hr 0.004 [28] 0.38 [28]
Excavator for soil @5.6% H,0 —_ Soil, kg/hr 0.027 [26] 23 [26]
Excavator for soil @8% H,0 —— Soil, kg/hr 0.027 [26] 23 [26]
Storage system
0, storage —_— 0,, kg 0.0017 [23] 0.194 [23]
H, storage —_ H,, kg 0.0267 [29] 3.33[29]
H, 0 storage —_ H,0, kg 0[29] 40 [29]
CH, storage —— CH,, kg 0.0073 [23] 1.67 [23]
Power system
Photovoltaic (PV) power system o Power, kW — 6.8 (@ 1 AU) [30]
Energy storage system: battery o Energy, kWh — 4 [31]
Energy storage system: fuel cell —_— Energy, kWh —— 2 [31]
Fission surface power system (FSPS) —_— Power, kW —_— 150 [32]
Radioisotope power system (RPS) —— Power, kW —— 124 [33,34]




*HR and CR reactors are integrated with rigid solar concentrators, which are their main thermal energy source

According to existing ISRU design concepts and
prototypes, we develop a series of ISRU infrastructure
sizing models, as shown in Table 2. The specific mass
and power are the measurements of infrastructure sizing.
For reactors, they mean the required system mass and
power demand to generate 1 kg reference product per
hour. For storage systems, they mean the necessary
system mass to store 1 kg reference product. For power
systems, it means the required mass to generate 1 kW
power or store 1 kWh energy. This table also shows that
for some ISRU technologies, the landing site
environment is also a big impact factor on ISRU system
performances. For example, the performances of the
SWE reactor and soil excavator are different depending
on the soil moisture. Moreover, due to the difference in
lunar regolith composition, the performance of HR
reactors is also different when deployed in the lunar
equator area compared with the polar region.
Furthermore, the HR and CR reactors use rigid solar
concentrators as their energy source, which is considered
as part of the reactors. Thus, the nominal external power
demands of both HR and CR reactors are considered as
zero.

3.3 ISRU Power System Trade Studies

To support ISRU subsystems, we need a power
subsystem to provide enough power supply during their
operations. The ISRU design model proposed in Sec. 3.2
considers the hourly productivity N as the core design
variable. However, to decouple the long-time horizon
mission planning from the complex ISRU internal
operation tradeoffs, the daily ISRU productivity is
considered as the ISRU performance criteria in space
logistics optimization. ISRU daily productivity is directly
determined by the power system design. In this section,
we introduce the equations to consider ISRU power
system design trade studies in space logistics
optimization. These equations all can be categorized as
concurrency constraints as shown in Eq. (1c).

3.3.1 Nuclear power system
The nuclear power system is one of the most common
power sources in human space missions. We know that
the ISRU infrastructures are designed based on the hourly
productivity N . However, in space logistics, the
transportation  system cares about ISRU daily
productivity Z. Now, we denote the length of a solar day
at the ISRU landing site as Q,, the daytime length in a
solar day as Q,, and the length of ISRU operation per
solar day as Q. Then, the ISRU daily productivity using
the nuclear power system can be written as follows:
(13)

Z = max QN
Q€[0,Qo]

In Eq. (13), to maximize the ISRU daily productivity

considering fixed hourly productivity, which means a

fixed ISRU infrastructure design, we need to operate the

ISRU for the entire solar day (i.e., Q = Q,). This is to
operate the ISRU system continuously throughout the
space mission. Therefore, for nuclear power systems, if
the ISRU power input requirement is satisfied at any
specific time, the power demand of the ISRU is always
satisfied throughout the entire mission. We can define a
power demand vector P for ISRU subsystems and a
power supply vector P°“¢ for power plants. Then, define
the ISRU infrastructure commodity flow variable as x’
and the power system commodity flow variable as x*.
We suppose that node i is a surface node available for
ISRU deployment. The nuclear power supply constraint
can be expressed as Eq. (14), which has a similar format
to the concurrency constraint in space logistics.

Prxl, < POUxl, VieN VteT (14)
3.3.2 PV power system

Aside from the nuclear power system, the PV power
system is another widely used power source in space
explorations. Different from nuclear power, the operating
environments, especially the daytime length and the solar
irradiance, have a significant impact on PV power system
performances. Solar arrays can only work during the
daytime. Moreover, we also need to take into account
energy storage systems, such as batteries and fuel cells,
that extend the ISRU daily operation length at the cost of
extra mission transportation and infrastructure
deployment.

Assume that we have a set of ISRU subsystems that
have power demands P, h € {1,2,3..}. The daily
operation length of each subsystem is denoted by Q,,. We
know that we have a PV power system that can provide
power P, during the daytime whose length is Q,,. Then,
there are two scenarios regarding different ISRU
subsystem operation lengths: 1) @, < Qp; 2) @p = Qp.

For the first case (@, < Q,), given a certain level of
mission demand and mission length, we want to
minimize the size of ISRU infrastructures while the ISRU

dail roductivity (i.e., Z, = max N ) remains
y p y (e, Zy= max QuN)

constant. Therefore, we want to find the maximum ISRU
daily operation length @,, for subsystem h. If there exists
any ISRU subsystem h that only work during the daytime
and the operation length is shorter than the daytime
length, we can always extend the operation length to @,
to achieve higher daily productivity because the solar
arrays work throughout the entire daytime every solar
day.

For the second case (Q, = @,), because the solar
arrays can only work during the daytime, we need an
energy storage system to support ISRU subsystems
during the night. As shown in Fig. 3, the extra energy
produced by the solar arrays during the daytime (i.e., area
S1) needs to be storage and then consumed at night (i.e.,



area S,). It can involve energy loss during the energy
storage system charging and discharging. Therefore, we
define an energy storage efficiency parameter, €. Then,
we get €S, = S,.
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Fig. 3 PV Power Supply Analysis
Based on the power supply and demand profile in Fig.
3, we can write the energy conservation equation as Eq.
(15), which means that the total energy produced by the
solar arrays is equal to the summation of the energy
consumed by ISRU subsystems during the daytime and
the night.

POy =) Py (15)

We can rewrite the energy conservation equation as
follow, where the left-hand side represents the total ISRU
subsystem power demand during the daytime and the
night while the right-hand side represents the total power
generation of the PV power systems during the daytime.

1+ M)Ph =P, (16)

Z::1 EQp

According to the energy conservation equation shown
in Eq. (16), we define an ISRU subsystem operation
matrix @, which is a diagonal matrix. If there are n types
of ISRU subsystems, it is a n X n matrix.

ZZ:l Ph(Qh - Qp)
&

. Ql_Qp QZ_Qp Qn_Qp
0 =diag(1+ 0, , 1+ 0, ,oe 1+ <0, )
Then, we can write the solar power supply constraint
for ISRU architecture design trade studies as follows:
PQxl, < Po“xf, VieN VteT 17
Note that if Q, =@, for all subsystems h €
{1,2,3 ...}, which means ISRU systems are only
operated during the daytime, Eq. (17) can be simplified
into Eq. (14). Moreover, based on the analysis for the first
case Qn, < Qp, We know that the design space of @ is

[@p, Qo)

Besides the power supply constraint, we also need an
energy storage system capacity constraint. We first
define a battery/fuel cell design matrix K;. Then the
energy storage constraint can be expressed as Eq. (18),
where the left-hand side is the total energy to be stored
for ISRU night operations while the right-hand side is the
total battery/fuel cell energy storage capacity.

£Qp (P xfy — PMxly) < Ky 7%
ViEN VteT (18)
3.3.3 Optimal daily operation length

Now, we have got all the necessary constraints for
ISRU power system trade studies in space logistics.
However, in Eq. (17), if Q is a design variable in the
formulation, then the term Q,x/;, becomes quadratic. If
ISRU infrastructure design models are nonlinear, then we
can solve the problem nonlinearly and this quadratic term
is not an issue. But if ISRU infrastructure design models
are all linear, then this quadratic term is the only
nonlinear term throughout the entire formulation. It
becomes valuable to perform further analysis on the
optimal daily operation length before the optimization to
see whether we can eliminate this quadratic term and
make the entire problem to be mixed-integer linear
programming.

For ISRU subsystem h, if the power system is a
nuclear power system, we know that the optimal
operation mechanism is to operate the ISRU subsystems
continuously, which means Q7 = Q. In this situation,
Q; becomes a constant that only depends on the
operating environment of landing sites. If the power
system is the PV power system, our previous analysis
shows that the optimal daily operation length Qj, appears
in the range of [Q,, Q,]. Assume that we have a set of
ISRU linear infrastructure models for ISRU subsystem h:

Size;spy = a1 N
Powergpy = a,N
Sizepy = azP,
SiZeenergy storage = AsEnergy

These models are all linear functions with zero
intercepts, which is consistent with the infrastructure
design models as proposed in Table 2. We suppose that
the total mission demands for ISRU resources are D and

(19)



the total mission length is L solar days. Then, the
required hourly productivity of the ISRU system is N =

QLhL. We can rewrite the ISRU linear models as Eq. (20).

. D
SLZEISRU = a1 @
p D
ower, =a,—
< ISRU 2 QhL (20)
Sizepy = azPower;spy (1 + M)
€Qp

Sizeenergy storage = a4Power,5RU(Qh - Qp)

For the specific mission demand and mission length,
the daily operation length @,, is the only variable in Eq.
(20). We want to find the optimal daily operation length
Qy, that minimizes the total system sizes.

(Sizejggy + Sizepy +
S(Qp) = . 21
(@) Qhe[QI::QO] Slzeenergy storage) 1)
By substituting Eq. (20) into Eq. (21) and after some
manipulations, we can get,
(a; + azaz)D
S =
(@) ol
" (a2a3 + a2a45Qp)D(Qh — Qp) (22)
QnLeQ,
We take a derivative of $(Qj,) with respect to @y,
then we get,
ds(Qy) B D[a2a3(1 — &)+ apa4€Q, — als]

th thLE

(23)

In Eq. (23), the numerator of the right-hand side is
always a constant after we know the ISRU infrastructure
design model and ISRU landing site environment.
Therefore, we can say that the system size is
monotonically increasing or decreasing with respect to
the ISRU daily operation length Q. It means that Q;, =
Qp Oor Qn = Qo depending on the actual ISRU design
models and operating environments. Then, the entire
problem can be solved linearly.

In summary, if we only consider linear ISRU
infrastructure design models, for nuclear power systems,
the optimal daily operation length,

Qrn=0Qo
For PV power systems, the optimal daily operation
length,
Q;L =Qp orQ;;:QO
where the actual value of Q; can be determined in
advance after we know the ISRU design models and the
potential landing site operation environments.

4. Human exploration to Mars:
assumptions

In this section, a case study involving a multi-mission
human Mars exploration campaign is developed based on
the NASA Artemis lunar exploration architecture [20].
This study considers ISRU infrastructure sizing, space

modeling and

transportation planning, mission demand deployment,
and space resource logistics concurrently. A preliminary
cost model is used as the mission performance
measurement.

The remainder of this section is organized as follows.
Section 4.1 briefly introduces the transportation network
model for the Earth-Moon-Mars transportation system
and spacecraft models. Section 4.2 describes the mission
demand and supply. Section 4.3 introduces mission
operation assumptions and potential landing site
environments for the Moon, Mars and the asteroid.
Finally, Sec. 4.4 lists the cost model to evaluate the
performance of space mission planning.

4.1 Mission scenario

This subsection introduces the mission scenario
settings for human exploration to Mars. The mission
scenario is established based on the NASA Artemis lunar
exploration architecture [20]. The transportation network
model is shown in Fig. 4. It is a network with eight nodes:

ES = Earth

TLI = Trans-lunar injection

NRHO = Near rectilinear halo orbit

PLLO = Polar low lunar orbit

LSP = Lunar south pole

NEO = Near-Earth object

LMO = Low Mars orbit

Mars = Mars

The trajectory AV and time of flight (TOF) of each arc
are also shown in Fig. 4. We assume that the aeroshell is
40% of the total vehicle mass. After spacecraft land on
the Martian or Earth surface, the aeroshell cannot be
reused again.

There are seven  different  transportation
vehicles/spacecraft considered in the logistics:
® S| S/EUS: exploration upper stage (mated with Space

Launch System Block-1B);
® CLV/CUS: commercial upper stage (mated with
Commercial Launch Vehicle);

Mars T/V: Mars transfer vehicle;
Orion: Orion command and service module;
T/V: transfer vehicle;
LLAM: lunar lander ascent module;
LLDM: lunar lander descent module.

Each vehicle has its own designated service arcs in the
network. For example, the T/V delivers LLDM and
LLAM between NRHO and PLLO or helps the propellant
transportation between TLI and NRHO. Except for the
situation when the T/V is transported from the Earth, the
flight of T/V along other arcs is not permitted. Moreover,
we also assume that when enough propellant is
supported, LLDM and LLAM can also flight back from
PLLO to NRHO without the help of T/V. In this figure,
all dash lines represent human-rated flights and solid
lines represent non-human-rated flights. Note that there
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is an underlying assumption in this logistics model that
the spacecraft capabilities of the components can be
additively combined. In reality, the interoperability
between spacecraft can be significantly more complex.
This assumption is also extended to spacecraft, which
means the vehicle that is piggybacking on another
spacecraft is treated as a payload of another spacecraft
and thus does not consume its own propellant.

To simplify the analysis, the spacecraft design is not
considered as part of the trade study in space logistics
optimization. Instead, spacecraft with fixed design
parameters are considered for space transportation. Most
of the design parameters come from existing literature.
Some spacecraft parameters that are not available are
extrapolated based on available spacecraft design
models. The spacecraft designs for this case study are
listed in Table 3. Note that, launch vehicles are not
considered as part of space logistics transportation. Only
launch cost and payload capacities are considered for
launch vehicles in mission planning.
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Fig. 4 Earth-Moon-Mars transportation network model
Table 3 Spacecraft design parameters
Parameter

SLS/EUS

Propellant type e
Propellant capacity, kg —_
Structure mass, kg —

Assumed value

Payload capacity, kg
Propellant Iy, s
Propellant component mass ratio

37,000 [35,36]

CLV/CUS

Propellant type
Propellant capacity, kg
Structure mass, kg
Payload capacity, kg
Propellant Iy, s
Propellant component mass ratio

18,000 [36]

Orion
Propellant type MON/MMH [37]
Propellant capacity, kg 8,915 [4]
Structure mass, kg 16,572 [37]
Payload capacity, kg 46,147*
Propellant Iy, s 316 [37]
Propellant component mass ratio ——
T/V
Propellant type LH2/LOX
Propellant capacity, kg 7,000%**
Structure mass, kg 1,194**
Payload capacity, kg 34,864*
Propellant Iy, s 420
Propellant component mass ratio 0,: H,=5.5:1
Mars T/V
Propellant type LH2/LOX
Propellant capacity, kg 7,0000%**
Structure mass, kg 9,216**
Payload capacity, kg 75,000%
Propellant Iy, s 420
Propellant component mass ratio 0,: H,=5.5:1
LLAM
Propellant type LH2/LOX
Propellant capacity, kg 4,800**
Structure mass, kg 3,969%*
Payload capacity, kg 20,756*
Propellant Iy, s 420
Propellant component mass ratio 0,: H,=5.5:1
LLDM
Propellant type LH2/LOX
Propellant capacity, kg 15,200%*
Structure mass, kg 2,367**
Payload capacity, kg 136,148%*
Propellant Iy, s 420
Propellant component mass ratio 0,: H,=5.5:1

* The payload capacity is calculated based on orbital
mechanics according to other spacecraft design
parameters and their designated service arcs. Note that,
this is just an upper bound. The actual payload capacity
of a spacecraft along a specific arc is subject to the
constraints from mission demand and supply, propellant
capacity, and orbital mechanics concurrently.

10



** These design parameters (i.e., propellant capacity and
structure mass) are designed based on a data-based
spacecraft model developed by Taylor [38].

4.2 Mission demand and supply

The transportation mission demand and supply are
assumed based on NASA DRA 5.0. The Earth-Mars
transportation time window opens every 780 days. For
each time window, there is a mission demand for
delivering 51,700 kg payload or habitat to Mars from
Earth. We assume that there is a setup phase before
regular cargo transportation missions. In this setup phase,
there is one time window available to deploy ISRU
infrastructures on the Moon, the NEO, or Mars. There are
two different mission scenarios considered in this Mars
transportation mission. The first scenario is a cargo
transportation mission, which is a one-way mission to
deploy a certain amount of payload to Mars. Another
mission scenario is a human exploration mission, which
is a round-trip. Besides the cargo transportation demand,
after landing on Mars for 500 days, the crew and crew
cabin will come back to the Earth in the human mission.
The total mission of crew and crew cabin is assumed as
20,000 kg. The mission demand and supply of Mars
transportation missions are summarized in Table 4.

Table 4 Demand and supply of Mars transportation
Payload Type Node Demand  Supply,
Time, day kg
Cargo Mission (One way)

Payload Earth 780%* +51,700
Payload Mars 980* -51,700
Payload, propellant,  Earth All the +o0
ISRU plant, ISRU time

maintenance spares
Human Exploration (Round trip)

Payload Earth 780%* +51,700
Payload Mars 980* -51,700
Crew & crew cabin ~ Mars 1,480%* +20,000
Crew & crew cabin  Earth 1,680%* -20,000
Payload, propellant,  Earth All the +o0
ISRU plant, ISRU time

maintenance spares

infrastructure requires maintenance. The mass of
necessary maintenance spares is 10% of the ISRU system
mass every year. We also assume that the asteroid (i.e.,
near-Earth object (NEO)) has exactly the same
environment as the Moon. The purpose of considering
NEO ISRU is to analyze the impact of ISRU plant
location on the interplanetary transportation system.

Table 5 Mission operation and landing site environment
parameters and assumptions

Parameter Assumed value
Mission Operation
Rocket launch interval, day 780
ISRU maintenance, system 10% [6]
mass/yr

PV radiation degradation, /sol
Battery charging efficiency

0.014% [39]
95% [40,41]

Fuel cell energy efficiency 60% [31]
RPS degradation rate, /yr 1.9% [33]
Food consumption rate, 1.015 [6]
kg/day/person
Water consumption rate, 5.31 [6]
kg/day/person
Oxygen consumption rate, 0.84 [6]
kg/day/person

Mars Landing Site Environment

Mars solar irradiance (5- 0.45 [22]
20°N), kW/m?

Regular dust power loss on 5% [42]
Mars

Incident energy loss in dust 65% [42]
storms

Solar day length, hr/sol 24.6 [22]

Period of operation, t,, hr/sol 7[22]
System mass contingency 20% [1]

Lunar Landing Site Environment

Lunar landing site South Pole [20]

Solar irradiance (@ 1 AU), 1.36 [42]
kW/m?
Synodic day length, day 29.5
Illumination conditions, day 27 [43]
Water ice concentration in the 5.6% [44]

regolith

* These demands or supplies will repeat every 780 days

4.3 Mission operation assumptions

This  section introduces mission operation
assumptions for space mission planning, including
mission time windows, ISRU maintenance requirements,
landing site environment assumptions, power system
degradations, crew consumptions, etc. All these
assumptions and parameters are listed in Table 5. For
mission time windows, we define that they are open for a
few time steps after each rocket launch opportunity.
Then, all space flights are prohibited when time windows
are closed. Moreover, during the space mission, the ISRU

NEO Landing Site Environment

Solar irradiance (@ 1 AU), 1.36 [42]
kW/m?2
Synodic day length, day 29.5
[llumination conditions, day 27 [43]
Water ice concentration in the 5.6% [44]

regolith

4.4 Mission cost model

To measure and analyze the impact of ISRU systems
in space exploration, a cost model is needed to provide
an intuitive interpretation of space mission performances.
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Due to the limited data sources, we propose a preliminary
cost model that is developed based on space cost
estimation tools and past literature. For the high-fidelity
cost model, further analysis is needed.

We assume that the total cost of space architecture is
made up of system development cost, manufacturing
cost/purchase price, and operation cost. The preliminary
cost model is shown in Table 6.

Table 6 Preliminary cost model for Mars transportation mission

Commodities Development cost Manufacturing cost Operation cost
/Purchase price
SLS/EUS —_ —_ $27,027/kg payload [36, 45]
CLV/CUS —_ —_— $5,555/kg payload [36, 45]
Mars T/V o $252M [46] $1M/flight [47]
Orion —— $635M [46] $1M/flight [47]
T/V —_ $94M [46] $1M/flight [47]
LLAM —— $211M [46] $1M/flight [47]
LLDM —_ $430M [46] $1M/flight [47]
HO0 tank (1000kg*) —_ $1.09M [48] —_—
H, tank (1000kg*) i $4.78M [48] o
O, tank (1000kg*) —_ $1.34M [48] —_—
DWE reactor —_— $1,480/kg [49] $3,000/kg system/year [48]
SWE reactor $10,000/kg [50] e $3,000/kg system/year [48]
MRE reactor $10,000/kg [50] e $3,000/kg system/year [48]
HR reactor $10,000/kg [50] —_— $3,000/kg system/year [48]
CR reactor $10,000/kg [50] e $3,000/kg system/year [48]
Soil excavator $10,000/kg [50] e $3,000/kg system/year [48]
SOCE reactor $10,000/kg [50] o $3,000/kg system/year [48]
RWGS reactor $10,000/kg [50] o $3,000/kg system/year [48]
SR reactor $10,000/kg [50] —_— $3,000/kg system/year [48]
SR/RWGS $10,000/kg [50] —_ $3,000/kg system/year [48]
Gas acquisition $10,000/kg [50] o $3,000/kg system/year [48]
PV (solar panels) —_— $15,773/kg [51] —_
FSPS (Kilopower) $13,333/kg [32] _ _
Batteries o $1,000/kg o
Maintenance spares o —_— $2,000/kg
H20O i $0.0004/kg ——
Ha —— $5.97/kg [47] —_—
02 — $0.15/kg [52] ——

*The manufacturing cost is defined for the tank with a structure mass of 1,000 kg

5. Human exploration to Mars: results and analysis
Now we have compiled a mission scenario for human
exploration to Mars, considering both interplanetary
cargo transportation and human exploration. This section
shows the mission planning results for two different
mission scenarios. Sensitivity analysis is also performed
to analyze the impact of power system selections, ISRU
technology selections, and lunar ISRU to Mars
transportation missions. The problem is solved using the
Gurobi 8.1 solver through Python on an i9-9900k,
3.6GHz platform with 32GB RAM. The detailed analysis
and discussion of this human lunar exploration campaign
case study are shown in the following parts. As a baseline
mission scenario assumption, the FSPS is selected as the
default stationary power supply system on the lunar and
Martian surface; The PV power system and energy

storage system are used as the default power sources in
space.

5.1 ISRU technology selections

The ISRU power system comparisons between the
PV system and the FSPS considering cargo
transportation (i.e., one-way mission) and human
exploration (i.e., round-trip mission) missions are shown
in Fig. 5 and Fig. 6, respectively.

First, we can find that when considering the cargo
transportation mission, the ISRU plant using the PV
system has limited benefit to the space mission; whereas
the ISRU plant using FSPS can provide a good mission
cost saving. In the human exploration mission, which is
a round-trip. Both the PV system and FSPS can provide
benefits to space transportation. However, the FSPS
provides a significantly larger mission cost saving by
deploying a similar amount of ISRU system as in the
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mission planning considering the PV system. This result
shows that the FSPS is a better choice than the PV system
under current mission demand and system design model
assumptions.
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By fixing the ISRU power system to the FSPS, we
perform a sensitivity analysis on ISRU technology
selection for the human exploration mission as shown in
Fig. 7. Note that, since only the LH2/LOX propulsion
system is considered as the spacecraft propulsion system
in the spacecraft design, some CHj, related Martian ISRU
is not taken into account in the analysis. From the result,
we can find a hybrid ISRU system using SWE and HR
has the best performance. It is slightly better than SWE
ISRU independently, which extracts water from Martian
soil and generates oxygen and hydrogen through water
electrolysis. Both the SWE/HR and SWE systems are
much better than other ISRU systems. Note that, even
though considering a hybrid ISRU system may be
economically more beneficial, technology development,
plant deployment, and system operations can be
significantly more complicated. Therefore, in reality, the
actual mission planning decision-making process also

needs to take into account other factors through
comprehensive evaluations. This result shows that the
proposed space infrastructure design framework is not
only able to perform ISRU technology comparison but
also able to consider the synergistic effect of
technologies.
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Fig. 7 ISRU technology selection in human space
exploration mission, FSPS

5.2 Impact of lunar ISRU

In all results discussed above, ISRU systems are all
deployed on Mars. No ISRU architecture is deployed
either on the lunar surface or on the NEO. To analyze the
impact of lunar ISRU on Mars transportation, we run
multiple cases considering lunar ISRU deployment in the
Mars transportation mission. In all the following
numerical experiments, we consider a three-mission
human exploration campaign to Mars. FSPS is the only
power system considered in mission planning. We
compare the total mission cost with respect to different
amounts of lunar ISRU deployed.

First, we consider monetary mission cost as the
mission planning metric using our proposed preliminary
cost model. The result is shown in Fig. 8, where we also
take into account the sensitivity analysis on spacecraft
structure mass. We assume that because of the
technology development in structure and materials
science, the spacecraft structure mass may be reduced
significantly in future human exploration. In this
analysis, we consider the spacecraft structure mass to be
100%, 80%, and 60% of the original baseline spacecraft
dry mass from the sizing model. This result shows that
the deployment of lunar ISRU is not beneficial to the
Mars transportation mission in this considered scenario.
The reason is not that ISRU cannot provide propellant
support to the Mars transportation mission. It is that the
ISRU deployment cost is higher than the benefit it can
provide, which means the lunar ISRU deployment cost
cannot be paid off later. Fig. 9 compares the total mission
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cost with or without ISRU system deployment in advance
before the Mars transportation mission (e.g., for other
lunar missions). If we do not consider the ISRU
deployment cost, which represents the case that we have
already deployed ISRU in advance during other missions,
the lunar ISRU can provide propellant to support the
Mars transportation mission and reduce the mission cost.
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Fig. 8 Lunar ISRU impact in human exploration to
Mars, monetary cost model

T
0 10000 50000

5.0 T
—m— Total Cost_ISRU to be deployed
Total Cost_ISRU already deployed
45 /

-

ISRU deployment cost

A

Mission Cost, $B
'S
o
1

3.0

o
o
!

T T T
20000 30000 40000

Mass of lunar ISRU, kg
Fig. 9 Lunar ISRU impact on human exploration to
Mars w/ or w/o ISRU deployment in advance

T
0 10000 50000

Also, the cost metric can be a key factor for the
evaluation of the value of ISRU. To evaluate the
influence of mission planning metrics, we conduct the
same sensitivity analysis with respect to the amount of
lunar ISRU deployment but using initial mass in low-
Earth orbit (IMLEO) as the mission objective. The result
in Fig. 10 shows that when using IMLEO as the mission
cost metric, lunar ISRU can be beneficial to Mars
transportation missions even when considering the ISRU
deployment cost. The main difference comes from the
fact that all commodities are treated in the same weight
when implementing the IMLEO metric. For example,
based on our cost model, the LH2/LOX propellant is less

than $1 per kg; whereas the ISRU plant structure is
$10,000 per kg. It is significantly more expensive to get
1 kg ISRU plant in LEO than the propellant when the
monetary cost model is considered. This result shows that
the analysis results depend on the cost model and

assumptions.
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Fig. 10 Lunar ISRU impact in human exploration to
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5.3 Impact of NEO ISRU

The impact of the ISRU plant deployment location is
shown in Fig. 11, where we compare the monetary
mission cost for the cases in which the ISRU is deployed
on the lunar surface or the NEO. Note that, in both
scenarios, the Martian ISRU is also deployed and it is not
influenced by the amount of lunar or NEO ISRU
deployed.

The result shows the ISRU deployment on the NEO
is slightly better than the deployment on the lunar surface
because the NEO is closer to the TLI orbit, which is the
beginning point of the Mars transportation mission.
However, the ISRU deployment cost on the NEO is still
not paid off later. The space mission cost considering
NEO ISRU deployment is always higher than not
deploying any ISRU on the NEO.

The mission cost comparisons between the scenario
with or without ISRU plant deployment in advance is
shown in Fig. 12. It shows the impact of ISRU
deployment cost on space transportation. We can find
that if there is ISRU system deployment in advance
before the Mars transportation, which means the ISRU
deployment cost is not considered as part of the current
mission cost, the NEO ISRU is more effective than the
lunar ISRU in the considered scenario. Moreover, this
result also shows that no matter whether it is lunar ISRU
or NEO ISRU, after the ISRU system mass reaches a
certain level (i.e., 10MT~20MT in our scenarios),
increasing ISRU system size does not provide higher
benefit to the Mars transportation mission.
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6. Conclusions

This paper proposes an interdisciplinary space
infrastructure optimization framework for space resource
logistics optimization in future human exploration to
Mars. Multiple in-situ resource utilization infrastructure
design models and cost models are developed based on
existing design concepts and prototypes. A Mars
exploration case study is established based on the NASA
Artemis lunar exploration architecture to evaluate the
performance of the proposed method and analyze the
performance of in-situ resource utilization infrastructures
with different technology selections. Although the
numerical results can vary depending on the assumptions,
the analysis shows that the proposed interdisciplinary
space infrastructure optimization framework can perform
in-situ resource utilization technology comparison and
take into account the synergistic effect of technologies. It
is also able to conduct strategic analysis considering in-
situ resource utilization system deployment locations,
landing site environments, available technology options,
and mission scenarios.

Future research can focus on improving the
computational efficiency of the proposed method for
large-scale long-term space campaign design. A high-
fidelity cost model is necessary to perform in-situ
resource utilization infrastructure trade studies more
accurately. Moreover, the current interdisciplinary
infrastructure optimization method only takes into
account deterministic mission scenarios for space
logistics. Studies focusing on decision-making processes
under stochastics mission operation environments are
also important.
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