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Abstract 

In an effort to make space exploration more sustainable the space industry looks to In-Situ 

Resource Utilisation (ISRU) as a possible way to lower the cost. With confirmed findings of 

water ice on the south pole of Earth’s moon oxygen extraction with the help of Solid Oxide 

Electrolysis (SOE) is being investigated. SOE is a high temperature electrolysis technology 

with a high tolerance for impurities in its fuel stream. This makes SOE a promising technology 

for use in lunar ISRU production of oxygen. As an implication of its high operating temperature, 

thermal management is an important factor in lowering the overall energy demand of the 

electrolysis.  

This report will investigate the waste heat recovery potential in the product gases from an SOE 

intended for oxygen production on the Moon. The SOE has an assumed electric power 

consumption and mass of approximately 13 kW and 26 kg respectively. Heat exchangers are 

investigated as a solution to recover the high temperature thermal energy in the product gases 

from the SOE in order to preheat steam that is supplied to it.  

The commercially available design program Aspen Exchange Design and Rating (EDR) is used 

to design and compare different types and configurations of heat exchangers.  

The results show that there is sufficient thermal energy to warrant the implementation of waste 

heat recovery. When using plate heat exchangers results show estimated power savings of 

between 1.3 kW and 1.5 kW depending on the size and configuration of the heat exchanger 

chosen.  

The different configurations of the plate heat exchangers did not impact the amount of 

recovered heat in a meaningful way indicating that other considerations should be made when 

deciding on the design. The results for a configuration using a three-stream plate fin heat 

exchanger were unconclusive.  

The mass flows of ca. 3 kg steam per hour for the specific SOE system under investigation were 

close to the lower mass flow limit of Aspen EDR. For further and more detailed investigations 

the use of a heat exchanger design software developed for such low mass flows is 

recommended. 
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Sammendrag 

I et forsøk på å gjøre utforskning av verdensrommet mer økonomisk bærekraftig, ser 

romfartsindustrien til In-Situ Resource Utilisation (ISRU) som en mulig måte å redusere 

kostnadene på. Med bekreftede funn av vanninnholdig is på Sørpolen av jordens måne, 

undersøkes oksygenutvinning ved hjelp av en fastoksidelektrolysør (SOE). SOE er en 

høytemperatur elektrolyseteknologi med høy toleranse for urenheter i drivstoffstrømmen. Dette 

gjør SOE til en lovende teknologi for bruk i ISRU-produksjon av oksygen på månen. Som en 

implikasjon av den høye driftstemperaturen er spillvarmegjenvinning en viktig faktor for å 

senke det totale energibehovet til elektrolysøren. 

Denne rapporten vil undersøke gjenvinningspotensialet for spillvarme i produktgassene fra en 

SOE beregnet for oksygenproduksjon på månen. SOE-enheten har et antatt elektrisk kraftbehov 

og masse på henholdsvis ca. 13 kW og 26 kg. Varmevekslere undersøkes som en løsning for å 

gjenvinne høytemperatur termisk energi i produktgassene fra SOE-enheten for å forvarme damp 

som tilføres den.  

Det kommersielt tilgjengelige varmevekslerdesignprogrammet Aspen Exchange Design and 

Rating (EDR) brukes til å designe og sammenligne ulike typer og konfigurasjoner av 

varmevekslere.  

Resultatene viser at det er tilstrekkelig termisk energi til å rettferdiggjøre implementering av 

spillvarmegjenvinning. Ved bruk av platevarmevekslere viser resultatene estimerte 

effektbesparelser på mellom 1,3 kW og 1,5 kW, avhengig av størrelsen og konfigurasjonen til 

den valgte varmeveksleren.  

De forskjellige konfigurasjonene av platevarmevekslerne påvirket ikke mengden gjenvunnet 

varme på en meningsfull måte, noe som indikerer at andre hensyn bør tas når man bestemmer 

seg for design. Resultatene for en konfigurasjon basert på en tre-strøm-platefinnevarmeveksler 

var ikke entydige.  

Massestrømmene på ca. 3 kg damp per time for det spesifikke SOE-systemet som ble undersøkt, 

var nær den nedre massestrømgrensen for Aspen EDR. For videre og mer detaljerte 

undersøkelser anbefales bruk av en programvare for varmevekslerdesign utviklet for slike lave 

massestrømmer. 
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1. Introduction 

The space industry is rapidly growing. Not so many years ago launching anything to orbit was 

something only achieved by superpowers. Now this happens on a regular basis by both 

countries and private companies alike. In 10 years, the number of objects launched to space 

have increased by 18,500 % [1]. This influx of competition has led to lower prices both for 

access to space and other related services. This has again led to more companies entering the 

market fuelling the rapidly growing space industry.  

NASA has launched a new space programme called Artemis, together with several other 

partnering countries. The Artemis programme aims to establish a permanent settlement on 

Earth’s moon and use this as a steppingstone for further exploration of Mars and beyond [2]. 

The Moon can work as a suitable training ground for future Mars expeditions as the relatively 

close proximity to Earth makes resupply and rescue missions fairly easy. While the Apollo 11 

mission to the Moon lasted 8 days, a round trip mission to Mars would take approximately 3 

years [3]. This means that a Mars mission needs to be as self-sustaining as possible; as it might 

take over a year for a resupply mission to arrive, depending on launch windows. 

Even though the price of launching mass from Earth has declined in recent years, it is still far 

from being either economically or environmentally sustainable to rely solely on supplies from 

Earth. In situ resource utilisation (ISRU) can play an important role in lowering the cost of 

building and sustaining a lunar outpost. It is also important to be as self-sufficient as possible 

as humans venture further into the solar system. As the distance from Earth increases, the more 

complicated and costly resupply missions become. It is also a matter of safety, as relaying solely 

on resupply missions will make the crew heavily reliant on regular launches from Earth.  

The lunar surface is covered with layer of a rock called Regolith. It varies in size from large 

boulders to fine dust (averaging 45-100 µm). It can be used to build structures using additive 

manufacturing or simply cover existing buildings to provide thermal insulation and radiation 

protection [4], [5].  

Water ice has been located in large quantities in permanently shadowed regions (PSRs) on both 

the south and north poles of the Moon. The biggest concentrations are found in craters in the 

south pole [6]. It is due to the altitude of the sun, i.e. the sun angle, striking the poles coupled 

with the small lunar obliquity (causing little variation in the path of the sun for the lunar summer 

and winter) that PSRs are possible on the lunar poles.  It also allows permanently unshaded 

regions to exist on certain elevated topographical features such as the rims of craters, which are 

known as peaks of eternal light (PEL).  In PSRs the temperature can be as low as -250°C. This 

means that a lot of heat will be required to melt the ice to separate it from other volatiles and 

gases that it might be mixed with. Locating PSRs close to PELs will be an important factor in 

identifying locations for future ISRU operations. This can provide both large amounts of solar 

power and a proximity to water.  
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Shackleton crater provides both a proximity to PELs on its rim and PSR in its crater. This has 

made it one of the front runners for a future lunar base location [7]. In Figure 1, both the brightly 

lit crater rim and the crater floor can be seen. The picture is made possible by combining 

pictures taken using two cameras with different light-sensitivity.  

 

Figure 1. A picture of Shackleton Crater combining images from Lunar Reconnaissance Orbiter (LROC) and 

ShadowCam [8]. 

Beside sunlight for energy, water ice is perhaps the top target for ISRU because of its many 

uses. It can be used both for consumption, cleaning and radiation protection; but also split into 

oxygen and hydrogen with the help of electrolysis. This can be used for energy storage in 

combination with a fuel cell, as rocket fuel, as well as supplying a life support system with 

oxygen. There are several ideas as to how lunar ice can be mined [9]. One approach is mining 

in the most classical sense whereby regolith is excavated containing ice from the ground and 

then extracting the water, typically by heating it. Another proposed solution is the sublimation 

method where the ground containing ice deposits is heated to cause sublimation [10]. This 

causes the steam to rise up to the ground where it is collected. 

Solid Oxide Electrolysis (SOE) is a high temperature electrolysis method which can be used 

for production of oxygen and hydrogen in a lunar environment. The high operating temperature 

of the SOE leads to a high tolerance for impurities in its feedstock when compared with other 

electrolysis methods [11]. This is well suited for the water ice found on the moon as it is 

assumed to have a high amount of methane [12]. Another advantage of the SOE is the ability 

to greatly improve their overall efficiency with effective thermal management. This means that 

an effective use of heat recuperation combined with the potential use of external waste heat can 

lower the need for electrical energy. The lunar environment with its lack of atmosphere also 
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makes it difficult to dispose of excess heat. An added benefit of heat recouperation is that it 

reduces the need for radiators for cooling. 

SOE technology has already been successfully demonstrated with the Mars Oxygen In-Situ 

Utilization Experiment (MOXIE) where a SOE located on the Mars rover Perseverance 

produced oxygen from the Martian atmosphere by splitting CO2 into CO and O2 [13]. 

In 2020 the European Space Agency (ESA) launched a research project called High Pressure 

Electrolyser Development for Exploration Surface Missions (HP-SOC) which was awarded to 

Clara Venture Labs and Centre of Research Technology Hellas (CERTH). The project aims to 

investigate the use of high-pressure Solid Oxide Electrolysers (SOE) for oxygen and fuel 

production in an ISRU setting on the Moon and Mars [14]. 

This thesis aims to support Clara Ventures Labs’ research project by investigating how heat can 

be recuperated to reduce the energy demand of the SOE. It will investigate what type of heat 

exchanger is most suitable to work in the harsh lunar conditions and how much heat it is possible 

to recover. It will specifically concentrate on recuperating heat from the hydrogen and oxygen 

exhaust coming from the SOE and use this to heat the incoming steam fuel.  

1.1 Aim 

The aim of this thesis is to investigate the potential for waste heat recovery of a Solid Oxide 

Electrolysis (SOE) system intended for lunar In Situ Resource Utilisation (ISRU), both as a 

means of thermal management and increasing efficiency.  

1.2 Objectives 

Identify the largest amount of heat that can be practically recuperated.  

Identify the most suitable heat exchanger design. 

Investigate how different operating pressures impact the heat exchanger design. 

1.3 Structure 

The following five chapters are structured as follows:  

Chapter 2 will provide brief background to understand reasons behind the design decisions. 

Chapter 3 will describe what will be simulated and how.  

Chapter 4 present the results from the simulations. 

Chapter 5 discusses findings in both the simulations and the literature study.  

Chapter 6 provides a summary of the most important findings as well as suggestions for further 

work. 
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2. Background 

The following subsections will provide background information on leading factors that will 

guide the requirements and design process for a heat exchanger suitable to operate in a lunar 

environment in conjunction with a Solid Oxide Electrolyser (SOE). 

2.1 The lunar environment 

The Moon offers extreme conditions with temperatures up to 120˚C during the lunar day in 

equatorial regions. During the lunar night, which lasts for almost 14 Earth days, the temperature 

falls to -130˚C. For any practical case there is no atmosphere, making it difficult to remove 

excess heat from equipment such as devices and astronauts’ space suits. This implies that 

systems designed for this environment should rely as little as possible on external heat and cold 

flows to maintain their operating temperature. If items are being exposed to either sunlight or 

lack thereof, either the hot or cold streams become a valuable resource. It is then possible to 

create synergy effects using heat released by equipment to keep other equipment from freezing. 

With this, the hot and cold streams are kept within the system boundary, minimising the need 

for external cooling and heating. 

The Moon is covered by a layer of rock and dust called regolith, typically 4-5 m thick [15]. It 

is the result of eons of constant impact of meteors and of particles from the sun. The regolith 

varies in size from large boulders to microscopic dust particles smaller than 10 µm. Due to the 

lack of wind and liquid flows, the regolith does not erode over time and smooth out like on 

Earth.  Instead, the material has a fractured surface with sharp edges. The regolith attaches to 

most surfaces due to a positive static electric charge caused by solar radiation. The sharp edges 

make the dust abrasive, which can cause damage to equipment [16].  

In recent years, large amounts of water ice have been detected in the Moon’s polar regions [6]. 

This ice is located in permanently shadowed regions (PSR). These are areas of the Moon that 

do not receive direct sunlight. Such PSRs are often located in impact craters around the poles. 

Due to the low angle of the sun, the crater floor never sees direct sun light. The temperature in 

these PSRs can be as low as -250˚C. The cold temperatures keep the water ice from evaporating 

into space. Another implication of the sun’s low angle at the poles is that elevated terrain may 

experience prolonged periods of direct sunlight, some up to 85% of the lunar year [17]. These 

regions are referred to the somewhat incorrectly name of Peaks of Eternal Light (PEL). These 

can provide locations for harvesting solar energy with Photo Voltaic (PV) solar cells with close 

to uninterrupted exposure to sunlight. 

When planning for a future lunar base, proximity to both PSRs and PELs will be beneficial. 

This will enable high power production from solar cells as well as the possibility to mine water 

ice from the PSR. Several such sites exist, with Shackleton crater likely to be the most widely 

known.  

The Moon has the same solar irradiance as the Earth at 1361 W/m2 [18]. The lack of atmosphere 

does, however, make PV solar panels more efficient overall compared to Earth. This is due to 
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the Earth’s atmosphere absorbing some of the sun light which makes it impossible to achieve 

the theoretical 1361 W/m2. PV solar panels can achieve as high power to mass values as 

350 W/kg; although, this is for the panels themselves. Additional infrastructure and 

inefficiencies downstream will make this value smaller, some estimates place this at 170 W/kg 

[21]. Nuclear power will not need power storage solutions at the same scale as PV solar panels. 

This is because this technology is not dependent on sunlight to produce power. When 

considering the power to weight ratio of nuclear power sources, estimates lie between 6.5 W/kg 

and 42 W/kg depending on power output and mobility [19], [20], [22], which is considerably 

lower than PV solar panels. However, a benefit of nuclear power is that it will produce large 

quantities of waste heat that can potentially be utilised for other purposes other than power 

production [23].  

National Aeronautics and Space Administration (NASA) has launched the Artemis Program, 

which plans to bring humans back to the lunar surface for the first time in over 50 years. With 

this programme NASA, with partnering countries, aims to extend human presence on the moon 

by establishing a base camp on the lunar south pole [2]. This can later be used as a steppingstone 

for further venturing into the solar system. To make this endeavour and space exploration at 

large more economically sustainable, In-Situ Resource Utilisation (ISRU) has become an 

important area of interest.  

2.2 In-Situ Resource Utilisation (ISRU) 

In-Situ Resource Utilisation (ISRU) is a term used when resources are sourced locally. It is 

most commonly used to refer to space related operations. This is typically done in an effort to 

lower the amount of resources, and therefore mass, needed to be brought from Earth.  

With the commercialisation of spaceflight many new entities have entered the launch business. 

This has led to the development of new and more cost-effective ways to send mass into orbit 

around Earth and beyond [24]. Even with the introduction of reusable rockets, the price still 

remains relatively high. Costs are ranging from 1500 $/kg on heavy rockets (SpaceX Falcon 

Heavy) to 23,100 $/kg for a small, dedicated launch vehicle (Rocket Lab Electron) to Low Earth 

Orbit (LEO) [25]. This makes minimizing the mass-to-orbit an important metric to lower the 

overall cost of missions.  

In the case of the Moon several potential ISRU targets exists. The lunar regolith has many 

potential uses and applications in an ISRU setting. Proposals suggest covering a lunar base with 

a layer of regolith in an effort to provide protection from meteors and radiation as well as 

thermal insulation [26]. Other studies suggest using the regolith in combination with additive 

manufacturing to construct different structures [5]. Based on recent observations by the 

Chandrayaan-1 and LRO space craft it is estimated that 600 million tonnes of water ice are 

located at the lunar poles [6]. This is however a conservative estimate, which is affected by 

radar strength and the ability of the radar radiation to penetrate deep into the ground. Estimates 

from the The Lunar Crater Observation and Sensing Satellite (LCROSS) mission suggests a 

water ice concentration of 5.6% ± 2.9% by mass present in the crater impacted. Measurements 
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of the composition of the water ice found can be seen in Table 1. It contains large amounts of 

hydrogen sulphide, ammonia and methane among others. 

Table 1. Composition of water ice. This table is sourced from ref. [12]. 

Compound % Relative to H2O(g) 

H2O 100% 

H2S 16.75% 

NH2 6.03% 

SO2 3.19% 

C2H4 3.12% 

CO2 2.17% 

CH3OH 1.55% 

CH4 0.65% 

OH 0.03% 

Water is a top priority for ISRU because of its many potential uses to support human missions. 

It can be used as consumables or be split into H2 and O2 with the help of electrolysis. The H2 

and O2 can be used both as rocket fuel, energy storage in combination with a fuel cell, and the 

O2 can be used in the life support system for breathing.  

There are several concepts for water retrieval in the lunar regions proposed. The sublimation 

method envisions heating up lunar soil rich in water ice to cause the water to sublimate. It will 

then rise from the ground and can then be collected [10]. Another method is the more familiar 

strip mine approach, where ice containing regolith is collected by excavators and heated up to 

separate the water from the other materials [9]. 

The ice found in the PSRs has the same low temperature as its surroundings. This means that 

the ice could work as a heat sink for other equipment or processes. If the water is being 

electrolysed, the low temperature of the ice might be used in the liquefaction process of the H2 

and O2 to save energy.  

2.3 Solid Oxide Electrolysers (SOE) 

A Solid Oxide Electrolyser (SOE) is a type of electrolyser using an oxide conducting ceramic 

as the electrolyte. This makes the device solid state, which is beneficial in harsh conditions like 

the ones experienced in a lunar environment. Another benefit with SOEs is the high operating 

temperature, typically between 600˚C and 1000˚C. This makes the SOE technology more 

resistant to the impurities found in the lunar water ice compared to alternative electrolysis 

methods like PEM and alkaline electrolysis. The high operating temperature does however also 

lead to several engineering difficulties associated with high temperatures [11].  

To mitigate oxidation of the nickel-based electrodes a small amount of ca. 5% by mole of H2 is 

introduced to the steam flow. This ensures a chemical environment that keeps the nickel 

reduced including at the inlet of the SOE. 
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The voltage needed to run the SOE varies depending on the conversion rate of the steam to H2 

and O2. When the SOE approaches a 100% conversion rate, the voltage required increases 

drastically. To avoid the higher energy consumption SOEs will typically be run around 80% 

conversion rate.  

When electrolysis is used to extract the O2 from the water ice, a biproduct will be H2. The H2 

is a valuable resource which can be used as fuel in a fuel cell and as rocket propellant. An 

advantage with the Solid Oxide Cell (SOC) is that it can work both as an electrolyser and a fuel 

cell. This way, a single setup can be designed for resource production, while it also possesses 

the ability to work in reverse to generate power. This will generate both power and heat, which 

will be in demand during the lunar night. 

SOE is already a proven technology for ISRU. In 2021 Mars Oxygen In-Situ Resource 

Utilization Experiment (MOXIE) produced oxygen from CO2 captured from the Martian 

atmosphere [27]. In this experiment located on the Mars rover Perseverance, a SOE produced 

oxygen at a rate of 6 g/h. This was done by splitting CO2 into CO and O2.   

Electrolysis utilising SOCs can be run to be exothermic, endothermic, or thermoneutral 

depending on the voltage that is applied to the stack. Typically, SOEs are run in thermoneutral 

mode because the exothermic mode can impact the lifetime of the cell. The exothermic mode 

also requires a higher current and voltage, and therefore more power. Research suggests that an 

endothermic mode can be beneficial as this allows for the stack to operate with a lower current 

and increase its lifetime [28]. It will then however rely on external heat to operate. Effective 

thermal management is important to achieve high electric efficiency with SOE in all the 

operating modes, the difference is the direction of the heat flow [29], [30]. 

2.4 Project and system outline 

ESA is currently investigating the potential for SOEs for future lunar and Martian ISRU with 

the programme High Pressure Electrolyser Development for Exploration Surface Missions 

(HP-SOC). ESA awarded Clara Venture Labs together with Centre of Research Technology 

Hellas (CERTH) with a research grant to further its development. The goal of the project is to 

develop an SOE to extract oxygen from lunar resources and atmospheric CO2 on Mars. 

Clara Venture Labs, previously named Christian Michelsen Research (CMR) Prototech, was 

founded in 1988 by Odd Dahl. The company is an early-stage venture lab focusing on 

developing industrial innovations within energy systems, advanced materials and other related 

fields. 

HP-SOC is still in an early phase and is focusing on developing the technology to be suitable 

for a variety of missions. Therefore, few specifics are known regarding the target area and the 

environment for the SOE and ISRU operations. As seen in Section 2.1 the location chosen on 

the Moon has large implications on the design. If the location is in a Permanently Shadowed 

Region (PSR) cooling will likely not be a problem, and the high temperature product streams 

(H2 and O2) leaving the SOE will be seen as assets. If the location, on the other hand, is 

experiencing direct sunlight external cooling might be necessary and the relatively cold steam 
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flow might be utilised. As the largest concentrations of lunar ice are located in the polar areas 

this is the most likely environment for the ISRU operations. The study will investigate solutions 

which will be suitable for most applications and therefore focus on utilising the internal heat 

streams of the system. 

The focus of this thesis is the lunar application of this project and therefore the fuel source is 

steam sourced from lunar water ice. It is assumed that the H2O is extracted from the lunar 

regolith with the help of heat to support the phase shift into steam. To limit the scope of the 

investigations the system boundaries are set after the ISRU process. For the sake of simplicity, 

a temperature of 200˚C was chosen as the inlet temperature of steam for all pressures. This 

implies that there is an electric heater present between the boiler and the heat exchanger in order 

to super heat the steam. As the temperature of evaporation changes with different pressures, 

new inlet temperatures for the steam would have to be set for each operating pressure. ESA 

have specified that the HP-SOC target production is 50 g/min of oxygen and 6.3 g/min of 

hydrogen with a target operating pressure of 10 bar [31]. It is assumed that the SOE will have 

a power consumption of approximately 13 kW and a mass of 26 kg to achieve this output. 

During earlier phases of the project some challenges were however identified related to 

specifying such a high operating pressure. A range of pressures between 1 and 10 bar will be 

considered and investigated as part of the evaluation of the benefit and potential problems 

related to high heat exchanger operating pressures.  

Elevating the temperature of the steam, referred to as the cold stream or flow, to as close to the 

operating temperature of the SOE as possible with the heat available from the O2 and H2 

streams, referred to as the hot streams or flows, will be the overall objective. The hot streams 

initially hold the same temperature as the SOE’s operating temperature at 820˚C. 

This thesis will evaluate the possibility of using commercially founded design and simulation 

software to design heat exchangers for the hot and cold streams of the SOE system; i.e. not 

specialist simulation tools offering a bespoke space-grade solution.  It is desirable to both 

minimise the need for external cooling and heating which can lead to both power and weight 

savings. 
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Figure 2.The schematics of the electrolysis system. The doted box outlines the defined system boundaries of this 

investigation. The green line represents the H2/H2O stream, the red line is the O2 stream while the blue 

line is the steam flow. Explanation of the numbers is given in the text. 

A flow diagram showing the mass flow of the system and the system boundary of this project 

can be seen in Figure 2. The explanation for the numbers in the figure is as follows: 

1. Water enters the system, either as ice or liquid from an ISRU operation. In a boiler it is heated 

to 200˚C at constant pressure, which induces a phase change into superheated steam. The 

process will also include a pressurisation stage.  

2. In a heat exchanger the steam is heated as close to 820˚C as practicable. 

3. An electric heater ensures the cold stream reaches the intended temperature of 820˚C. 

4. The steam enters the SOEC where it is split into O2 and H2.  

5. The H2 stream contains 80% mole fraction H2 and 20% mole fraction steam. Some of the 

produced hydrogen is fed into the steam flow going into the electric heater to give the steam 

flow a 5% mole fraction H2 concentration. 

6. The H2 and O2 streams enter the heat exchanger at 820˚C. 

7. It will not be practical to transfer all the heat in the heat exchanger as this would make it 

impractically large. Excess heat can therefore be used in the boiler.  

8. The H2 enters a water separator. The separated water is then fed back into the boiler. 

9. The O2 and H2 are compressed and chilled for storage. This will produce more heat which 

potentially can be utilised in the ISRU process.  

 



Storaas, Torstein R. 

10 

 

2.5 Gravitational effects on heat transfer and fluid flow 

The gravitational forces of the Moon are about 1/6 of Earth gravity at 1.62 m/s2. This can have 

some effects on the heat transfer and fluid flow with a reduction in buoyancy. Natural 

convective flow will be somewhat reduced due to the lower gravity, this this can however be 

treated as being insignificant as effects typically scales at g1/4 compared to Earth [32]. Gravity 

affects the hydrostatic pressure where the low lunar gravity will decrease the static pressure. 

The forced convective flow in the heat exchangers will not be affected by the reduced gravity 

on the Moon because the governing equations do not depend on g [33]. 

2.6 Heat exchangers 

There are many types of heat exchangers, all with the general goal of transferring heat between 

media without mixing them. Depending on what kind of medium the hot and cold streams are 

made up of different design are considered more effective. According to literature the three 

most common heat exchanger types when dealing with gas-to-gas heat transfer are shell and 

tube, plate and plate fin heat exchanger [34], [35]. Plate heat exchangers can achieve the same 

amount of heat transfer area as a shell and tube heat exchanger with only 20 – 30% the mass 

[36]. Since low mass is a critical design criterion when designing equipment for space flight, 

shell and tube heat exchangers will not be investigated further.  

2.6.1 Plate heat exchanger (PHX) 

A plate heat exchanger (PHX) consists of several, typically corrugated, plates sandwiched 

together. Plate heat exchanger typically refers to the most common plate-and-frame design 

which are made up of several plates sandwiched together by a frame. It is however also possible 

to join the plates together with brazing. This is sometimes referred to as a brazed plate heat 

exchanger. Additionally, plate fin heat exchangers are sometimes grouped into the broader plate 

heat exchanger term; they will however be covered in their own subsection in Section 2.6.2. 

In a plate-and-frame design the plates are sealed with gaskets. This means that it is possible to 

separate the plates for cleaning, or to increase the capacity for larger streams or a higher heat 

recuperation. This is not something that will be feasible for this project. It could however be of 

some interest for a future project supporting a larger lunar base where maintenance would be 

possible. 

The seals are however more prone to leakage when operating at high temperatures and 

pressures. For these applications the plates are typically joined by brazing or laser welding. 

When welding is used for the bonding, a more compact heat exchanger is typically achieved 

relative to when plate-and-frame design are used [34]; however, when the plates are welded 

together cleaning becomes more complicated. Therefor a brazed heat exchanger design will 

typically only be used for applications with low fouling. Fouling is a term used when particles 

get stuck inside the heat exchanger and the heat exchanger area is covered in foreign object 

debris, deteriorating the heat transfer. Plate heat exchangers are quite susceptible to this fouling 
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due to their narrow passages, which can lead to both large pressure drops and less effective heat 

transfer. 

The streams entering the heat exchanger are routed to different sides of the plates. The plate 

heat exchanger is scalable by simply adding more plates. Depending on how the stream is 

routed, it is possible to create several passes of the streams. Alternatively, there can be one pass 

with several plates; increasing the heat transfer area, but not the residency time. 

The plates of a plate heat exchanger come with various corrugations. This will greatly impact 

both the thermal and hydraulic performance. The most common corrugation is referred to as a 

chevron, seen in Figure 3. The angle and number of chevrons can vary depending on desired 

hydraulic traits.  

 

Figure 3.. A single plate from a plate-and-frame heat exchanger with chevron corrugation. [35] 

The corrugation in the plates induces turbulence to the flows as well as increasing structural 

integrity. The induced turbulence increases the heat transfer between the flows, whilst also 

increasing the pressure drop created by the plate heat exchanger.  

 

Figure 4. The flows of a plate heat exchanger can be seen. The blue plates represent the cold stream while the red 

represent the hot stream. [38] 
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In Figure 4 a schematic of a plate frame heat exchanger can be seen. The schematic would 

however be close to identical for a brazed plate heat exchanger as well. The red colour 

represents the hot stream while the cold stream is blue.   

2.6.2 Plate fin heat exchanger (PFHX) 

Plate Fin Heat Exchangers (PFHX) are typically compact, but still offer a large heat transfer 

area. This is due to the heat exchanger design. The construction is made up by corrugated fins 

sandwiched between flat plates. These fins are brazed to the flat plate, whilst the corrugated 

geometry serves to provide both extra heat transfer area and mechanical support. They also 

provide the added benefit of introducing turbulence to the flow. The fins come in several 

varieties, from plain, perforated and serrated among others [37]. The added heat transfer area 

provided by the fins is beneficial when operating with streams that have a low heat transfer 

coefficient. Therefore, PFHX are typically used for gas-to-gas applications [35], [39]. PHFX 

are suitable for a large variety of temperatures, typically limited by materials and bonding 

method. The bonding method used also affects the magnitude of the operating pressure the 

PFHX can withstand. With diffusion-bonded PFHX operating pressures as high as 200 bar have 

been achieved [35]. 

 

Figure 5. Plate fin heat exchanger with corrugated fins sandwiched between two plates. [40] 

In Figure 5 a typical PFHX can be seen. The fins provide a significant increase in heat transfer 

area, this does however also add more material to the construction and therefore mass.  

2.7 Material selection 

When choosing a material to construct a heat exchanger to operate with a SOE several factors 

need to be taken into consideration. The heat exchanger will be subjected to the same high 

temperatures as the SOE. This means that the material for the heat exchanger transfer areas 

would need to withstand temperatures above 800˚C. The high temperatures in combination with 

steam and O2 can also lead to oxidisation and corrosion while the presence of H2 can lead to 

hydrogen embrittlement. This means that many considerations need to be taken into account 

when choosing a material for the heat exchanger. 

Iron based alloys are often used for heat exchangers up to around 600˚C. When the temperature 

exceeds this value other metals are usually used due to corrosion issues and low tensile strength 
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at high temperatures [39]. For high temperature heat exchangers nickel-based superalloys are 

more commonly used. They offer a high temperature resistance as well as high tolerances for 

corrosion and high pressures. Inconel 625 offers a high resistance to temperature and good 

resistance to corrosion with the added benefit of being suitable for additive manufacturing [41].   

Ceramics are often used for high temperature heat exchangers. They offer high temperature 

resistance and a high resistance to corrosion. However, they do not handle very high pressures 

well, are hard to seal, and have issues related to brittleness [37]. 

A high thermal conductivity is desirable, but because the heat transfering plates typically are 

very thin, this does not overly affect the overall heat transfer. The density of the material is 

more important when evaluating materials for space related use. If it is possible to lower the 

mass of the heat exchanger by using a lighter material, a heat exchanger with a larger heat 

transfer surface can be chosen. This will typically far outperform a heat exchanger using 

materials with higher thermal conductivity and density.  

Table 2. Thermal conductivity and density of various metals. 

 Thermal conductivity [W/m˚C] Density [kg/m3] 

Stainless steel 17.6 [42] 7480 – 8000 [43] 

Hastelloy 21.3 [42] 8940 [43] 

Inconel 625 13.4-21.3 [44] 8440 [44] 

In Table 2 the thermal conductivity and density of various metals used in heat exchangers are 

presented. The stainless steel and Hastelloy values for thermal conductivity are sourced directly 

from the simulation program used in Section 3.2. As thermal conductivity values are 

temperature dependent it is assumed that the numbers are averaged. The thermal conductivity 

for Inconel 625 is presented for the interval between 200-600˚C. Both Hastelloy and Inconel 

625 can withstand the high temperatures experienced when operating in conjunction with a 

SOE. Inconel 625 has a slightly lower thermal conductivity than Hastelloy has. It does however 

have a slightly lower mass and the ability to be additively manufactured which could make it 

more suitable for a finale design.   
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3. Method 

This chapter will describe the different heat exchanger configurations that will be investigated 

in this report. It will look at the reasoning behind how the software was used and difficulties 

encountered.  

3.1 Defining the problem 

The objective is to produce a constant stream of 50 g/min of oxygen (O2). This is the only 

known mass flow, so the rest of the streams have to be calculated based on this. It is known that 

the SOE is operating at a conversion efficiency rate of 80% by mole, meaning that of the steam 

going into the electrolyser, 80% by mole is converted to H2 and O2. The remaining 20% by 

mole of unconverted steam exits together with the H2 stream. This stream of 80% H2 and 20% 

by mole steam will be referred to as simply the hydrogen stream, even though it is still part 

steam.  

To calculate the rest of the mass flows based on the known O2 stream, a molar analysis will 

have to be performed. First the mole flow in the oxygen stream has to be established by using  

where �̇� is the mole flow, �̇� is the mass flow, and 𝑀 is the mole mass of a given substance. 

This provides the number of moles in the O2 stream, which is the same amount of mole 

converted by the SOE. This does however not include the 20% unconverted mole in the form 

of steam leaving the SOE with the H2. This can be identified with 

where 𝑦O2is the mole fraction of oxygen. Dividing the amount of moles of pure oxygen in the 

stream by the percentage (in this case 80%) of the total stream the total mole flow of the stream 

can be identified.  

Now that the total mole flow is established it is possible to determine both the mass flow of 

steam input and the mass flow of steam in the hydrogen stream. They are listed in Table 3. 

 

 

   

�̇�O2 =
�̇�

𝑀
 (1) 

�̇�total =
�̇�O2
𝑦O2

 (2) 
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Table 3. The mole flow and mass flow of the different streams. 

Stream �̇� [mol/min]  ṁ [g/min] ṁ [kg/h] 

Oxygen (O2) 1.56 50 3 

Hydrogen (H2) 3.13 6.3 0.38 

Steam part of 

hydrogen stream 
0.78 14.1 0.85 

Hydrogen stream 3.91 20.4 1.22 

Steam input mass 

flow 
3.91 70.4 4.22 

The objective is to design a heat recuperating system based on heat exchangers. The system 

boundaries are therefore set to only entail the heat exchangers as seen in Figure 2. The SOE 

operates at 820˚C, meaning that the hot streams of H2 and O2 exiting the SOE will hold the 

same temperature. The hot streams will therefore be set to 820˚C when they enter the system 

boundaries of this study. The cold stream is sourced from an undecided ISRU operation. It is 

unknown what specific process that will be used to extract the water from the lunar ice and 

what exit temperature this will produce. For the sake of this study the inlet temperature of the 

steam will be set to 200˚C. This is above the saturation temperature for all the investigated 

pressures to ensure that there are no phase changes present in the steam flow, even if the 

pressure drops because of the steam flow experiencing friction in the heat exchanger. It is 

important to receive directly comparable results in regard to thermal energy recovery across all 

the different operating pressures. Raising the steam temperature as close to 820˚C as practicable 

with a minimum increase in heat exchanger mass is the overall goal. 

If no heat recuperation is used, an electric heater would need to be used to raise the temperature 

of the steam flow to 820˚C before entering the SOE. Using Equation 3, the thermal power in 

the various flows can be calculated.  This was done by multiplying the specific enthalpy change 

by mass flow: 

where 𝛥ℎ is the specific enthalpy difference between 820˚C and 200˚C of the different streams 

at the given pressure and �̇� is the mass flow of the chosen stream. The specific enthalpy values 

seen in Table 4Table 6Table 6 are obtained in kJ/kg from Aspen. It should also be noted that 

the combined thermal energy in the hydrogen and oxygen streams are higher than what is 

needed to heat the steam to 820˚C. This indicates that it should be enough heat to reach the 

intended 820˚C of temperature for the steam. The only limiting factor will be how large the 

heat exchanger needs to be to achieve this. 

 

 

�̇� = �̇�𝛥ℎ (3) 
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Table 4. The thermal power of the different flows in the system, the value for the hydrogen stream is the 

combined value of 80% H2 and 20% H2O. 

 Hydrogen Oxygen Steam 

h820 [kJ/kg] -4520 811 -11,760 

h200 [kJ/kg] -8275 164 -13,090 

𝛥ℎ [kJ/kg] 3755 647 1330 

�̇� [kg/h] 1.22 3.00 4.22 

�̇� [kW] 1.27 0.54 1.56 

Assuming the electric heater has a Coefficient Of Performance (COP) of 1, the power demand 

to bring the steam from 200°C to 820˚C in the case of no heat exchanger would be 1.56 kW. 

To investigate how pressure affects the heat exchanger design, simulations will be made at 1, 

5, 8 and 10 bar absolute. When referencing pressure in this report it is always to be considered 

as an absolute pressure, unless otherwise specified. The maximum allowable pressure loss in 

the heat exchangers was set to 0.1 bar, this was never exceeded and is therefore not mentioned 

in the results.  

Due to the large cost of transporting mass to the lunar surface, keeping the mass as low as 

possible becomes a priority. This implies that the amount of recovered heat in the heat 

exchanger must be seen in relation to the size of the exchanger.  

The low gravity of the Moon can theoretically impact the performance of a heat exchanger to 

some degree. The static pressure will be lower due to the lower gravity. In a heat exchanger of 

the sizes investigated here this will, however, be negligible. Natural convection is also affected 

by gravity; but as the flows in the heat exchanger will be of the forced convective type and 

turbulent, in an effort to increase heat transfer, this will not have any implications. Therefore, 

the analysis will be done without modification to the simulation program’s gravitational 

constant. 

3.2 Aspen Exchanger Design & Rating (EDR) 

Aspen EDR is a design software for heat exchangers made by Aspentech. It is part of the 

AspenONE suite of programs. It works by suggesting heat exchangers based on inputs of mass 

flows and temperatures. When a specific heat exchanger is chosen it can simulate the 

performance of the selected heat exchanger. 

Aspen EDR was used to design and simulate three different plate heat exchanger solutions: 

• Plate heat exchangers in series where one heat exchanger utilizes the hydrogen/steam 

flow and the other utilizes the oxygen flow (see Figure 6). 

• Plate heat exchangers in parallel where the cold stream is split between two separate 

plate heat exchangers in a ratio based on the thermal power available in the two hot 

streams (see Figure 7). 



Method  

17 

 

• Three-stream plate fin heat exchanger where all three streams are incorporated in one 

component (see Figure 8). 

The intended stream sizes of this project are above but close to the lower limit of what EDR is 

intended for. This leads to some deviations from the actual mass flows due to the program’s 

resolution of 0.0001 kg/s or 0.36 kg/h, which is not small enough to accurately describe the 

intended streams. This leads to somewhat inaccurate mass streams in the simulations. The 

intended mass flows and the actual values used by the program are shown in Table 5. 

Table 5. The inaccuracy created by Aspen EDRs is due to a quantisation of the mass flow values within the 

software. This leads to small differences between actual and simulated mass flows. 

Streams Actual ṁ [kg/h] Simulated ṁ [kg/h] Inaccuracy 

Oxygen 3 2.88 4.00% 

Hydrogen 1.22 1.08 11.76% 

Steam (total) 4.22 4.32 2.27% 

Steam split oxygen: 1.25 1.08 13.36% 

Steam split hydrogen 2.97 2.88 3.03% 

EDR tends to suggest the same heat exchanger design for a large range of target hot stream 

outlet temperatures. This is likely due to operating at the extremes of the program’s mass stream 

limits, as there are simply no smaller heat exchangers available in the library. As a result of 

this, the following design procedure was adopted. 

An initial design was made with a very low heat recovery target, typically with the hot stream 

outlet set to 800˚C. This triggered the program to suggest the smallest heat exchanger it has in 

its library. The program suggested the same heat exchanger for temperatures down to 

approximately 500˚C. New designs were created by setting the target outlet temperature of the 

hot streams a couple of degrees centigrade lower than what the previous simulation resulted in. 

This triggered the program to suggest the next heat exchanger size. This process was done 

continuously until the hot stream outlet was close to the cold stream inlet or the cold stream 

outlet was close to the hot stream inlet. The simulations were conducted with 1, 5, 8 and 10 bar 

absolute pressure in the streams.   

EDR’s mass predictions for the plate heat exchangers seem to be solely based on the weight of 

the plates themselves, not the entire heat exchanger module. It is also only able to design plate-

frame heat exchangers. This means that the mass numbers should be viewed only as an 

indication when investigating the trade-offs between more heat recovered and increased mass.  

EDR offers a small selection of materials for the heat exchanger. Hastelloy was chosen when 

available. This is due to both its qualities under high temperature and for its similar weight and 

thermal conductivity of other high temperature resistant alloys like Inconel 625. As can be seen 

in Table 2 there is only a 6% density difference between Hastelloy and Inconel 625. Some initial 

simulations were conducted with different thermal conductivity values to investigate how 

changing the material would affect the outlet temperature. This led to only small differences in 

heat recovery even when the thermal conductivity where set drastically higher than what would 



Storaas, Torstein R. 

18 

 

be seen when changing material. The mass of the heat exchanger does however vary more when 

the material is changed due to density variations between materials. This is something to keep 

in mind when reviewing the results of the simulations.  

3.2.1 Simulations with plate heat exchangers in series 

In this configuration, the two heat exchangers are used in a serial configuration. The illustration 

in Figure 6 shows how the first heat exchanger has a cold stream input of 200˚C steam and a 

hot stream of 820˚C (oxygen). The second heat exchanger uses the hydrogen hot stream at 

820˚C. The cold stream is already heated from the previous oxygen heat exchangers and enters 

the hydrogen heat exchanger at 421˚C. The reason for this specific cold stream temperature 

input will be discussed in the results section.  

 

Figure 6. Configuration of serial plate heat exchangers. 

The simulation was then repeated with the hydrogen stream in the first heat exchanger and the 

oxygen stream in the second. As can be seen in Section 4.1.2 this yielded a larger variation of 

designs for the first heat exchanger. As a result of this the second heat exchanger was simulated 

with a variety of different steam inlet temperatures based on the different simulations for the 

first hydrogen heat exchanger.  

3.2.2 Simulations with plate heat exchangers in parallel 

For a parallel plate set up the cold stream is split in two separate streams. This is done to utilise 

the entire temperature range in the two hot streams. The ratio of the split is determined by 

examining the energy in the two hot streams between 820˚C and 200˚C. This is done by using 

the values from Table 4Table 6 to determine a split ratio of the steam flow based on the energy 

in the O2 and H2 streams.  
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Table 6. To determine the split ratio of the steam to the two heat exchangers the specific enthalpy values of 

hydrogen and oxygen had to be evaluated. 

 Hydrogen Oxygen Steam 

�̇� [kg/h] 1.22 3.00 4.22 

�̇� [W] 1273 539 1560 

% of total stream 0.70 0.30  

�̇� steam in HX [kg/h] 2.97 1.25  

As can be seen in Table 6 despite having the lower mass flow the hydrogen flow contains the 

most thermal energy meaning that most of the steam will be sent to the hydrogen heat 

exchanger. 

 

Figure 7. A schematic of the parallel heat exchanger setup.

In Figure 7 the parallel heat exchanger setup can be seen. The red arrows represent the O2 

stream, the blue is the steam flow and the green is the H2 stream. 
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3.2.3 Simulations with plate fin heat exchangers 

For the simulations with plate fin heat exchangers, a three-stream design is used meaning that 

both hot streams are used simultaneously to heat the cold stream. A flow chart can be seen in 

Figure 8.   

 

Figure 8. The schematic of a three stream plate fin heat exchanger. 

It was not possible to use Hastelloy as heat exchanger material in Aspen EDR, so stainless steel 

was chosen as it had the closest density and thermal conductivity values to Hastelloy. Their 

respective heat transfer and density properties can be seen in Table 2. It is important to note 

that Hastelloy have approximately 15% higher density than stainless steel. This should be kept 

in mind when comparing the plate fin heat exchanger results to the plate heat exchanger. 

3.2.4 Simulation Issues 

As a result of operating on the edge of EDR’s capabilities several waring messages where 

common when doing the simulations. The main two where related to the temperatures not being 

within the expected value. This indicates that the program will extrapolate values for the 

streams. The other warning message related to the mass flows being too small, this is already 

addressed in Section 3.2.  

Problems also occurred when simulating the results of plate fin heat exchanger designs at higher 

pressures than 1 bar. This is addressed in some more detail in Section 4.3. 
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4. Results 

In this chapter the results of the various heat exchanger simulations will be presented. The 

chapter is divided into subsections mimicking the format used in Chapter 3: Method.  

The most important factor in choosing the best heat recovery solution is first and foremost the 

mass of the system compared to the amount of thermal energy it is able to recuperate. This is 

best visualised by examining the temperature rise of the outlet temperature in the steam. It is, 

after all, the main objective with the heat exchangers. To quantify this, an efficiency by means 

of a specific temperature change was defined where the temperature increase is seen in relation 

to mass.  

where 𝛥𝑇 is the temperature difference between cold stream outlet and input, and 𝑚HX is the 

mass of the heat exchanger. 

 
 

Figure 9. The figure on the left shows the smallest heat exchanger Aspen EDR designed. It is referred to as 

standard in the text. On the right the heat exchanger design referred to as large is displayed. It has the 

same dimensions as the standard design but with a slightly elongated heat transfer plate. 

Two different designs were evaluated for the plate heat exchanger setups. The two designs will 

be referred to as standard plate and large plate, and are shown in Figure 9. The two designs are 

close to identical except “large” being 130 mm longer than the standard. This creates a longer 

path for the streams with an increase in heat transfer area, but also a correspondingly larger 

pressure loss. The two designs come in several configurations with between three and nine 

plates, and with and without two passes.  

𝜀𝑇 =
𝛥𝑇

𝑚HX
 (4) 
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Figure 10. The mass of the heat exchangers do not change with operating pressures varying between 1 and 8 bar. 

A small mass increase is seen if the pressure is set to 10 bar. 

Figure 10 shows that EDR estimates the same size heat exchangers for pressures up to 8 bar. 

When simulations were made with pressures of 10 bar there was a slight weight increase. This 

was due to an increase in the designed heat exchangers wall thickness from 0.6 mm up to 8 bar, 

to 0.7 mm for the 10 bar design.  

There were also some variations in the output temperature of the heat exchangers when the 

operating pressure were increased. The differences were largest in the smaller heat exchangers; 

but they were still small, at approximately 3˚C or 0.5% difference of the temperature rise. 

Similar results were achieved in all the simulations for plate heat exchangers. Therefore, most 

of the results in the following sections will focus on simulations made with 1 bar of pressure 

except for in Section 4.2.1 where the results for all pressures are presented. 

4.1 Plate heat exchangers in series 

Two configurations of plate heat exchangers in series were simulated. Results from this 

simulation will be presented in these subsections. When plate heat exchangers in series are used, 

the steam first enters a plate heat exchanger where it receives heat from one of the two hot 

streams. When it leaves this heat exchanger the temperature of the steam is elevated, meaning 

that the second heat exchanger will not be able to utilise the temperature difference to the same 

degree. It is therefore important to simulate both configurations to investigate if the order of hot 

streams influences the total performance. A schematic representation of the heat exchangers in 

series can be seen in Figure 6.  

4.1.1 Oxygen-hydrogen plate heat exchanger configuration 

The first simulation investigates the effects of using oxygen in the first heat exchanger to heat 

the steam entering at 200˚C. This means that oxygen will be able to utilise most of its thermal 

energy available between 820˚C and 200˚C. For the heat exchanger utilising oxygen, both 
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standard 3-plate and standard 5-plate, were simulated yielding output temperatures of 422˚C 

and 428˚C. The simulation results for the standard 5-plate setup only showed an exit 

temperature of 201˚C for the oxygen. This indicated that the potential temperature difference 

of the streams was exhausted. The larger heat exchanger also only offered an increase in steam 

output temperature of 6˚C over the standard 3-plate setup, as can be seen in Table 7. Furter 

simulations with the standard 7-plate setup and onwards were therefore not conducted for the 

oxygen heat exchanger. It was also decided that the input value of the second heat exchanger, 

the chain using hydrogen, would be based on the output values of the standard 3-plate setup; 

giving it a steam input temperature of 422˚C.  

 

Figure 11. Results for the first heat exchanger utilising oxygen. 

This is further illustrated in Figure 11 where the weight increases of adding a standard 3-plate 

heat exchanger comes with a large increase in outlet temperature. That said, the temperature 

increase for a standard 5-plate heat exchanger is barely visible when compared to the standard 

3-plate heat exchanger. 
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Figure 12. Results for the second heat exchanger utilising hydrogen. 

Figure 12 shows how the standard 3-plate setup provides a high specific temperature change of 

200 ˚C/kg. The specific temperature change decreases rapidly as the heat exchangers get larger 

indicating that most of the heat power has been utilised in the smaller design. It is still possible 

to recover more heat, but this comes at an exponential mass increase.   

 

Figure 13. The combined mass for both the heat exchangers in the system and their respective outlet temperature 

at 1 bar of pressure. 

Figure 13 shows the combined weight of the heat exchangers in the serial configuration. The 

temperatures on the coloured lines are the outlet temperature of the final heat exchanger. The 
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standard 3-plate heat exchanger is used for the first point heating the steam to 422˚C. The 

simulations show relatively small differences in temperature outlet when the heat exchanger 

gets larger, with the difference between a standard 3-plate heat exchanger and a standard 9-

plate double pass heat exchanger at only 40˚C; but the mass difference is 2.8 kg. The results are 

also summarised in Table 7.  

Table 7. The results from the simulations. HHX has a steam input temperature of 422˚C. 

 Standard 

3-plate 

Standard 

5-plate  

Standard 

7-plate  

Standard 9-plate 

double pass 

OHX steam outlet temperature [˚C] 422 428 - - 

Oxygen outlet temperature [˚C] 219 201 - - 

HHX steam outlet temperature [˚C] 702 728 738 742 

Hydrogen outlet temperature [˚C] 476 442 428 424 

Mass [kg] 1.4 2.3 3.3 4.2 

System  

Outlet temperature [˚C] 702 728 738 742 

Combined mass [kg] 2.8 3.7 4.7 5.6 

Specific temperature change [˚C/kg] 179 143 114 97 

4.1.2 Hydrogen-oxygen plate heat exchanger configuration 

In this iteration of plate heat exchangers in series, hydrogen was used first. This allows for the 

utilisation of the hydrogen’s thermal energy between 820˚C and 200˚C. This yielded more 

variations for the first heat exchanger compared to when oxygen was used first. For this reason, 

both 3, 5, 7 and 9-plate standard heat exchangers were simulated for the hydrogen stream. For 

the second heat exchanger using oxygen as the hot stream, both a standard 3-plate and a 

standard 5-plate setup were simulated. It was discovered that using the larger heat exchanger 

only produced a 1˚C difference in outlet temperature. As a result of the small difference in 

temperature just the standard 3-plate heat exchanger was investigated further.  Figure 14 shows 

the outlet temperature of different heat exchangers for the hydrogen stream coupled with a 

standard 3-plate heat exchangers. New simulations for the second heat exchanger were done to 

match each of the different outlet temperatures of the designs. The mass shown is the combined 

mass of the heat exchangers in the respective setups. 
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Figure 14. Results for the combined system of different heat exchangers for the hydrogen and a standard 3 plate 

heat exchanger for the oxygen. 

In Table 8 the mass of both the heat exchangers is shown together with the resulting outlet 

temperature of the streams. Note that when using the standard 9-plate double pass heat 

exchanger for the hydrogen stream, the outlet temperature of the hydrogen is 209˚C indicating 

that most of the recoverable heat is used. This does however lead to a high inlet temperature for 

the following oxygen-based heat exchanger making it almost obsolete. In this configuration the 

second heat exchanger is only able to utilise a temperature difference of 90˚C. 

Table 8. Combined results for the heat exchangers in series under 1 bar of operating pressure. 

 Standard 

3-plate  

Standard 

5-plate  

Standard 

7-plate  

Standard 9-plate 

double pass 

Steam outlet temperature [˚C] 700 728 735 745 

Hydrogen outlet temperature [˚C] 300 244 229 209 

Oxygen outlet temperature [˚C] 642 683 694 710 

Mass [kg] 2.8 3.7 4.7 5.6 

Specific temperature change [˚C/kg] 179 143 114 97 

Additional data from the simulation can be found in attachment 1a. 
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4.2 Plate heat exchanger in parallel 

The results from the simulations of heat exchangers in parallel is presented in two subsections, 

one for each of the heat exchangers.  

4.2.1 Results for the hydrogen heat exchanger 

Five different designs were investigated for the hydrogen heat exchanger. Simulations were 

also performed for higher pressures up to 10 bar.  

Figure 15 shows how increasing the pressure has a small influence on the heat exchanger outlet 

temperature, predominantly in the smaller heat exchangers. In the standard 3-plate setup a 

difference of 2.99˚C can be observed between the 1 bar and 10 bar streams. This temperature 

difference has fallen to 0.35˚C in the large 9-plate setup. 

 

Figure 15. Change of outlet temperature in different heat exchangers when pressure is increased. 

In Table 9 the data from Figure 15 is shown. There are only small changes in outlet temperature 

observable in the smaller heat exchangers. For the large 9-plate heat exchanger, no change is 

seen when the operating pressures are increased.  
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Table 9. Outlet temperatures of the various heat exchangers with operating pressures between 1 and 10 bar. 

 

Standard 

3-plate 

Standard 

5-plate 

Standard 

9-plate 

Standard 9-

plate double 

pass 

Large 

9-plate 

Outlet temperature at 1 bar [˚C] 732 784 804 814 817 

Outlet temperature at 5 bar [˚C] 731 783 803 814 817 

Outlet temperature at 8 bar [˚C] 730 782 803 813 817 

Outlet temperature at 10 bar [˚C] 729 782 802 813 817 

Figure 16 shows how the mass of the heat exchanger drastically increases when the outlet 

temperature of the steam approaches the inlet temperature of the hydrogen. The lateral jump in 

temperature recovered at 4 kg is due to the use of two passes within the same heat exchanger. 

This increases the outlet temperature by 10˚C without adding any weight to the unit.  

 

Figure 16. The relation between the outlet temperature of the heat exchanger and how the weight increases as the 

size get bigger. The simulations are done with 1 bar of operating pressure. 

Table 10 shows results for the simulations. Note the different outlet temperature of standard 9-

plate and standard 9-plate with two passes. These two configurations are the same size and mass 

but differ in their internal path. This leads to the two-pass configuration yielding an outlet 

temperature that is 10˚C higher than the one-pass design.  
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Table 10. Results from hydrogen split stream heat exchanger with an operating pressure of 1 bar. 

  

Standard 

3-plate 

Standard 

5-plate 

Standard 

9-plate 

Standard 9-

plate with 2 

passes 

Large 9-

plate 

Cold stream outlet [˚C] 732 784 804 814 817 

Hot stream outlet [˚C] 387 340 321 312 308 

Mass [kg] 1.4 2.3 4.2 4.2 5.3 

Specific temperature 

change [˚C/kg] 
380 254 144 146 116 

4.2.2 Results for the oxygen-fed heat exchanger 

Simulations for the oxygen-fed heat exchanger result in steam outlet temperatures very close to 

the results from the hydrogen-fed heat exchanger. This indicates that the calculations for the 

split ratio of the steam are correct. The small inaccuracies that are found are assumed to be 

rounding errors.   

 

Figure 17. Results for oxygen-fed heat exchanges at 1 bar. Higher outlet temperatures are possible with a larger 

heat exchanger. The size and mass of the heat exchanger do however not scale linearly in relation to 

outlet temperature. 

Figure 17 shows how an increasingly large heat exchanger is needed when the cold stream 

approaches the hot stream inlet temperature. It is possible to get the outlet temperature very 

close to the hot stream inlet temperature, but this comes at a considerable mass penalty.  
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Table 11. Results of the parallel heat exchanger using oxygen as hot stream. 

  

Standard 

3-plate 

Standard 

5-plate 

Standard 

9-plate 

Standard 9-

plate with 2 

passes 

Large 

9-plate 

Cold stream outlet [˚C] 734 785 804 814 817 

Hot stream outlet [˚C] 387 330 311 302 298 

Weight [kg] 1.4 2.3 4.2 4.2 5.3 

Specific temperature change 

[˚C/kg] 
380 254 144 146 116 

In Table 11 the results from the oxygen-fed parallel heat exchanger simulations are presented. 

Note that the hot stream outlet temperature is 298˚C when oxygen exits the heat exchanger. 

This indicates that it is the outlet temperature of the steam approaching the inlet temperature of 

the oxygen that is the limiting factor and not a need for more heat power. 

Additional data from the simulation can be found in attachment 1b. 

4.3 Results for the plate fin heat exchanger 

The results of the simulations of a three-stream plate fin heat exchanger at 1 bar of pressure can 

be seen in Figure 18. The graph shows an almost linear increase of mass up to 770˚C, but past 

this the weight increases drastically.  

 

Figure 18. Relation between mass and outlet temperature of a three-stream plate fin heat exchanger under 1 bar 

of pressure. 
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were carried out where the suggested heat exchanger design is used without user interference, 

this was not done.  

Table 12. Estimates from the design and the results from the simulation with 1 bar of operating pressure. 

Table 12 is divided into two sections. The result of the design process is presented first. This is 

the heat exchanger EDR suggests as a solution to reach the target outlet temperatures of the hot 

streams (design inlet temperature) chosen. It also gives an estimate of what the outlet 

temperature of steam will be with the suggested solution, but with a safety factor built in. Then 

the simulation results are shown. They are the result of what the program estimates will be the 

actual value for the chosen heat exchanger. All of the simulations and designs presented in 

Table 12 are done at 1 bar of operating pressure. The results show a 25˚C temperature difference 

in the smallest heat exchanger design when compared to the simulation result. The deviation 

between estimated and the simulated outlet temperature decreases as the size of the heat 

exchanger grows. 

 

Figure 19 Design masses and outlet temperatures for the high-pressure designs. 
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Figure 19 is based on the design estimates and not the simulation results. The 1 bar line is made 

with the same design inlet temperatures that were used for the simulation in Figure 18.  

The graphs in Figure 19 show the same trend for 1 bar of pressure as seen in Figure 18, with a 

close to linear relationship between increasing outlet temperature and mass. This continues until 

the largest heat exchanger, where the mass increases more rapidly. For pressures of 8 and 10 

bar the mass to outlet temperature relation is not linear; it gradually increases as the outlet 

temperature increases. The 8 and 10 bar designs have the same mass through all the outlet 

temperatures, whilst 5 bar design correlates for the two smaller temperatures; but not the two 

largest. Increasing the operating pressure has a large impact on the mass of the plate fin design. 

The largest difference of mass between the heat exchangers is 13 kg for the same outlet 

temperature with different operating pressures.  

Additional data from the simulations can be found in the Attachments 1c.  
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5. Discussion  

This chapter will discuss both the results from the simulations as well as findings during the 

literature search. It is divided into sections based on the findings, followed by a short discussion 

on what the reasons and implications of this might entail. 

5.1 Plate heat exchanger 

The simulations for the two different plate heat exchanger configurations, parallel and serial, 

yielded fairly similar results. When using the 1.4 kg standard 3-plate heat exchanger for all the 

parts of the system, the difference in outlet temperature between the serial and parallel 

configuration was only 30˚C. When deciding what solution is the best, other parameters might 

be more important than the extra 30˚C of elevated steam temperature which could be achieved 

with the parallel configuration such as mass increase. If a parallel configuration is chosen, a 

unit to split the flow of steam needs to be implemented upstream. Likewise, a mixing chamber 

for the steam downstream has to be integrated into the setup. This solution, in combination with 

the extra pipes needed when there are two flows of steam, could end up adding significant 

additional mass to the system, which could outweigh the benefit of the 30˚C temperature 

increase of the steam. It could be more mass efficient to have a larger heat exchanger in a serial 

configuration. A setup with parallel heat exchangers could however have other advantages. 

Depending on the robustness of the stream splitter and given that both the heat exchangers have 

a large enough capacity to handle the whole steam flow, the parallel configuration offers more 

reliability with the possibility to route all the steam to one of the heat exchangers in case either 

one or the other breaks down.  

The serial configurations of heat exchangers did not provide the highest steam outlet 

temperatures; they do however possess some valuable possibilities. The outlet temperature of 

both H2 first or O2 first are so similar that it is possible to target which hot stream to cool down. 

This way the outlet temperature of the hot stream can achieve considerably lower temperature 

than the alternatives compared to the size of the heat exchanger. In the same way, the stream 

that is not cooled has a higher outlet temperature than any other configuration. This heat might 

be utilised in an ISRU operation of heat demanding equipment. 

The parallel heat exchanger configuration provided the highest outlet temperature of the 

simulations. Small differences in the outlet temperature were observed between the heat 

exchangers. When the heat exchangers were designed, the streams were split based on specific 

enthalpy values in an effort to gain the same temperature increase in both heat exchangers. 

When reviewing the results, a possible error source was discovered. When deciding the split 

ratio between the heat exchangers, the mass flow used for the steam was not corrected for 

EDR’s limitations in small mass flows. This caused EDR to direct more steam to the H2 heat 

exchanger than intended, based on the calculation results shown in Table 6. Due to time 

constraints, new simulations with altered values to compensate for this were not conducted.  

The results from the simulations using the actual split ratio can still provide important insight. 

Sending more steam to the H2 heat exchanger should in theory lower the outlet temperature 
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rather than increase it. It is therefore assumed that the elevated temperature of the H2 heat 

exchanger is a result of rounding errors and the considerably higher heat transfer coefficient of 

H2 compared with O2. The largest difference occurs in the smaller heat exchangers when a 2˚C 

difference can be seen in the outlet temperature of steam. The outlet temperature for the hot 

streams is identical in this case. This indicates that the amount of heat is the limiting factor, as 

the temperature interval that is experienced by the hot streams are also identical. When the heat 

exchanger is of a larger design, the difference in outlet temperature of steam decreases. The 

outlet temperature of the O2 does however become lower than that of the H2. The reason for 

this might be that the larger heat exchanger is able to utilise a larger temperature difference to 

compensate for the lower amount of available heat in the O2 stream. At the same time, the 

temperature of the H2 stream is approaching that of the inlet hot stream, so that the benefit of a 

larger heat exchanger is minimal.  

Electric heaters are effective at converting electricity to thermal energy with a coefficient of 

performance (COP) close to 1. As an electric heater would have to be included in the system to 

ensure that the steam reaches the operating temperature, it is relevant to investigate the actual 

power savings of the heat exchanger setup. The same method that was used in 3.1 to decide the 

amount of thermal power in the streams can be used to calculate the amount of recuperated 

power. 

Table 13. Summary of estimated power savings. 

 Recovered 

thermal 

power 

[kW] 

Electric 

heater power 

demand [kW] 

Power 

reduction 

[%] 

Mass 

[kg] 

PV mass 

[kg] 

Total mass 

[kg] 

No heat 

exchanger 
0 1.56 0 0 9.2 9.2 

Serial 

double 

standard 

3-plate  

1.24 0.32 79.5 2.8 1.9 4.7 

Parallel 

double 

standard 

3-plate  

1.33 0.23 85.3 2.8 1.4 4.2 

Serial 3 + 

9 standard 

plate  

1.34 0.22 83.6 5.6 1.3 6.9 

Parallel 

double 

standard 

9-plate  

1.55 0.01 99.4 8.4 0.1 8.5 
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Table 13 shows that 1.24 kW of thermal power was recuperated in serial configuration with the 

standard 3-plate heat exchanger for both hot streams. When a 9-plate heat exchanger was used 

for the H2 stream, only 0.1 kW more was recovered at a mass increase of 2.8 kg. For the parallel 

heat exchanger configuration 1.33 kW was recuperated with standard 3-plate and 1.55 kW with 

9-plate heat exchangers. The extra 0.22 kW came at a mass penalty of 5.6 kg. The PV mass 

shows the estimated mass of solar cells needed to generate the remaining electric power 

demand. The total mass shows the combined system of PV solar cells and heat exchangers. 

Based on the results, all the combinations of heat exchangers yield mass savings. The parallel 

double standard 3-plate solution offers the best solution by mass. 

5.2 Plate fin heat exchanger 

The Plate Fin Heat Exchanger (PFHE) simulations encountered several problems, which were 

discussed in Section 4.3. This included problems with the software not being able to run the 

simulation at elevated pressures. This makes the results somewhat inconclusive, and more 

research should be conducted before this design is eliminated. Some knowledge can however 

still be gained from the results. The mass of the three-stream plate fin heat exchanger is 

considerably heavier than an equivalent solution with two plate heat exchangers. This could be 

a result of inaccuracies in the program, or it might be a result of the construction of the plate 

fin heat exchanger. The benefit of this design is the extra heat transfer surface per volume 

created by the fins. This typically makes them smaller in size compared to other heat exchanger 

designs with more heat transfer area per unit volume; however, this is also a disadvantage as 

the added fins add more mass to the heat exchanger. For the specific case of space applications, 

mass savings are critical. This means that the added heat transfer surface the fins provide might 

not justify the added mass. There is also a possibility that the results for plate fin heat 

exchangers include the mass of the entire module. This would make a direct comparison with 

the plate heat exchanger results, which only measure the mass of the plates, unfair. That said, 

it does give an indication of thermal energy recovered and an estimate of size. 

As a result of the problems encountered when simulating with high operating pressures, only 

the design function in EDR was used. Based on results obtained with the design function, plate 

fin heat exchangers were more susceptible to pressure increases in comparison with regular 

plate heat exchangers in relation the mass increase. A possible explanation might be that the 

EDR library does not contain plate fin heat exchanger designs for high operating temperatures. 

This can also explain the limited choices in material given, as aluminium would not be suitable 

for this application due to the high temperatures. The poor results achieved by the plate fin heat 

exchanger in general are somewhat surprising as this is the typically suggested solution for gas-

to-gas applications according to literature [34], [35]. 

5.3 Other findings 

The system should be scalable because the hot and cold streams are all coming from the same 

source. If the O2 production is increased, more steam would need to be heated. As the heat 

source for the steam is the H2 and O2 it will all scale at the same rate. However, no simulations 

were performed to confirm this hypothesis.  
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Cooling gases to cryogenic temperatures is usually a very energy demanding process. The 

specific energy need to cool H2 and O2 from 820˚C to their respective liquid state is 2.4 kW for 

the H2 and 0.8 kW for the O2 [42]. Note that the actual energy demand for liquification is much 

larger. Large scale H2 liquefying plants on Earth typically have an energy consumption of more 

than 10 kWh/kgLH2 [45]. If this cooling process could be combined with the extracting process 

of the water ice, large energy savings would be possible. As a result of the extremely low 

temperature of the Permanently Shadowed Regions (PSRs) the water ice targeted for ISRU will 

hold the same low temperature. This might make it possible to utilise the waste heat from the 

SOE further. If the streams of O2 and H2 could be routed in a way to melt the ice it would both 

save energy in the extraction process of water, and also the liquification of O2 and H2. 

The choice of power supply for a lunar base will impact the choice of solution for heat 

recuperation. Depending on design, nuclear power may deliver a power to mass ratio as low as 

6.5 W/kg. In this case the 220 W of recuperated thermal power at a mass penalty of 5.6 kg 

might be an attractive alternative. On the other hand, the nuclear reactors in development for 

the Moon will use Stirling engines to produce electricity. This would mean that the operating 

temperature might be higher than what is normally seen in steam turbines on Earth. This could 

provide better sources for waste heat recouperation than the exhaust gases of the SOE. It then 

comes down to a matter of efficiently cooling the H2 and O2, rather than energy savings. 

Using a heat exchanger instead of electric heating also cools down the hot oxygen and hydrogen 

streams. This needs to be done anyway before both gases can be stored. It is also important to 

keep in mind that there are unseen mass savings due to a less complicated cooling setup with 

fewer parts when heat exchangers are utilised. 

For a final design of the thermal system, the inlet temperature of the heat exchangers could be 

set to the outlet temperature of the boiler. This would eliminate the need for an additional 

electric heater to superheat the steam between the boiler and heat exchanger. This will also 

enable the heat exchanger to utilise waste heat from an even larger temperature range.  

When EDR is used for designing the heat exchangers, the smallest alternative provides the best 

outlet temperature to mass ratio. This might indicate that because of operating on the edge of 

EDR’s intended stream sizes, the program is constrained by its available library of heat 

exchanger designs. This might mean that an even smaller heat exchanger would be the ideal 

design, with an improved balance between heat recouped and added mass to the system 

achievable. 

A decrease in steam outlet temperature was observed when the pressure was increased in the 

heat exchangers. This is likely due to the increased density in the gases leading to lower speeds 

through the exchanger. This in turn leads to less turbulence and mixing in the stream. At the 

same time the decrease in outlet temperature is somewhat counter intuitive as the residency 

time inside the heat exchanger is increased. There are only negligible differences in the steam’s 

viscosity between 1 and 10 bar at these temperatures. The H2 has a 16% increase and O2 has a 

34% increase in viscosity. The increase in viscosity could be helping to counter some of the 

lost turbulence and explain why the temperature drop is relatively low.   
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The simulation shows that increasing the pressure in the plate heat exchanger has a very small 

effect on the outlet temperature. There are no significant changes until the pressure reached 

10 bar. At 10 bar the heat exchanger weight increased due to an increase of 0.1 mm to the plates 

thickness. Even though it is not shown in the simulation results, increasing the pressure will 

likely have more implications. Under high pressure gasket-based plate heat exchangers can start 

to leak. Plate heat exchangers used under high pressure are therefore typically braced instead. 

This makes them more difficult to service. Even though the plate heat exchangers scaled well 

with elevated pressures, during the simulation there will likely be other system wide 

implications. All tubing, caskets, containers and so on would also need to be pressure resistant. 

This will likely lead to much larger mass increases than seen in the heat exchangers.  

The water ice found at the Moon contains several volatiles as seen in Table 1. This means 

fouling might pose a risk for the heat exchanger. Due to the simulation only using pure steam, 

O2 and H2 no results for fouling were gained. Even though solid oxide electrolysis has a high 

tolerance to impurities in the steam some kind of cleaning process will likely be implemented 

in the ISRU process. Simulations investigating fouling issues should be revisited at a later stage 

when more data for the steam composition is available.  

With the development of additive manufacturing, new and more advanced geometries in the 

heat exchanger design are possible. These relatively new designs may make smaller, lighter and 

more efficient heat exchangers possible [46]. As the results from the simulations show there is 

enough thermal energy in the hot streams to raise the temperature in the steam very close to 

820˚C. The limiting factor is however the mass of the heat exchanger needed to reach this 

temperature. The potential mass savings additive manufacturing offers might be a solution to 

this.  
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6. Conclusion 

The conclusion is divided in two sections. A summary of the main conclusions that can be 

drawn based on the research conducted and suggestions for further work. 

6.1 Conclusion 

The result of this project indicates that using a heat exchanger to recover thermal energy from 

the SOE products to heat up the SOE inputs is beneficial. Different heat exchanger designs 

where investigated. Both a parallel and serial heat exchanger configuration yield similar results 

with respect to recovered heat and mass of the heat exchangers. The serial heat exchanger setup 

achieved 1.24 kW recovered thermal power while parallel achieved 1.33 kW at a mass of 

2.8 kg. The highest recovery achieved was with a parallel heat exchanger using two 9-plate heat 

exchangers. This configuration recovered 1.55 kW at a mass of 8.4 kg. This means that the 

initial power needed to heat the steam with an electric heater, 1.56 kW can be reduced with 

between ~ 80 to 99% depending on the size of the heat exchanger. All the solutions including 

heat exchangers represent a significant lowering in total mass compared to using PV solar cells 

to generate the necessary electricity for heating the steam. 

Parallel configuration achieves the largest temperature increase compared to mass of the heat 

exchangers. This solution will however need more infrastructure up- and downstream in the 

form of a splitter and a mixing chamber. This might end up making this a more mass intensive 

choice. 

It is hard to conclude what the most suitable solution is with such a broad mission plan. Both 

versions of plate heat exchangers have their advantages. Depending on the mission, there might 

be several possible synergy effects that will dictate which solution is more attractive. If it is 

beneficial to cool one of the hot streams as much as possible, serial heat exchangers will be the 

best choice.  

Small differences in outlet temperature were observed when the operating pressure of the heat 

exchangers was increased. The same plate heat exchanger could be used up to 8 bar. At 10 bar, 

the mass increased because of thicker plates being necessary to withstand the pressure forces. 

Plate fin heat exchangers did not scale well with increased pressure as the mass increased 

drastically.  

6.2 Further work 

Plate fin heat exchangers could not be investigated as thoroughly as the other heat exchangers 

due to limitations in the software. As this is the most common heat exchanger for gas-to-gas 

applications, this solution should be investigated further with better suited tools before 

dismissing it.  

The software used for the simulations is not designed to simulate very small mass flows and 

high temperatures. This leads EDR to suggest the same heat exchanger size for several target 

temperatures. There might be a better balance between heat recuperation and mass beyond 
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EDR’s capabilities. This means that the results might be misleading and further investigations 

with more suitable software and practical tests for verification should be conducted. ANSYS 

could be used to design a custom heat exchanger and also provides the possibility to take 

advantage of the possibilities created by the advancements in additive manufacturing. Recent 

advancements in 3D printing make it possible to design more exotic heat exchangers utilising 

advanced geometries. This might provide more efficient solutions than provided by EDR and 

warrants an investigation. 
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Attachment 1a 

 

Standard 3-plate heat exchanger for serial configuration at 1 bar using hydrogen. 
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Standard 3-plate heat exchanger for serial configuration at 10 bar using hydrogen. 
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Standard 9-plate heat exchanger for serial configuration at 1 bar using hydrogen. 
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Standard 9-plate heat exchanger for serial configuration at 10 bar using hydrogen. 
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Attachment 1b 

 

Standard 3-plate heat exchanger for oxygen parallel configuration at 1 bar. 
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Standard 3-plate heat exchanger for oxygen parallel configuration at 10 bar. 
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Attachment 1c 

 

Standard 9-plate heat exchanger for oxygen parallel configuration at 1 bar. 
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Standard 9-plate heat exchanger for oxygen parallel configuration at 10 bar. 
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Plate-fin with a design input of 500˚C (target outlet temperature of the hot streams). 
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Plate-fin with a design input of 400˚C (target outlet temperature of the hot streams). 
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