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ABSTRACT 
This paper presents a techno-economic analysis and optimal sizing of a hybrid microgrid for a 
lunar surface base, combining a photovoltaic power system, a battery energy storage system, an 
electrolyzer, a hydrogen storage tank, and a hydrogen fuel cell. The components are coordinated 
by an energy management strategy that first supplies the load directly from solar power, then 
charges the battery, and finally produces and stores hydrogen for use by the fuel cell during 
power shortages. An hourly simulation model is developed using a representative lunar base 
load profile and environmental conditions consistent with space operation. The influence of 
photovoltaic capacity and battery technology is examined for three battery types: lithium-ion, 
lead–acid, and nickel–cadmium. For each case, a complete economic evaluation is performed, 
including capital, operation and maintenance, fuel, and replacement costs, together with 
system-level indicators of energy cost and storage cost. In addition, a mass-based assessment 
relates subsystem sizing to launch mass and transportation cost, which are critical for space 
missions. The results identify combinations of photovoltaic capacity and battery type that 
minimise energy cost while satisfying reliability requirements for a crewed lunar base, and they 
provide design guidelines for efficient hybrid microgrids in space applications. 

KEYWORDS 
Levelized cost of energy, Renewable energy sources, Hybrid systems in space, Lunar power system, 
Solar power in space, Space exploration. 

INTRODUCTION 
Starting in 2024, space agencies including NASA, JAXA, and CNSA aim to send missions to 

the Moon to create places for humans to live, with targeted timelines of 2030, and 2036, 
respectively [1]. Sherwood [2] outlined key principles for designing and operating a practical 
lunar base. Chavy-Macdonald et al. [3] developed a systems model for the cis-lunar resource 
ecosystem and explore scenarios for lunar resource industries and their broader impacts. Viterale 
[4] analyzed the systemic transition to a new space age in the 21st century and highlights the 
strategic role of lunar activities in that transition. Saha et al. [5] reviewed space microgrids for 
future manned lunar bases and emphasize the central importance of dedicated electrical power 
infrastructure. Colozza [6] compared power system options for a small lunar base camp and an 
ISRU oxygen production facility. Fincannon [7] characterized the lunar environment and 
corresponding lunar power needs for habitats, life support systems (LSS), laboratories, in-situ 
resource utilization (ISRU), and electrical vehicles. Therefore, effective energy resources are 
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required to supply the necessary electricity to the lunar community. Energy storage systems 
(ESSs) are also required to supply the loads in the evening and during eclipses. Designing a 
dependable and effective power system and integrating several energy resources and electrical 
equipment into a system complicated with multiple requirements are extremely difficult tasks, 
especially in light of the violent environment of space. Additionally, it might not always be 
feasible to have crew members with specialized knowledge in every field [8]. Therefore, a 
reliable power system achieves reliability, robustness, optimality, and stability. A space 
microgrid (MG) on the moon is an electrical power system composed of connected loads, 
energy-generating resources, and ESS [9]. Also, multi-MG (MMG) systems can be created by 
splitting various power-consuming equipment within a space MG among MMGs, each of which 
has its own local power generation and storage system. To improve the power system's flexibility 
and dependability, the MGs in an MMG system can combine their resources. Due to shortages of 
resources, only a few sources, including solar radiation and nuclear resources, can provide 
electricity on the Moon [6]. Static electricity from moon dust and fuel cells [10]. Nuclear 
kilo-power reactors are modular, light, and compact, and they don't depend on location or light. 
However, they need special shielding and must be placed far from the base to protect the crew 
from radiation [5]. Also, getting rid of nuclear waste is a problem, and we're still just testing how 
to get power from moon dust's static electricity [10]. The Moon's lack of atmosphere means 
plenty of solar energy reaches its surface. This solar radiation isn't impacted by things like clouds 
or atmospheric scattering. Plus, solar PV systems don't need heavy shielding, are easy to expand, 
and are already proven reliable in space. Although different spacecraft and rovers get their power 
from nuclear generators [11], the International Space Station, only human habitat in space, still 
gets its power from solar arrays and batteries [12]. The setup of solar power infrastructure for 
lunar bases is studied in [13]. For years, the world has been paying more attention to renewable 
energy because it's clean, widely available, and always there. Among these, solar (PV) energy is 
especially important and basic, mainly because sunlight is everywhere, plentiful, and sustainable 
[14]. With the increasing demand for solar energy on the grid and advancements in inverter 
technology, the emergence of larger solar power systems is anticipated. However, solar energy 
isn't constant, leading to power gaps, especially at night or in winter. This unsteady output makes 
grid stability and integration tricky. To boost reliability, an energy management plan using 
battery storage (BESS) and fuel cells can help keep power generation and demand in balance 
[15]. FC generation has become very popular in power systems because it is consistent in terms 
of cost and environmentally friendly. Solar arrays supported by regenerative fuel cells (RFCs) 
and batteries are highlighted in [16]. Even though solar systems with RFCs are lighter, RFCs are 
less efficient than batteries. Because batteries are more efficient, they charge faster during short 
sunlit periods. The design and sizing of power generation and storage for a human moon base are 
covered in [17]. In a recent study, an approach for determining the levelized cost of energy 
(LCOE) in a PV and BESS setup was presented [18]. This methodology is adapted in this 
research for space missions, with a fuel cell serving as the primary backup instead of a grid 
connection to ensure system reliability and dependability. 

Contribution and Novelty 
This study presents a comprehensive techno-economic analysis and optimal sizing of a PV–

BESS–Fuel Cell hybrid system that is explicitly tailored to space microgrids on the lunar surface, 
rather than to generic Earth-based islanded systems. The proposed architecture includes a PV 
array, a battery energy storage system (BESS), an electrolyzer, a hydrogen storage tank, a 
hydrogen-based fuel cell, an inverter and a charge controller, coordinated by an energy 
management strategy that prioritizes direct PV supply, then battery charging, and finally 
hydrogen production and reconversion in the fuel cell during power deficits. The scientific 
contribution of the work goes beyond conventional PV–BESS–FC studies in several aspects: 

• Space-specific resource and reliability constraints: The system is sized using 
illumination and temperature profiles representative of a lunar base, together with a 
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crewed-base load and a strict requirement of zero annual unserved energy. This 
captures multi-day eclipse periods, extreme temperature variations and the absence 
of atmospheric attenuation, which are not present in typical terrestrial microgrid 
analyses. 

• Integrated LCOE–LCOS evaluation under lunar conditions: Levelized cost of 
energy (LCOE) and levelized cost of storage (LCOS) are calculated for PV, 
batteries and hydrogen storage under space operating conditions, identifying the 
most cost-effective combination of PV capacity and storage sizes for a lunar 
microgrid, rather than for Earth-based islands. 

• Technology comparison with space-oriented performance criteria: Three battery 
technologies – lithium-ion, lead-acid and nickel-cadmium – are compared over a 
range of PV capacities using the same load, control strategy and reliability target. 
The analysis shows how the optimal technology choice changes when evaluated 
under lunar irradiance, temperature and long-duration autonomy requirements, 
instead of under terrestrial profiles. 

• Inclusion of launch-mass and transportation-cost considerations: In contrast to 
Earth-based studies, where capital cost is usually the dominant economic factor, 
this work incorporates a mass-based model that links subsystem size (PV, BESS, 
hydrogen storage) to launch mass and transportation cost for delivery to the lunar 
surface. This explicitly demonstrates how heavier chemistries (lead-acid, Ni–Cd) 
become effectively non-competitive when mass penalties are accounted for, and 
why lithium-ion and hydrogen storage are preferred in a space context. 

Taken together, these elements constitute the novelty of the work: the same PV–BESS–Fuel 
Cell architecture is analysed within a space-specific framework that combines lunar resource 
data, stringent reliability requirements and launch-mass-driven economics. This differentiates 
the study from Earth-based microgrid analyses and provides design insights that are directly 
relevant to future power systems for lunar surface missions. This work is considered a significant 
addition to previous research papers. While earlier works illustrated in Table 1. 

Table 1. Summary of research papers on space power systems 

Reference Year Description Remarks / Limitations 
[19] 2017 The paper establishes a common 

RFC architecture for different 
Mars and lunar surface locations. 
It highlights RFC's potential for 
Mars applications through ISRU 
integration and life support system 
interfaces and illustrates how its 
extended night time periods make 
it an essential component for lunar 
solar-based power systems. 

The study presents preliminary trade 
results only and does not provide a 
full-sized design or performance 
model. It relies on state-of-the-art 
assumptions rather than simulated 
operation, and it does not quantify 
system-level economics, mass 
impacts, or long-duration lunar 
operational constraints. 

[20] 

2020 The paper provides a detailed 
analysis of EPSs for space 
microgrids, including sizing 
recommendations and the 
efficiency of solar cells with their 
types. 

Focuses on satellite EPS architectures 
rather than surface habitats, and 
therefore does not model 
long-duration surface loads, hybrid 
storage, or planetary environmental 
constraints. No techno-economic 
assessment is performed, and 
regenerative or hydrogen-based 
storage is not evaluated. 

[21] 

2023 This research paper aims to 
minimize the Levelized Cost of 

The system is grid-connected, 
terrestrial, and does not consider mass 
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Energy (LCOE) while optimizing 
grid-connected PV-Battery 
Energy Storage Systems (BESS) 
using different types of battery. 

constraints, extreme temperatures, 
radiation, or autonomy requirements. 
Results are not transferable to space 
microgrids, and long-duration energy 
storage beyond batteries is not 
addressed. 

[1] 

2023 This paper focuses on the optimal 
mass and size of PV arrays and 
batteries for a lunar microgrid at 
15 highly illuminated sites near 
the lunar south pole, assuming 10 
m high PV towers. It determines 
power demand profiles for In-Situ 
Resource Utilization (ISRU) for a 
5-member crew. 

Considers only PV and battery 
storage (no hydrogen subsystem), 
excludes operational degradation for 
some cases, and focuses primarily on 
mass optimization rather than full 
techno-economic evaluation. Does 
not integrate multi-storage 
architectures or compare battery 
technologies beyond capacity 
degradation. 

This paper Techno-economic analysis and 
optimal sizing of a hybrid lunar 
microgrid combining PV, BESS, 
electrolyzer, hydrogen storage, 
and fuel cell, with hourly 
simulation and evaluation of 
lithium-ion, lead–acid, and Ni–Cd 
batteries; includes mass-based 
launch assessment and 
LCOE/LCOS analysis. 

This study develops an integrated 
techno-economic and mass-based 
sizing framework for lunar 
microgrids, uniquely combining PV 
generation, multi-chemistry battery 
assessment, and hydrogen 
long-duration storage. It links 
LCOE/LCOS with launch-mass 
impacts under hourly lunar 
conditions, offering design guidelines 
for reliable hybrid PV–BESS–
hydrogen systems, but does not 
include long-term degradation, dust 
accumulation, or radiation effects. 

 

CHOOSING A SITE FOR SPACE MGS ON THE MOON 
A number of factors need to be carefully considered before establishing a human base on 

the moon. Partial and total eclipses, the length and frequency of lunar nights, and the radiation 
from the sun must all be taken into consideration. Important factors also include the site's 
location, the availability of water, and the capacity to successfully communicate with Earth. 
Temperature, day-night cycle, and sunlight intensity are the most important factors influencing 
PV cell energy generation in solar power. In addition, the severe conditions of space can 
seriously harm PV cells, resulting in early degradation and decreased performance. Therefore, 
the power production and degradation of the PV arrays must be considered when determining 
how much ESS is required to power things during eclipses. 

Illumination 
Assuming mass, volume, and mission cost are linked, a location with more light and shorter 

dark periods is preferred. This helps reduce the size of the ESS and overall mission expenses. 
Data from missions like NASA's Clementine, JAXA's Kaguya, and the Lunar Reconnaissance 
Orbiter (LRO) have been crucial in mapping the Moon's lighting. For instance, the Clementine 
mission found illuminated spots on the edge of the Peary crater at the Moon's North Pole [6]. 
Additionally, the Kaguya expedition located near the moon's south pole on the rim of the 
"Shackleton crater" that had the longest eclipse, lasting 11.5 Earth days, and 86% of the yearly 
average solar irradiation ]9[ . Similar to this, it has been shown that a few spots close to the 
Shackleton crater experience roughly six months of continuous sunshine and six months of 
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frequent swings between light and dark [16], with continuous eclipse times ranging from 71 to 
120 hours [22]; it is better to be somewhere where the cycles of light and dark occur more 
frequently. Because ESSs may be quickly recharged during the light period, reducing the size 
of ESS that is required [22]. On the other hand, continuous light occurs on the lunar surface in 
non-polar regions for about 15 days, and then there is a continuous period of darkness for about 
15 days [7]. Polar regions are therefore preferred for the construction of a lunar settlement 
since they require less ESS [23]. Additionally, by adding solar panels to towers, researchers 
have found a few areas where the ESS capacity can be decreased (see Figure 1) and finally 
eliminated entirely by raising the tower's height [24]. 

 

 

Figure 1. Mounting photovoltaic cells onto crater rim towers [25] 

Theoretically, the ESS capacity can be lowered by 4% by constructing a 100-meter tower 
close to the lunar North Pole. Elevating the tower to a height of 300 meters can further lower 
the ESS operation period by 0.2 hours per meter. A 1500-meter tower close to the North Pole 
could do away with the need for an ESS. There is an alternative situation close to the South 
Pole that requires a 3000-meter tower to remove the requirement for ESS [22]. Building such 
tall structures will present a unique set of challenges, both in terms of mass and construction. 
While a well-lit site is preferred, the lunar base's construction should give it a position with the 
lowest meteoroid flow. Even if there is now a dearth of data from radars and spacecraft, the 
probability of meteorite impacts can still be estimated [26]. Compared to high latitudes, the 
chance of meteoroid fluxes is 10% higher at low latitudes. Thus, high light durations and fewer 
meteoroid impacts are characteristics of polar regions [27]. While it is impossible to 
completely prevent all catastrophic events, there are ways to make a design more robust, such 
as by using distributed, buried, and suitable shielding. These strategies are covered in [28]. A 
review of moon resource-based shielding techniques for lunar settlements with a mission of 
preventing meteoroid strikes is presented in [29]. 

Topography 
Polar regions on the Moon are attractive for future spacecraft, but calculating how much solar 

power they can get is tough. This is because the sun stays just above the horizon near the poles. 
Consequently, it is imperative to understand the terrain surrounding a base, particularly within a 
210 km radius. Even small hills nearby can cast kilometer-long shadows that might fully or 
partly cover the base. To help with this, we've mapped the Moon's surface using detailed digital 
elevation models (DEMs) from the LOLA experiment, as shown in Figure 2, [30]. It will be 
possible to calculate the solar energy availability at the base site with accuracy if the sun's route 
across the lunar polar horizon and the key relief's elevations are established. As a result, the best 
possible ESS sizing and energy management system may be put into place. Furthermore, the 
entire lunar nodal cycle, which lasts for around 18.6 years, should be considered because the 
ESSs must power all important loads even on a lunar day with the least amount of solar radiation. 
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Figure 2. Topography of the moon [31] 

Temperature 
Accurate measurements of the base site temperature are critical for crew safety as well as 

for estimating energy output and consumption, which in turn maintains the stability of the 
spacecraft [32]. Accordingly, it has been suggested to use the regolith's physical characteristics 
and the profile of the sun's irradiation that reaches the lunar surface to calculate the temperature 
over the moon's surface [33], [34]. Another approximation relies on analytical models that 
consider the position of the sun and the empirically measured temperatures [35]. 

Power-Consuming Components of a Lunar Base 
The lunar base is composed of different kinds of loads, or power-consuming devices. The 

crew habitat and base camp are associated with the most obvious loads. These include life support 
systems like heating, cooling, restoring the habitable atmosphere, and providing food and water to 
the astronauts, in addition to the power required for operating equipment like lights, computers, 
and experimental gear. Waste processing and biomass composting units are examples of 
additional LSS equipment that can significantly impact the total electrical consumption profile of 
the habitat [36]. Depending on the purpose, laboratories may also be part of the base [6]. In 
addition to specialist scientific instruments, the laboratories may contain other instruments 
resembling those in the habitat. Furthermore, electric vehicles that can accommodate humans can 
be employed for travel, maintenance, or site visits [7]. Electrical spacecraft that are autonomous 
or remotely controlled can also be employed to gather samples and conduct additional exploration 
of the lunar surface. Consequently, in order to charge these rovers and cars, charging facilities are 
required [7]. Systems for communication are among the other essential components of a lunar 
base. There should be a continuous connection between the base and the earthly ground station. 
Direct line of sight communication systems or orbiter spacecraft that gather data from the lunar 
base and transmit it to the earth's ground station are two ways that contact might be established. 
Various lunar establishments and units must also communicate with each other. 

It is desirable to use locally available resources on the moon for extended lunar missions. 
Thus, it is possible to develop ISRU to extract oxygen and propellants from the regolith, which 
requires both heat and electrical power. Thermal power is needed to melt the lunar regolith 
within a boiler, but electrical power is needed to run the motors that collect, filter, and transport 
the regolith as well as the electrolysis. Electrical heaters can provide thermal power, but this 
option raises the need for electrical power. Alternatively, solar thermal systems may be 
employed, wherein solar radiation is directed and concentrated on a heat receiver that transfers 
the heat to a chamber for the melting of ilmenite [6]. In a different method, solar power is 
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focused onto optical waveguides composed of optical fibers using solar concentrators. The 
regolith receives solar radiation through the optical waveguide. Further details regarding the 
planning and execution of various solar concentrators for ISRU are available in [37], [39]. 

The lunar base habitat's power needs are contingent upon the number of crew members on 
board; for a crew of six, the projected requirement is 28.05 kW. A lunar base with less than ten 
crew members is anticipated to require a constant power source of about 35 kW. The ISRU 
requires 10 to 20 kW of electricity in order to create lunar propellants in the metric ton range. 
The power used by the ISRU can range from tens to hundreds of kW for both thermal and 
electrical power, depending on the production rate and process. According to estimates, the 
plant requires 9.3 kW of electrical power and 16.5 kW of thermal power to operate at a 
production rate of roughly 1.63 kg/h. In addition, a number of variables affect the amount of 
power needed by the rovers; it depends on factors such as their range, rate of discharge, ESS 
capacity, the terrain of the moon, and the physical properties of the regolith. The electric 
vehicle crew uses a system that may be pressurized for convenience, needing additional power 
resources. The transmission distance, data rate, bandwidth, and frequency of communication 
all affect how much power is needed for the communication systems. Figure 3 and Figure 4 
list the maximum power of these systems for nonessential loads and also the power 
requirements for several consumption units demonstrated in Table 2. 

 

 

Figure 3. Maximum power for non-essential loads [5], [7] 

 

Figure 4. Maximum power for essential (Survival) loads [5], [7]  
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Table 2. Power Requirement to several consuming unit 

Consuming unit Representative power (from study) Reference 
Lunar habitat (4-crew First Lunar 

Outpost) 
10 kW day, 9 kW night during crewed 

stay [40] 

Small lunar base camp (6-person, 
incl. labs & comms) 28.05 kW total base-camp power [6] 

ISRU oxygen production plant (1.63 
kg/h O2) 

25.83 kW ISRU plant power [6] 

Human rover power system (small 
crewed rover) 

1–3 kW (nominal 2 kW) rover power 
system [41] 

Water/ice exploration drill 
(Resource Prospector) 

0.10–0.20 kW (100–200 W) for 1 
m-class lunar drill [42] 

Initial exploration & science 
systems (incl. comms, robotics) 

1–5 kW initial lunar power needs for 
exploration and lunar science [43] 

 

LEVELIZED COST OF ENERGY ECONOMIC METHOD 
Figure 5 represents an FC unit with electrolysis, connected to a PV-BESS system 

comprising various components and supplying power to a load. The system also includes a 
hydrogen storage tank, an inverter, and a charging controller. The DC/AC inverter is required 
to transform a PV System's and FC DC outputs into AC so that electrical appliances can use it. 
The charge controller is vital for protecting the BESS against potential harm resulting from 
overcharging or under-discharging. In the current model, it assumes that the inverter efficiency 
remains constant, even though the fact that it could change. This study examines the hourly 
measurements of the solar radiation. An energy balance calculation is done for each hour of the 
year to determine how each hour's energy demand is provided just by the PV-BESS-FC. The 
electrical balances are calculated using a MATLAB R2014a simulation. The software runs 
scenarios for three different types of batteries: Lithium Ion Battery (Li-Ion), Lead-Acid Battery 
(LEAD), and Nickel-Cadmium (Ni-Cd). 

 

 

Figure 5. System configuration 
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A method involving iterative adjustments to the PV contribution is used to maximize the 
performance of the hybrid energy system shown in Figure 5. The solar power input is 
effectively varied using this technique. The simulation is specifically controlled across a 
range of PV system sizes by the variable 𝑃𝑃PVR, which loops from 1 to 350 (𝑃𝑃PVR= 1:350). 
Using the formula 𝑃𝑃PVr= 𝑃𝑃PVr1 + 2 × 𝑃𝑃PVR, where 𝑃𝑃PVr1 is an initial base power of 5 kW, the 
actual PV rated power (𝑃𝑃PVr) is determined for each step of 𝑃𝑃PVR. Accordingly, the PV rated 
power begins at 7 kW (assuming 𝑃𝑃PVR= 1) and rises by 2 kW every step, leading to at 705 kW 
(assuming 𝑃𝑃PVR = 350). Additionally, the three different battery configurations Li-Ion, 
Lead-Acid, and Ni-Cd all go through this same procedure again. These distinct battery types 
are represented by the variable B_T in the code, which enables a comprehensive analysis of 
different storage technologies. The hybrid system's operational strategy is intended to 
effectively manage energy flow between its various components. The configuration that 
satisfies load requirements and delivers (LCOE) will be the most suitable. To satisfy the 
immediate load demand, the photovoltaic system first produces electricity. The main purpose 
of any extra PV power is to charge (BESS). The excess energy is then used by the electrolysis 
for producing hydrogen, which is then stored in the hydrogen tank, when the BESS reaches 
its maximum (SOC) or if there is still excess power. On the other hand, the BESS discharges 
to satisfy the power shortage when there is a PV deficit, which occurs when PV generation is 
not enough to meet the load. (FC) operates to produce electricity and guarantee a consistent 
supply to the load in the instance that the BESS reaches its minimum SOC or is unable to 
provide the necessary power. The FC draws hydrogen from the hydrogen tank. The proposed 
energy management system (Figure 6) operates on an hourly time step and follows a 
priority-based strategy that aims to maximise the direct use of PV power and minimise the 
use of stored energy. For each simulated hour, the algorithm first reads the irradiance, 
temperature and load data, configures the PV system and initialises the result arrays. For 
every combination of PV size and battery type, the loop then evaluates the available PV 
power PPV and the instantaneous load demand PL. If PPV>PL, the excess power is calculated. 
The controller first checks whether the battery is not fully charged; if so, it charges the BESS 
up to its maximum allowable state of charge. If further surplus power remains and the 
hydrogen tank is not full, this excess is sent to the electrolyser to produce hydrogen and 
charge the tank. Only when both storage elements are at their upper limits is the PV operating 
point adjusted (curtailment) to avoid overproduction. Conversely, if PPV < PL, a power deficit 
is computed. The controller then checks whether the battery has sufficient stored energy; 
when this is the case, the BESS is discharged to reduce or eliminate the deficit. If the battery 
cannot fully cover the deficit, the controller verifies whether the hydrogen tank contains 
enough energy; if so, the fuel cell is started and the required power is generated from stored 
hydrogen. Only when neither the BESS nor the hydrogen tank can provide sufficient power is 
load shedding applied as a last resort. At the end of each hour, all energy flows (production, 
charging/discharging, electrolysis, fuel-cell output, curtailment and unserved load) are stored 
for plotting and for the subsequent techno-economic analysis. 
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Figure 6. Proposed energy management system for the hybrid energy system 

SYSTEM MODEL 
This section presents an integrated power architecture system model of an autonomous 

lunar power generation system consisting of each of the following subsystems: photovoltaic 
(PV) generation, battery energy storage (BESS), and proton-exchange membrane fuel cell 
(PEMFC) with electrolytic hydrogen generation/storage. It translates the component-level 
physics, efficiencies and temperature effects; operating states and state-of-charge (SOC) limits 
for both batteries and the hydrogen tank; and the power-flow logic which controls charging, 
discharging and eclipse operation. Finally, a levelized cost of energy (LCOE) methodology is 
developed that accumulates lifetime capital costs, replacement costs and O&M costs across all 
subsystems for assessment of competing design alternatives on a consistent economic basis. 
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Photovoltaic Model 
The hourly power generated by the PV arrays is a function of PV system efficiency 

(detailed in [44]), solar irradiation at the PV installation location, and the solar power system 
area (in m²). According to [44], 𝜂𝜂pv is determined by a few constant variables, such as module 
efficiency (𝜂𝜂m), including project lifetime (LT), inverter efficiency (𝜂𝜂inv), and the degradation 
of the PV system (𝐷𝐷𝐷𝐷𝐷𝐷pv) , and temperature efficiency ( 𝜂𝜂temp) , is a time variable. 
Multi-Junction Gallium Indium Phosphide/Gallium Arsenide/Germanium Solar Cell 
(MJGaInP/GaAs/Ge) solar panels are widely used in space applications [45]. 
 

𝑃𝑃pv,t = 𝐼𝐼pv,t × 𝐴𝐴 × 𝜂𝜂pv,t (1) 
 

𝜂𝜂pv,t = 𝜂𝜂m × ηtemp × (1 − (𝐿𝐿𝐿𝐿 − 1) × 𝐷𝐷𝐷𝐷𝐷𝐷pv (2) 
 

𝜂𝜂temp,t = [1 − 𝛽𝛽 × (𝑇𝑇cell,t − 𝑇𝑇ref)] (3) 
 

𝑇𝑇cell,t = 𝑇𝑇amb,t +
��𝑁𝑁𝑁𝑁𝑁𝑁 − 𝑇𝑇amb,NOT��

[𝐼𝐼NOT] × 𝐼𝐼pv,t (4) 

 

A = 𝑃𝑃pv,r

𝜂𝜂m×𝑆𝑆𝑆𝑆
 (5) 

 
where, 𝑃𝑃pv,r is the rated PV output power (kW), and 𝑆𝑆𝑆𝑆 donates to constant solar radiation, 

which is often considered to be 1.359 kW/ m² [6], the 𝛽𝛽 term to represent the photovoltaic cell 
efficiency temperatures coefficient (1/℃), while [34] uses NOT to represent the typical 
operating temperature of a cell (℃), 𝑇𝑇ref represent the reference temperature for photovoltaic 
cells (℃), and uses 𝑇𝑇cell to represent the temperature of the solar cell. 

Battery Energy Storage System Model 
There are various types of ESSs that can be used in space applications. The typical daily 

demand informs the battery capacity based on the desired hours of autonomy (HA), which 
represents the duration a fully charged battery can continuously power the load: 

 

𝐵𝐵cap =  
𝐻𝐻𝐻𝐻 ×  𝑃𝑃l,avg

𝜂𝜂inv × 𝜂𝜂dch × 𝐷𝐷𝐷𝐷𝐷𝐷 (6) 

 
where 𝑃𝑃l,avg is the average load demand (kW) and is calculated by dividing the annual 

demand by the yearly number of hours. DOD represents the depth of discharge, set at 80% for 
all three batteries (Li-Ion-LEAD and NI-Cd), and 𝜂𝜂inv and 𝜂𝜂dch are the inverter efficiency and 
battery discharge efficiency, respectively. SOC is utilized to determine whether to charge or 
discharge the battery. To determine the battery's SOC, a continuous energy balance is 
necessary. The load is primarily supplied by PV power. If the PV system generates more 
energy than the load requires (𝑃𝑃pv> 𝑃𝑃l), the excess power is used to charge the battery. The SOC 
during charging can be expressed as follows: 
 

𝑆𝑆𝑆𝑆𝑆𝑆𝑡𝑡 =  𝑆𝑆𝑆𝑆𝑆𝑆𝑡𝑡−1 + (𝑃𝑃pv,𝑡𝑡 −  𝑃𝑃l,𝑡𝑡) × 𝜂𝜂ch × 𝜂𝜂inv   (7) 
 

where are the BESS respective states of charge at times t and time t-1. Compared to that, if 
(𝑃𝑃pv< 𝑃𝑃l), the energy generated by PV will be used to meet the load, and any shortage will be 
made up from the BESS. The battery SOC during discharging mode is shown: 
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𝑆𝑆𝑆𝑆𝑆𝑆𝑡𝑡 =  𝑆𝑆𝑆𝑆𝑆𝑆𝑡𝑡−1 −  
𝑃𝑃pv,𝑡𝑡 × 𝑃𝑃l,𝑡𝑡
𝜂𝜂inv × 𝜂𝜂dch

 (8) 

 
The following constraints apply to the battery SOC at any time t: 

 
𝑆𝑆𝑆𝑆𝑆𝑆min <  𝑆𝑆𝑆𝑆𝑆𝑆𝑡𝑡 < 𝑆𝑆𝑆𝑆𝑆𝑆max (9) 

 
Here, 𝑆𝑆𝑆𝑆𝑆𝑆min  and 𝑆𝑆𝑆𝑆𝑆𝑆max  define the permissible range for the state of charge, 

representing the minimum and maximum values. For the simulation, the initial SOC for each of 
the three batteries is set to 𝑆𝑆𝑆𝑆𝑆𝑆 initial. 

Fuel Cell with Hydrogen Tank and Electrolysis Model 
Due to their suitability for space applications, this work focus on proton-exchange 

membrane fuel cells (PEMFCs) in the current study, which is adapted from [6] for five crew 
members. Similar to a flow battery, a fuel cell (FC) stack converts chemical energy into direct 
current electricity. This process is reversed by electrolysis, which converts electrical power 
back into chemical energy. Nevertheless, in addition to the wanted energy conversion, both 
of these processes generate heat and chemical byproducts, making them neither completely 
efficient. (PV) array output is the initial source of power for the current system. If necessary, 
the battery is charged using any excess power. If necessary, the hydrogen tank can be charged 
using the battery or the PV array. When there is an eclipse, at night, or when there is a deficit, 
the system uses the battery or PV to generate power. When the hydrogen tank is empty, the 
PEMFC converts the hydrogen back into energy for the load. Equations below describe how 
this process also generates heat for drinking water and heating: 
 

2H2O + Electricity ⇛ 2H2 +  O2 (10) 
 

𝜂𝜂Electro =
Chemical Energy
PV Output power 2H2O + Heat (11) 

 

𝜂𝜂Electro =
Chemical Energy
PV Output power (12) 

 

𝜂𝜂FC =
Electrical power
Chemical Energy (13) 

 
The capacity of the hydrogen tank is defined in kilograms and then converted to 

kilowatt-hours based on the energy content of hydrogen: 
 

𝐸𝐸H2,tank
kwh = 𝑀𝑀H2,tank

kg × 33.3 𝑘𝑘wh/kg (14) 

where 𝐸𝐸H2,tank
kwh  is the hydrogen tank capacity in kwh, 𝑀𝑀H2,tank

kg  is the hydrogen tank capacity 
in kg and 33.3 kWh/kg represents the Lower Heating Value (LHV) of hydrogen. The SOC for 
the hydrogen tank is crucial for managing the hydrogen supply to the fuel cell and its 
replenishment by the electrolysis. The SOC during charging via the electrolysis (when surplus 
PV power is available) can be expressed as follows: 
 

𝑆𝑆𝑆𝑆𝑆𝑆H2(𝑡𝑡) = 𝑆𝑆𝑆𝑆𝑆𝑆H2(𝑡𝑡 − 1) + 𝑃𝑃Electrolysis(𝑡𝑡) × 𝜂𝜂electrolysis (15) 
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where 𝑆𝑆𝑆𝑆𝑆𝑆H2(𝑡𝑡) and 𝑆𝑆𝑆𝑆𝑆𝑆H2(𝑡𝑡 − 1) are the hydrogen tank respective states of charge at 
times t and t−1. 𝑃𝑃Electrolysis(𝑡𝑡) is the power consumed by the electrolyzer at time t, 𝜂𝜂electrolysis 
is the electrical efficiency of the electrolysis, compared to that, if the system requires power not 
met by PV or battery (i.e., a power deficit requiring fuel cell operation), the energy deficit will 
be made up from the hydrogen tank via the fuel cell. The hydrogen tank SOC during 
discharging mode (fuel cell consumption) is shown: 
 

𝑆𝑆𝑆𝑆𝑆𝑆H2(𝑡𝑡) = 𝑆𝑆𝑆𝑆𝑆𝑆H2(𝑡𝑡 − 1) −
𝑃𝑃FC(𝑡𝑡)

𝜂𝜂FC
 (16) 

 
where 𝑃𝑃FC(𝑡𝑡)  is the power output from the fuel cell at time t, and 𝜂𝜂FC is the electrical 

efficiency of the fuel cell. The following constraints apply to the hydrogen tank SOC at any 
time t; 
 

𝑆𝑆𝑆𝑆𝑆𝑆H2,min < 𝑆𝑆𝑆𝑆𝑆𝑆H2(𝑡𝑡) < 𝑆𝑆𝑆𝑆𝑆𝑆H2,max (17) 
 

where 𝑆𝑆𝑆𝑆𝑆𝑆H2,min and 𝑆𝑆𝑆𝑆𝑆𝑆H2,max define the permissible range for the SOC, representing the 
minimum and maximum values, all these equations under main constraints  considering 𝑃𝑃C and 
𝑃𝑃d charging and discharging power of battery: 
 

𝑃𝑃𝐹𝐹𝐹𝐹 + 𝑃𝑃𝑝𝑝𝑝𝑝 + 𝑃𝑃𝑑𝑑 = 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑃𝑃𝐶𝐶 (18) 
 

Levelized Cost of Energy Economic Model (LCOE) 
The LCOE is a standard method for evaluating the financial feasibility of PV-BESSs, FC 

with electrolysis and hydrogen tank. It provides a more accurate economic assessment by 
spreading project costs across the entire operational life [46], [48]. In a stand-alone 
PV-BESS-FC system, the LCOE can be calculated by dividing all system costs by the amount 
of energy produced [48]. In the current study, PV energy generated is dynamically utilized to, 
directly supply the electrical load, recharge the (BESS), power the electrolysis for hydrogen 
production and storage in the hydrogen tank in terms of 𝐸𝐸pv,l , total lifetime discounted 
electrical energy from PV directly supplied to the load,  𝐸𝐸pv,Ch, total lifetime discounted 
electrical energy from PV going to charging (batteries or electrolysis), 𝐸𝐸BESS, total life time 
discounted electrical energy discharged from the BESS,  𝐸𝐸FC , total lifetime discounted 
electrical energy produced by the Fuel Cell over its lifetime, and 𝐸𝐸Electrolysis total lifetime 
discounted electrical energy input to the electrolysis. The total system cost consist of the sum 
of discounted capital costs, operation & maintenance (O&M) costs, fuel costs, and replacement 
costs for all components, this include (𝐶𝐶BESS) total lifetime cost of the (BESS), includes initial 
installation cost and discounted annual O&M costs, (𝐶𝐶pv,T) total lifetime cost of the PV 
modules and inverter, plus annual PV O&M, (𝐶𝐶FC), total lifetime cost of the Fuel Cell (FC) 
system, plus annual FC O&M, (𝐶𝐶Elecctroysis), total lifetime cost of the Electrolysis system, plus 
annual electrolysis O&M and replacement costs, (𝐶𝐶H2tank), total lifetime cost of the Hydrogen 
Storage Tank, plus annual H2 tank O&M, the suggested design adapts the LCOE solution for 
application in a FC-connected PV-BESS. Relations below are used to derive the proposed 
system LCOE and determine the most economical system, a step by step for system LCOE is 
given as follows: 
 

𝐶𝐶pv,T= [ 𝐶𝐶pv,inst + � 𝐶𝐶PV,O&M
(1+𝑟𝑟)𝐽𝐽

𝐽𝐽=LT

𝐽𝐽=0
 ] (19) 
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𝐸𝐸pv,l= � 𝐸𝐸PV,L,𝐽𝐽(1−𝐷𝐷𝐷𝐷𝐷𝐷PV)𝐽𝐽

(1+𝑟𝑟)𝐽𝐽

𝐽𝐽=LT

𝐽𝐽=0
 (20) 

 

𝐸𝐸pv,Ch= � 𝐸𝐸PV,Ch,𝐽𝐽(1−𝐷𝐷𝐷𝐷𝐷𝐷PV)𝐽𝐽

(1+𝑟𝑟)𝐽𝐽

𝐽𝐽=LT

𝐽𝐽=0
 (21) 

 

𝐶𝐶BESS= [ 𝐶𝐶B,inst + � 𝐶𝐶B,O&M
(1+𝑟𝑟)𝐽𝐽

𝐽𝐽=LT

𝐽𝐽=0
 ] (22) 

 

𝐸𝐸BESS= 𝜂𝜂rt �
𝐸𝐸PV,Ch,𝐽𝐽(1−𝐷𝐷𝐷𝐷𝐷𝐷B)𝐽𝐽

(1+𝑟𝑟)𝐽𝐽

𝐽𝐽=LT

𝐽𝐽=0
 (23) 

 

𝐶𝐶FC= [ 𝐶𝐶FC,inst + � 𝐶𝐶FC,O&M
(1+𝑟𝑟)𝐽𝐽

𝐽𝐽=LT

𝐽𝐽=0
 ]  (24) 

 

𝐸𝐸FC= � 𝐸𝐸FC,𝐽𝐽(1−𝐷𝐷𝐷𝐷𝐷𝐷FC)𝐽𝐽

(1+𝑟𝑟)𝐽𝐽

𝐽𝐽=LT

𝐽𝐽=0
 (25) 

 

𝐶𝐶Elecctroysis= 𝐶𝐶Elecctroysis,inst + �
𝐶𝐶Elecctroysis,O&M

(1+𝑟𝑟)𝐽𝐽

𝐽𝐽=LT

𝐽𝐽=0
 (26) 

 

𝐸𝐸Electrolysis= �
𝐸𝐸Electrolysis,𝐽𝐽

(1+𝑟𝑟)𝐽𝐽

𝐽𝐽=LT

𝐽𝐽=0
  (27) 

 

𝐶𝐶H2tank= 𝐶𝐶H2tank,inst + �
𝐶𝐶H2tank,O&M

(1+𝑟𝑟)𝐽𝐽

𝐽𝐽=LT

𝐽𝐽=0
 ] (28) 

 

LCOEEPV= �
 𝐶𝐶pv,T𝐽𝐽

𝐸𝐸pv,l +𝐸𝐸pv,Ch𝐽𝐽

𝐽𝐽=LT

𝐽𝐽=0

 (29) 

 

LCOS= �
 𝐶𝐶BESS𝐽𝐽
𝐸𝐸BESS𝐽𝐽

𝐽𝐽=LT

𝐽𝐽=0

 (30) 

 

LCOEFC= �
 𝐶𝐶FC𝐽𝐽
𝐸𝐸FC𝐽𝐽

𝐽𝐽=LT

𝐽𝐽=0

 (31) 

 

LCOESYS =
𝐶𝐶pv,T + 𝐶𝐶BESS + 𝐶𝐶FC + 𝐶𝐶Elecctroysis + 𝐶𝐶H2tank

Total_Load_Served  (32) 

 

Mass and Transportation Cost Estimation 
For lunar surface missions, launch mass is a primary driver of feasibility and overall cost. 

Jones [49] shows that, for a Moon base architecture using Falcon Heavy, the effective cost to 
deliver payload to the lunar surface is approximately 10.8 kUSD/kg, obtained by combining a 
low-Earth-orbit launch cost of 1.52 kUSD/kg with a mass ratio of 7.2 from LEO to the lunar 
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surface. This subsection introduces a simplified mass and transportation-cost model for the 
main subsystems of the proposed PV−BESS− H2 − FC microgrid. 

Battery mass. Let 𝐶𝐶B denote the nominal battery energy capacity at pack level (kWh) and 
𝑒𝑒spec  the pack-level specific energy (Wh/kg) . The corresponding battery mass 𝑀𝑀BESS  is 
approximated by: 
 

𝑀𝑀BESS =
𝐶𝐶B[kWh] × 1000
𝑒𝑒spec[ Wh/kg]  (33) 

 
This follows directly from the definition of specific energy.Typical reported pack-level 

specific energy ranges are: 
• Lithium-Ion (Li-Ion): = 150 − 250 Wh/kg at cell/pack level in state-of-the-art EV 

cells [50], [51]. 
• Lead-Acid: = 30 − 50 Wh/kg for traction and stationary applications [52], [53]. 
• Nickel-Cadmium (Ni-Cd): = 40 − 60 Wh/kg for conventional industrial Ni-Cd 

cells [53], [54]. 
In the results, mid-range values within these intervals are adopted to obtain indicative 

battery masses for Li − Ion, Lead-Acid, and Ni − Cd chemistries at the same nominal capacity 
𝐶𝐶B. 

PV array mass.  For space PV technology, subsystem mass is commonly related to peak 
electrical power via the specific power 𝜎𝜎PV(W/kg) . Lightweight arrays based on III-V 
multijunction cells and flexible blanket structures have demonstrated specific powers on the 
order of 100 − 150 W/kg and power densities around 300 − 350W/m2. For example, Law 
et al. [55] report specific power values around 150 W/kg for thin, flexible III-V multijunction 
panels, and Mikulas et al. [56] adopt similar figures in the context of high-specific power 
telescoping solar arrays for deep-space missions [57]. 

For a PV array rated at 𝑃𝑃PV(kW), the PV array mass is estimated as: 
 

𝑀𝑀PV =
𝑃𝑃PV[ kW] × 1000
𝜎𝜎PV[ W/kg]  (34) 

 
In the subsequent calculations, a specific power 𝜎𝜎PV = 150 W. kg−1 is used, representative 

of highperformance flexible blanket arrays reported in [55], [57]. 
 
Hydrogen energy content and storage mass.  Hydrogen is characterised by a lower heating 

value (LHV) of approximately 120MJ ⋅ kg−1, corresponding to about 33.3 kWh/kg. For a 
stored hydrogen mass 𝑚𝑚H2(kg), the chemical energy content 𝐸𝐸H2 is therefore [58]: 

 
𝐸𝐸H2 = 𝑚𝑚H2 × 33.3 kWh/kg (35) 

 
High-pressure compressed hydrogen storage for mobile applications is typically 

implemented using Type-IV composite tank systems. Hua et al. [59] analyse a 700 bar onboard 
storage system that stores 5.6 kgH2  with a system gravimetric capacity of 4.2 wt% and a 
system-level specific energy of 1.40 kWh/kg. This corresponds to a total system mass of 
approximately 𝑀𝑀sys,ref = 133.6 kg , for 5.6 kg of stored hydrogen [59]. Assuming linear 
scaling of tank-system mass with stored hydrogen mass (a standard first-order approximation 
for conceptual design), the mass of a tank system capable of storing 𝑚𝑚H2 is estimated as: 

 

𝑀𝑀H2,sys = 𝑚𝑚H2 ×
133.6 kg
5.6 kgH2

 (36) 
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The corresponding system-level specific energy for the hydrogen storage subsystem is 

then: 
 

𝑒𝑒H2,sys =
𝐸𝐸H2 × 1000
𝑀𝑀H2,sys

 [ Wh/kg] (37) 

 
which can be directly compared with the pack-level specific energies 𝑒𝑒spec  of the 

electrochemical BESS technologies. 
 
Total system mass and transportation cost.  The total launch mass of the power system is 

written as the sum of the main subsystems: 
 

𝑀𝑀tot = 𝑀𝑀PV + 𝑀𝑀BESS + 𝑀𝑀FC + 𝑀𝑀ELZ + 𝑀𝑀H2,sys + 𝑀𝑀BoP (38) 
 
where 𝑀𝑀FC,𝑀𝑀ELZ and 𝑀𝑀BoP represent the masses of the fuel-cell stack, electrolyzer, and 

balance-of-plant (mounting structures, cabling, power-conditioning equipment, etc.), 
respectively. For the comparison between battery chemistries, these latter terms can be 
considered approximately common, since they depend mainly on rated power and hydrogen 
throughput rather than on the specific choice of battery technology. 

For a given cost per kilogram to the lunar surface 𝑐𝑐ℓ(USD/kg), the transportation cost 
contribution of subsystem 𝑖𝑖 is defined as: 

 
𝐶𝐶ℓ,i = 𝑐𝑐ℓ𝑀𝑀i (39) 

 
Using the value 𝑐𝑐ℓ = 10.8 kUSD/kg reported by Jones [49] for a Moon base architecture, 

the mass differences between alternative battery and storage technologies can be directly 
translated into launch-cost differences. 

RESULTS AND DISCUSSION 
This section presents the results of the simulation and interprets the implications of the 

results for the case of a standalone PV-BESS-PEMFC system with electrolytic hydrogen 
storage. Using solar irradiance and temperature profiles representative of space, three storage 
options were compared (Li-Ion, Lead-Acid, and Ni-Cd) for multiple ratings of PV systems, 
report subsystem energy flows, and quantify costs with LCOE/LCOS. The configurations that 
minimize lifecycle energy costs and unserved load analyze the operational behavior of the fuel 
cell, electrolyzer, and hydrogen tank state of charge (SOC). 

This method aims to optimize the sizing and evaluate the economic feasibility of a hybrid 
energy system PV-BESS and fuel cell systems with hydrogen tank. This study considering 
three types of batteries: Li-Ion, LEAD, and Ni-Cd. These simulations employ solar radiation 
data in Figure 7 and a simplified effective ambient temperature profile (Figure 8) 
representing the thermally controlled environment of the equipment bay (power-conditioning 
units, BESS enclosure, fuel cell and electrolyser balance of plant), rather than raw lunar 
surface or crew cabin temperatures. In this context, the peak value of 40 °C shown in Figure 
8 corresponds to a worst-case equipment-enclosure temperature within the allowable 
operating range of space-qualified electronics and batteries, while the habitable volume itself 
is assumed to be maintained near human comfort conditions (20 – 23 °C) by the habitat 
thermal control system. The suggested framework is implemented through multiple 
simulations in MATLAB 2014a, specifically regarding the three scenarios: PV- Li-Ion, 
PV-LEAD, and PV-Ni-Cd. All batteries are rechargeable batteries commonly used for 
storage in space applications. The electrical demand is represented by an annual hourly load 
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profile for the lunar base (Figure 9), comprising 8,760 hourly point. The study assumes a 
system lifetime of 20 years, with the batteries, inverter, and charge controller being replaced 
at 10 and 20 years. The battery capacities are calculated using eq. (6) for a 5-hour autonomy 
period. Table 3 displays all PV system parameter values, while Table 4 displays the LI-Ion, 
LEAD, and NI-Cd specifications assumed that all batteries possess a capacity of 2.5 MWh, 
plus Table 5 displays FC with Electrolysis and hydrogen tank CHARACTERISTICS. After 
conducting the simulations. it becomes clear that the proposed technical and economic 
model, especially with the combining of ESSs such as BESS and FC with electrolysis, 
demonstrates promising results in achieving sustainability and economically meeting the 
load demand, and this illustrated in Table 6. 

 

 

Figure 7. Solar radiation of space nature 

 

Figure 8. Hourly ambient temperature profile 
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Figure 9. Load demand profile 

Table 3. Solar system characteristics' specifics [1], [60], [62] 

Parameter Value/Range Parameters Value/Range 
𝑷𝑷𝐏𝐏𝐏𝐏,𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫 5 - 700 kW, step 2 kW 𝐶𝐶pv 𝑃𝑃PV × 2828 × 𝑃𝑃PV−0.128 
𝜼𝜼𝐩𝐩𝐩𝐩 28% 𝐶𝐶inv 1.1𝑃𝑃PV × 𝑃𝑃𝑃𝑃inv 
𝜼𝜼𝐢𝐢𝐢𝐢𝐢𝐢 92% 𝑝𝑝𝑝𝑝inv(Inverter Price) 0.56 USD/W 

𝑫𝑫𝑫𝑫𝑫𝑫𝐏𝐏𝐏𝐏(PV 
degradation rate) 0.3% 𝐶𝐶pv,inst 𝐶𝐶pv + 𝐶𝐶inv 

𝜝𝜝 (Temperature 
coefficient for PV) 0.005/℃ 𝐶𝐶pv,O&M 1% of 𝐶𝐶pv,inst 

𝑷𝑷𝐫𝐫𝐫𝐫𝐫𝐫(Charge 
controller price per 

Ampere) 
4.62 USD/kWh 𝐶𝐶inv,rep(Inverter 

Replacement Cost) 𝐶𝐶inv for J=10&20 

𝑪𝑪𝐜𝐜𝐜𝐜(Charge controller 
cost) (𝑃𝑃PV /𝑉𝑉b )× 𝑃𝑃rcc 𝑇𝑇ref 25 ℃ 

NOCT 45 ℃ LT ( life time) 20 Years 
𝑷𝑷𝐋𝐋,𝐚𝐚𝐚𝐚𝐚𝐚 69.72 kW HA 5 Hours 

H 1359 WH/𝑀𝑀2 r (Discount rate) 6% 
 

Table 4. Batteries characteristics [1], [48] 

Parameter Lithium-Ion (Li-Ion) Lead-Acid (LEAD) Nickel‑Cadmium 
(Ni-Cd) 

𝜼𝜼𝐫𝐫𝐫𝐫 90% 80% 85% 
𝑫𝑫𝑫𝑫𝑫𝑫𝐁𝐁 0.5% 1.6 % 0.8% 

Lifetime 5-20 5-15 10-15 
𝑪𝑪𝐁𝐁,𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢 600 USD/ kWh 100 USD/ kWh 1000 USD/ kWh 
𝑪𝑪𝐁𝐁,𝐎𝐎&𝐌𝐌 1% 5% 2% 

CB 2.5 MWh 

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
40

50

60

70

80

90

100

110

120

130

Time (Hours)

Lo
ad

 P
ow

er
 [k

W
]

Load Power Over the Year



Wahdan, K., Ibrahim, M., et al. 
Optimal Sizing PV- Battery Storage Fuel Cell Based Space…  

Year 2026 
Volume 14, Issue 2, 1140671 

 
 

Journal of Sustainable Development of Energy, Water and Environment Systems 19 

 

Parameter Lithium-Ion (Li-Ion) Lead-Acid (LEAD) Nickel‑Cadmium 
(Ni-Cd) 

𝑪𝑪𝑪𝑪𝐫𝐫𝐫𝐫𝐫𝐫 𝐶𝐶B,inst for J=10&20 
𝑺𝑺𝑺𝑺𝑺𝑺𝐦𝐦𝐦𝐦𝐦𝐦 20% 
𝑺𝑺𝑺𝑺𝑺𝑺𝐦𝐦𝐦𝐦𝐦𝐦 100% 

DOD 80% 
 

Table 5. FC with Electrolysis and hydrogen tank characteristics [6], [63], [66] 

Parameter Value/Range 

𝜼𝜼𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄 85% 

𝜼𝜼𝐅𝐅𝐅𝐅 65% 

𝑪𝑪𝐅𝐅𝐅𝐅,𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢 1200 USD/kW 

𝑪𝑪𝐅𝐅𝐅𝐅,𝐎𝐎&𝐌𝐌 2% 

Lifetime 10 

𝑫𝑫𝑫𝑫𝑫𝑫𝐅𝐅𝐅𝐅 8% 

𝑪𝑪𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄,𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢 1500 USD/kW 

𝑪𝑪𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄𝐄,𝐎𝐎&𝐌𝐌 1% 

H2 tank capacity in kg 18.6 

H2 energy kWh per kg 33.3 

Initial State of Charge for H2 tank 20% 

Capital cost per kg for hydrogen storage 50 USD/kg 

O&M cost fraction for H2 tank 0.5% 
 

Table 6. Results in achieving sustainability and economically meeting the load demand 

Energy produced from PV to Load 301.45 MWh 
System LCOE (Levelized Cost of Energy) 0.2379 USD/kWh 

Total Electrical Load Served 610.73 MWh 
Energy produced from Fuel Cell (FC) 93.42 MWh 

Total Energy produced from PV 801.22 MWh 
Total Battery Energy Discharged 176.07 MWh 

Total Battery Energy Charged 191.38 MWh 
Hydrogen Tank Energy Charged (from 

Electrolysis input) 306.41 MWh 

Hydrogen Tank Energy Discharged (to Fuel Cell) 143.72 MWh 
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Figure 10 shows the system LCOE for several battery types over a variety of PV rated 
powers. The Li-Ion battery always displays the lowest LCOE, at a minimum of 0.13181 
USD/kWh for 7.0 kW PV power. Li-Ion is the most cost-effective option for this system, as 
shown by the fact that it is superior to Ni-Cd (min. 0.16561 USD/kWh) and lead-acid (min. 
0.23449 USD/kWh). 

 

 

Figure 10. Levelized cost of energy of the FC- PV-BESS 

According to Table 7, PV-Li-ion batteries have the lowest overall system LCOE (USD 
0.2379), followed by PV-Ni-Cd (USD 0.2717) and PV-Lead-Acid (USD 0.3406). This 
demonstrates that Li-Ion is the least costly option. The LCOE specifically from the PV 
component (PV LCOE) is shown in the Figure 11. All battery types have the same cost, which 
drops as the rated power of the PV system rises to 0.0815 USD/kWh at higher capacities. This 
indicates that the size of the solar cells alone determines how much it costs to produce 
electricity, also Table 8 presents LCOS in USD/kWh for the 3 different types of batteries. 

 

 

Figure 11. LCOE PV with 3 BESS 
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Table 7. LCOE for PV and 3 batteries 

PV-BESS 𝐋𝐋𝐋𝐋𝐋𝐋𝐋𝐋𝐒𝐒𝐒𝐒𝐒𝐒 [USD/kWh] 

PV-LI-Ion 0.2379 

PV- LEAD 0.3406 

PV- Ni-Cd 0.2717 

 

Table 8. LCOS for 3 batteries 

Battery Type Cost (USD/kWh) 
Li-Ion 1.8594 

Lead–Acid 6.1899 
Ni-Cd 2.9153 

 
Figure 12 displays the fuel cell's power output over all periods. As you can see, it does not 

always generate power. Instead, it produces power in short, large collapses, reaching a 
maximum of 113.16 kW. This indicates that the fuel cell only activates and runs when the 
system requires additional power. It serves as a very useful backup power source for various 
seasons of the year, providing power when other sources are insufficient or low. 

 

 

Figure 12. FC power produced 

 
Figure 13 displays the electrolysis's power consumption over the period. It does not always 

use power, but when it does, it uses a lot. Its maximum power consumption is 301.57 kW. 
During its 1209 hours of operation, the electrolysis uses 169094.69 kWh in total. This 
demonstrates that the main objective is to consume additional power for extended periods of 
time, particularly whenever that power becomes available. 
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Figure 13. Electrolysis power consumption 

Figure 14 shows that hydrogen tank's state of charge (SOC) over the period. The tank's 
operating range is 123.88 kWh, which is also its initial state of charge, and 619.38 kWh, which 
is its maximum capacity. According to the graph, the tank spends 2859 hours at or close to its 
lowest level throughout the period, while reaching or remaining close to its full capacity for 
2571 hours. This pattern shows how well the tank manages energy fluctuations in the system 
by storing excess energy (as hydrogen) when it is available and releasing it when needed. 

 

 

Figure 14. Hydrogen tank state of charge 

Table 9 clearly shows that, once launch mass and transportation cost are taken into account, 
the battery bank becomes the dominant driver of logistics for the proposed lunar microgrid, and 
the choice of chemistry is therefore critical. For the same 2.5 MWh nominal capacity, the 
Ni-Cd and lead-acid options are approximately three and five times heavier than the Li-Ion 
pack, respectively, which inflates their launch cost from 1.5 × 108 USD for Li-Ion to 4.5 × 108 
and 7.7 × 108 USD. Expressed per unit of stored energy, this means that transporting lead-acid 
storage to the lunar surface would cost on the order of 3.1 × 105 USD/kWh, more than five 
times the 6.0 × 104 USD/kWh associated with Li-Ion. In contrast, the PV array and hydrogen 
tank system each contribute less than half a tonne to the launch mass, with total transportation 
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costs of about 5 × 106 and 4.6 × 106 USD, respectively ‒ almost two orders of magnitude lower 
than any of the battery options. The hydrogen system in particular combines a relatively low 
mass (0.43 t) with a high system-level specific energy, leading to a transportation cost intensity 
of only 7.5 × 103 USD/kWh, roughly eight times lower than the Li-Ion BESS. Taken together, 
these results indicate that (i) heavy chemistries such as lead-acid and Ni-Cd are effectively 
non-competitive for lunar applications, irrespective of their lower capital cost on Earth; (ii) 
Li-ion remains the only viable electrochemical option when launch cost is considered, 
reinforcing the LCOE-based conclusion of the techno-economic analysis; and (iii) 
space-oriented designs should minimise battery capacity and rely more heavily on 
high-specific-power PV arrays and hydrogen-based long-term storage, since these subsystems 
deliver substantial energy services at a comparatively modest mass and transportation cost. 

From an environmental perspective, operation in high vacuum, intense radiation, and 
severe thermal cycling between long sunlit and eclipse periods constrains the selection and 
derating of PV modules, electrochemical storage, and power electronics, while pervasive 
abrasive dust (regolith) affects the expected degradation and maintenance requirements of 
exposed components. Operationally, the microgrid must support long-duration, crewed 
missions with limited on-site maintenance, restricted opportunities for hardware replacement, 
and strict reliability requirements, since even short interruptions to critical loads can 
compromise mission safety. These factors, together with the very high transport mass/cost of 
hardware delivery to the lunar surface, favour architectures with a small number of robust 
subsystems, minimal moving parts, simple supervisory control, and technologies with high 
specific power and energy. In this context, the optimised PV–Li-Ion–H2 configuration is not 
only cost-effective in LCOE and launch-mass terms, but also aligns with the need for high 
reliability, reduced maintenance interventions, and environmentally robust operation under the 
unique conditions of a lunar base. 

 

Table 9. Mass and transportation cost estimation 

Subsystem Design basis Mass[t] Launch cost [USD] Cost intensity* 
Li-Ion BESS 2.5 MWh 13.9 1.50 × 108 6.0 × 104 USD/kWh 
Ni-Cd BESS 2.5 MWh 41.7 4.50 × 108 1.8 × 105 USD/kWh 
Lead-acid BESS 2.5 MWh 71.4 7.71 × 108 3.1 × 105 USD/kWh 
PV array 70 kW 0.47 5.04 × 106 7.2 × 104 USD/kW 
H2 tank system 619 kWh (chemical) 0.43 4.62 × 106 7.5 × 103 USD/kWh 

Validation 
A complete energy balance analysis was used to evaluate the validity and dependability of 

the suggested hybrid energy system model PV, batteries, FC, and electrolysis. The purpose of 
this analysis was to verify that all energy flows in the system are exactly computed and checked 
during the simulation. The structure of the model built based on energy conservation is 
determined for each hourly time step and for the full simulation period (one year): using the 
following formula: 

 
𝐸𝐸PV+𝐸𝐸B,dch + 𝐸𝐸FC + 𝐸𝐸UL = 𝐸𝐸L + 𝐸𝐸B,ch + 𝐸𝐸EL + 𝐸𝐸Excess (40) 

 
or 

 
𝐸𝐸PV+𝐸𝐸B,dch + 𝐸𝐸FC + 𝐸𝐸UL − 𝐸𝐸L + 𝐸𝐸B,ch + 𝐸𝐸EL + 𝐸𝐸Excess ≈ 0 (41) 
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where are: 𝐸𝐸PV - energy generated by PV system, 𝐸𝐸B,dch - energy discharged from BESS, 
𝐸𝐸FC - energy output FC, 𝐸𝐸UL - unserved load representing the unmet demand for energy, its 
inclusion on the sources side ensures that any energy deficit is accounted for in the overall 
balance, 𝐸𝐸L - load demand, 𝐸𝐸B,ch - energy charged into BESS, 𝐸𝐸EL –energy consumed by the 
electrolysis for hydrogen production, 𝐸𝐸Excess - representing excess energy produced that could 
not be used or stored. The overall energy balance at all times displayed a very slight variation, 
almost zero, after the simulation was run for a year for different system configurations. For 
example, the final energy balance difference was around -3.26 × 10−9 kWh. This minimal 
difference validates the simulation model's dependability and efficiency. It shows that every 
energy flow is carefully monitored and recorded, including production, consumption, storage, 
surplus, and deficit. The result strongly supports that the model accurately represents how the 
proposed hybrid system works and makes sensible, balanced predictions about energy flows, 
which enhances the reliability of the technical and economic assessments based on it, all this is 
illustrated in the next table, Table 10. 

This energy-balance check is used as a numerical validation of the proposed hybrid system 
model. Since the entire PV–BESS–FC–electrolyser–H2 model is formulated on the basis of 
energy conservation, the very small residual obtained over the full year (on the order of 10-9 
kWh) confirms that all energy flows are consistently accounted for in the simulation. In other 
words, the implementation correctly tracks production, storage, consumption, curtailed energy 
and unserved load at every time step, and no artificial gain or loss of energy is introduced by 
the numerical model. As the study concerns a prospective lunar microgrid for which full-scale 
experimental data are not yet available, this internal energy-balance verification provides a 
practical way to ensure that the technical and economic results are built on a physically 
consistent representation of the system. 

 

Table 10. Energy flow summary 

Energy Parameter Value in kWh 
Total PV Generation 801219.86 

Total Battery Discharge 176071.48 
Total Fuel Cell Output 93417.06 

Total Energy Generated 1070708.40 
Total Load Consumed 663841.93 
Total Battery Charge 191382.05 

Total Electrolysis Consumption 169094.69 
Total Energy Consumed 1024318.66 
Total Curtailed Energy 139294.30 
Total Unserved Load 92904.55 

Overall Energy Balance Check −3.26 ∗ 10−9 

CONCLUSION AND FUTURE WORK 
This study presented a comprehensive techno-economic assessment and optimal design 

framework for a hybrid renewable energy system tailored for space microgrid applications, 
with specific emphasis on lunar surface power supply. By integrating photovoltaic generation 
with a battery energy storage system (BESS) and a hydrogen-based storage subsystem 
comprising an electrolyser, hydrogen tank, and fuel cell, the proposed system demonstrates 
high reliability and competitiveness under the stringent constraints of extraterrestrial 
environments. An enhanced LCOE formulation, coupled with hourly simulations of load 
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demand and system operation, enabled accurate sizing of the PV–BESS–FC architecture and 
provided a realistic estimate of lifecycle performance. Results confirm that the proposed hybrid 
system can supply the annual electrical load of the reference lunar base with negligible 
unserved energy, achieving a levelized cost of electricity of 0.2379 USD/kWh. Among the 
evaluated technologies, lithium-ion batteries proved to be the most cost-effective and 
technically suitable option for short-term storage, offering the lowest LCOS, system-level 
LCOE, and launch-related transportation cost. In contrast, lead–acid and Ni–Cd batteries were 
shown to be impractical due to their low specific energy and excessive transport mass. 

Meanwhile, the hydrogen subsystem demonstrated strong potential for medium- and 
long-duration autonomy, particularly during extended lunar eclipse periods, enabling the 
battery bank to be sized for short-term balancing rather than full-duration backup. The findings 
also highlight that technology preferences commonly derived from terrestrial microgrid 
applications cannot be directly transferred to space environments. Constraints such as launch 
mass, transportation cost, and surface operational reliability necessitate prioritising 
high-specific-power PV technologies, lithium-ion BESS, and hydrogen-based long-term 
storage solutions. The modelling framework and results presented in this study provide 
valuable design guidelines for future space missions, supporting the development of 
sustainable, resilient, and economically viable energy systems for lunar and deep-space 
habitats. Future work may explore the effects of component degradation, lunar dust 
accumulation on PV modules, extreme thermal cycles, radiation-induced performance shifts, 
and advanced power management algorithms. Moreover, incorporating alternative storage 
technologies or emerging space-qualified materials could enhance the durability and efficiency 
of next-generation space microgrids. 

Limitations and Future Work 
The present analysis is restricted to a single reference configuration with preselected 

component capacities and uses simplified models for thermal control, degradation and 
reliability. The mass and transportation-cost estimates are based on representative 
specific-energy values and average cost per kilogram to the lunar surface, rather than on a 
detailed structural design. In addition, the load profile does not yet include fully dynamic 
in-situ resource utilisation (ISRU) processes, which can introduce large, variable industrial 
loads. Future work should therefore extend the framework in several directions: 

(i) perform a full multi-objective optimisation that jointly minimises LCOE and launch 
mass while enforcing strict reliability constraints; 

(ii) integrate time-varying ISRU loads (e.g. oxygen and propellant production) to 
quantify their impact on optimal sizing and operation; 

(iii) incorporate more detailed thermal, degradation and reliability models for components 
operating in the lunar environment; and 

(iv) explore alternative generation and storage options within the same mass-aware 
framework. 

These developments will further refine the design of cost-effective, mass-efficient hybrid 
microgrids for future lunar and deep-space missions. 
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