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Abstract

As global warming and human intervention into ecological systems continue, the need of
sustainable hydrogen production pathways is growing as well. This study addresses a
framework for evaluating the environmental impact of two innovative production
technologies based on thermochemical redox cycles. This is done by performing a life
cycle assessment (LCA) based on international standardizations. As both analyzed
concepts have not been realized in a large scale yet, a methodology is developed for
approximating the component dimensions and material flows to gather inventory data.
This methodology is implemented in Brightway?2 / Activity Browser and parametrized
for flexibility. Most important components are worked out in terms of their environmental
impact as well as the sensitivity of certain parameters on the results. Given that, advices

for the focus of further research can be provided to assess the technologies in more detail.
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Abbreviations used for component layout:

DLR

abbreviation

meaning

ASG aperture steam generation
cm ceramic membrane
HX heat exchanger
ins insulation
IT™M ion transport membrane

It lifetime
OW HX oxygen-water heat exchanger
0X oxidation reactor
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red reduction reactor
res residence (time)

RM redox material

RMA redox material assembly
stf solar-to-fuel

SHR steam heat recovery
ts transport system(s)
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vacuum pump
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1 Introduction

“Humanity has the ability to make development sustainable - to ensure that it meets
the needs of the present without compromising the ability of future generations to
meet their own needs. ” (Brundtland et al., 1987, p. 24)

Since decades, the reduction of greenhouse gas emissions and ecological impact caused
by human interventions have been discussed at international conferences (Cho et al.,
2023). Yet, annual global surface temperature anomalies are still rising (National
Oceanic and Atmospheric Administration, 2025) and nearly 8 gigatons of CO, were
globally emitted in the mobility sector alone in 2022 (Francois et al., 2024). To counteract
global warming, the European Union has set the goal to reduce carbon emissions by 40%
until 2030 compared to the year 1990 (Chelvam et al., 2024). Widening the view on other
aspects of sustainability, the 2030 Agenda for Sustainable Development was unanimously
adopted by the United Nations in 2015, presenting the Sustainable Development Goals
(SDG) (United Nations, 2025). Besides other important goals, clean energy, innovation
in industry and infrastructure as well as climate action and sustainable cities and
communities are topically addressed by the SDGs. Apart from clean energy production,
the work towards these goals stagnated or regressed according to the last report of the
United Nations by a considerable amount (United Nations General Assembly, 2024).
Renewable hydrogen is increasingly studied, as it can resemble a low-carbon energy
carrier not only for heat supply, but for replacing fossil transport fuels as well (Cho et al.,
2023). This rising trend in interest can also be seen in the temporal distribution of national
hydrogen strategy announcements, from which 40% refer to the SDG framework
(Strelkovskii and Komendantova, 2025). As most hydrogen is currently produced by
fossil technologies like steam methane reforming (SMR) or coal gasification (CG), a shift
towards green production pathways is needed in order to meet sustainability as defined
by (Brundtland et al., 1987). Furthermore, there seems to be a mismatch between the
prognosed hydrogen production rate and demand in 2030 (Cho et al., 2023; Kodgire,
2025), underlining the need of further research about H>-production processes.
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The focus of this thesis are two innovative production processes based on the concept of
thermochemical redox cycling. The heat utilized in these processes is coming from
concentrated solar radiation, thus, presenting a renewable source for green hydrogen or
syngas production (Weber et al., 2023). Furthermore, the two concepts (distinct in redox
material shape) are promising high theoretical efficiencies (Brendelberger et al., 2022),
motivating further research on the topic. The study is written at the Institute of Future
Fuels, which is part of the German Aerospace Center (DLR) and target group of the LCA.
The research focus of the institute lies on the development and evaluation of CO2-neutral
production pathways of synthetic fuels (Institute of Future Fuels, 2025a). The thesis is
assigned to the SOLHYKO project, which is part of the department for the evaluation of
solar production processes. In this project, the production of H or syngas through
thermochemical redox cycling and solar reforming is developed and evaluated (Institute
of Future Fuels, 2025b). Thereby, this study addresses the evaluation of environmental
impact of the redox-cycle-based systems. This evaluation is done by performing a life
cycle assessment (LCA) of both systems. The LCA is based on the ISO norms 14040 and
14044, as they resemble a standardized concept which most industry-related LCA studies
are compliant with (Rihner et al., 2025). The results of an LCA can be used to identify
the most important contributors to the environmental impact of a system in a quantitative
way. This allows for a better decision making in the design phase of a product
development process (Chang et al., 2014). As the development of the analyzed systems
is in a relatively early stage however and not many studies have been conducted about its
environmental impact (Kafle et al., 2025), the statements drawn in this thesis will not
account for recommendations for action. Instead, a workflow for the conduction of an

LCA about the two systems is presented. The main research questions are the following:

1. How can a flexible LCA-workflow look like for approximating the environmental
impact of both analyzed systems iteratively?

2. How can the inventory data of both technologies be predicted?

3. What are the most impactful components in terms of environmental impact and

which parameters are the most sensitive to the LCIA?
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2 Background

The two analyzed systems are based on thermochemical redox cycling.

For a better understanding, the chemical and physical principles as well as basic
components of the analyzed systems are shown here. Furthermore, the most important
differences between both systems are pointed out. The thermochemical cycles are based
on two reactions, namely the reduction and oxidation of a redox material. This material
can either be volatile or non-volatile. The redox material included in this study is cerium
oxide, which is non-volatile and non-stoichiometric. (Chen et al., 2023) The chemical

reactions for this case are shown in equations (1) and (2) (Le Gal et al., 2022):

)
M0y = M0y 5 +50; (1)

M,Oy_s + 8H,0 = M0y, + 6H, (2)

When splitting CO: instead of water, carbon monoxide can be produced as well to gain
syngas (Weber et al., 2023a). The reduction extent & is depending on the reduction
temperature and partial oxygen pressure and should be as high as possible (Bulfin et al.,
2013; Chen et al., 2023). The redox material can be stationary or moving. For the latter,
the redox material is either in the shape of particles or monolithic structures. (Chen et al.,
2023). An important characteristic of solar thermochemical hydrogen production systems

is the solar-to-fuel efficiency. It can be defined using equation (3) (Weber et al., 2023):

HHVy, X 7y,

3
Qrec ( )

Nsef =

Concentrating the solar radiation can either be achieved by parabolic trough collectors,
heliostat fields, linear Fresnel reflectors or parabolic dishes (Chen et al., 2023). In the
case of this study, heliostat fields in combination with a tower are proposed for

concentrating the sunrays onto the receivers.
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Both systems include a reduction and oxidation reactor as well as a transport mechanism
for the metal oxide. Furthermore, the reactors are insulated to a certain degree to prevent
thermal deficiencies. (Brendelberger, 2024; Weber et al., 2023).

For better comparability, heat recovery throughout the redox material cycle is
implemented for both systems in this study.

A visual overview of the analyzed systems is shown in Figure 1.
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Figure 1: Overview of monolithic and particle-based system
(Brendelberger et al., 2022; Weber et al., 2023)

2.1 Monolithic System

In the monolithic system, a redox material assembly (RMA) consisting of multiple
monolithic structures is being used. These monoliths are transported linearly and back
and forth between the reduction- and oxidation reactors. In between, gates are placed to
prevent unwanted oxygen leakage into the reduction reactor. The reduction reactor is
proposed to have multiple apertures. (Brendelberger et al., 2022)

Important process parameters are the reaction temperatures, oxygen partial pressure at the
reduction step, cycle duration and the dimensions of the RMA for example. Radius and
height as well as the number of redox material assemblies can affect the efficiency as

these parameters influence the heat transfer into the metal oxide. (Brendelberger, 2024)
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2.2 Particle-Based System

As the name of this concept suggests, the redox material is formed into small particles
with a diameter of around 2 mm instead of having monolithic structures (Weber et al.,
2023). These particles are falling naturally through the reduction reactor, heat exchanger
and oxidation chamber. In place of having apertures at the reduction reactor, receivers
are used which rotate to heat the particles evenly. Transporting the particles back to the
top can be done by using a bucket elevator or a rotating elevator casing (Chen et al.,
2023). For this system, important parameters are the reaction temperatures & partial
oxygen pressure as well. Furthermore, the bed radius, bed porosity, filling percentage,
particle velocity and residence time are of interest. (Weber et al., 2023)

To adapt for the desired power, either the dimensions of the receiver can be changed, or
multiple receivers are used (as shown in this study).

2.3 Key Differences between both Systems

Besides the differences in redox material shaping as well as the transport mechanisms
used to cycle the metal oxide, another relevant difference is the principle by which the
oxygen released in the reduction chamber is extracted.

In the monolithic system, a vacuum pump is being used to create a negative pressure.
Thereby, the oxygen which is split of the redox material is pumped out. (Brendelberger,
2024). There are different options for vacuum pumping, including mechanical-, jet- and
thermochemical pumps (Brendelberger et al., 2017). The oxygen must be cooled down
however before entering the pumping system. The exchanged heat could be used in
another process inside of the system.

In the particle-based system on the other hand, a sweep gas is blown across the reduced
particles to directly carry away the oxygen in a separate cycle. Afterwards, the sweep gas
(e.g. nitrogen) is cleaned by an ion transport membrane to filter out the oxygen.

A compressor is used to accommaodate for the pressure drop throughout the components.
If the sweep gas leaks away through the receiver for example, an air separation unit might

be needed to regain sweep gas. (Weber et al., 2023)
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3 Methodology

This chapter includes the procedure and methods that are used for conducting the study.
It contains the method for deriving the dimension of system components as well as the
standardized LCA-Framework that the study is based on. Furthermore, the software used

for inventory calculation and impact assessment is presented.

3.1 LCA-Framework

To ensure transparency and comparability to other LCA studies, the norms 14040 and
14044 of the International Organization for Standardization are taken as guidelines to
perform the life cycle assessment. These norms provide a framework which is shown in
this sub-chapter. An LCA can be split up into four main sections, which are outlined in
Figure 2. Although chapter-names in this thesis are not strictly following 1SO-standards,
the content should be complying. To remain traceability, the connection between the

chapters and the structure according to the norms is shown in this sub-chapter as well.

A
A 4

Goal & Scope

A

A 4

Life Cycle Inventory Evaluation

A
y

A

Y

A

Life Cycle Impact Assessment

Figure 2: LCA-Framework
(DIN EN 1SO 14040, 2021)
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First, goal and scope of the assessment need to be defined. The scope is defined by
presenting system boundaries and process flow charts, which point out what material or
energy flows and emissions to the environment are considered. The life cycle stages,
which are covered by the assessment, should be clarified. Motivation and target group of
the assessment should be named. In addition to that, a functional unit is defined,
describing on what the LCA-results should be normalized. This could, for example, be a
lifetime or production rate of a product. Furthermore, primary and secondary data sources
as well as assumptions made throughout the assessment process should be pointed out.
While motivation and target group of the assessment are shown in chapter one, the scope
of the analysis is presented in chapters three and four. Chapter two contains information
about the physical functionality of the systems, while chapter four characterizes the
system boundaries. In chapter 3.3 the choice of impact assessment is shown while in
chapter five, data sources and assumptions of the LCA are described.

In the life cycle inventory, relevant in- and output flows of the system are shown and
described. This includes emissions as well as materials and can be seen in chapter 6.1.
The life cycle impact assessment contains the presentation of results which have been
conducted by applying an LCIA method onto the modelled system. These results can
either be divided into mid- or endpoint impact categories. Hereby, midpoint refers to
defined emission-equivalents which have a certain environmental impact, while endpoint
categories are specific combinations of emissions contributing to one effect, e.g. human
health. This step is fulfilled by chapter 6.2, in which the components are ranked.

Last but not least, the results are evaluated and interpreted. Thereby, most contributing
processes can be revealed, and the overall impact can be compared to similar products or
technologies. This is covered in chapter 6.2 and 7. Furthermore, data quality and the
sensitivity of certain parameters on the LCIA are evaluated, as shown in chapters 7 and
6.3. The LCA-process is to be seen as iterative, meaning over the course of conducting
the study, goal and scope are adjusted, leading to new LCA-results.

(DIN EN ISO 14040, 2021; DIN EN ISO 14044, 2021)
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3.2 LCA-Software

To perform the LCA the software package Brightway?2 was used. It is written in Python®
and was designed to easily handle large datasets fast and accurately, while allowing
flexibility (Brightway Developers, 2025). The biosphere-database is created by it for new
projects, including elementary flows (Mutel, 2017). To acquire the information needed
for inventory implementation in Brightway?2, the ecoinvent database was used, which has
been developed since more than two decades now (Frischknecht and Rebitzer, 2005).
The imported version used is 3.9.1, released in 2022 (ecoinvent, 2025). To work with the
software package, the Activity Browser was used. This program has two main purposes,
namely providing a graphical user interface to Brightway and allowing extension to
modelling approaches through graphical representation. It can not only be used to manage
Brightway projects and calculate LCA results, but also to analyze uncertainty and
sensitivity or parametrizing different flows. Furthermore, Sankey Diagrams and Monte
Carlo analysis can be run. (Steubing et al., 2020; Steubing and Visscher, 2025)

Figure 3 shows different sections and tabs in the Activity Browser, e.g. database overview
or LCA setup, to easily work on different projects (Steubing et al., 2025).

iCASetn  Parametes

Project: exroe feren oo JConee .
Welcome to the Activity Browser !
DETESEE T s %:”Mcm" The Activity Browser is an open source graphical user interface designed to increase the productivity when working with the Brightway2 LCA framework

checbox n the tabe.
Stay up-to-date

Some highlights

Project exsmpie

Figure 3: Start-up screen of an exemplary project in Activity Browser
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3.3 Impact Assessment Method

The methods chosen to perform the impact assessment are ReCiPe 2016 v1.03 midpoint
(H) no LT as well as EF v3.1. This way mainly the choice because of further research at
DLR using similar methods and the fact that many different environmental impacts can
be covered. For the Global Warming Potential, Environmental Footprint was used.

The results are normalized to the functional unit. As not all midpoint categories can be
analyzed in detail due to time constraints, a selection was made. Three impact categories
are mainly described: Global Warming Potential, Agricultural Land Occupation Potential
and Water Consumption Potential. The GWP is of interest, as most LCA-studies include
it (Chelvam et al., 2024) and it therefore serves as a good way to validate the outcomes
of the LCA. The LOP was chosen, as biomass-related H>-production methods can be
competing in land occupation with food crops (Emetere et al., 2024). Furthermore,
concrete is contained a lot throughout concentrated solar power plants. As concrete can
have over 70% of its related foreground processes (processes which the decisionmaker of
a product has influence on) contributing to the impact on land occupation (Feng et al.,
2023), it is interesting to see how other materials and components used in the redox
reactor systems would perform in that regard. The WCP was analyzed, as potential
locations for concentrated solar power plants are expected to be areas with scarce water
compared to other locations in the world. As other impact categories can also have a lot
of building material foreground-processes related to them (Feng et al., 2023), they are
evaluated as well, but not as detailed. For a better overview of all impact categories, the
average impact contributions of the components of both systems are determined. These
values are obtained by taking the relative contribution of one component to the complete
impact in one category and then averaging these relative contributions along all impact
categories for each component. This approach is explained in the attachments for better
understanding. In all LCIA-related diagrams, every component is shown by its production
phase and End-of-Life, with the latter being indicated by “EoL” written behind it. If the

component is contributing to the use phase, it is indicated by the word “operation”.
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3.4 Geometric Component Layout

To acquire the required information for the LCA, the amount of each material used inside
the systems must be determined. This is done by researching the model layout of each
component, e.g. by literature or talking to colleagues at DLR.

These models are then transformed into simple geometric shapes, like a cylinder or cube
for example. This not only allows reduction in complexity but also makes it possible to
derive equations that describe the volume and area of the components. Thereby, the
equations can be put into Brightway. By doing so, parametrization is made easier to adapt
to future research progress in the possible scale-up of the discussed technologies.

For instance, if a more detailed model was to be found by researchers and the radius of
the components is known, it can be changed in the LCA-Software and a new LCA could
be run to evaluate the environmental impact.

An example of such a geometrical simplification is shown in Fig. 4.

Figure 4: Exemplary geometrical simplification of a component

10
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In this example, shapes are assumed to be cylindrical. A cavity with radius r1 and
insulation thickness d has a height of h and n number of cutouts, each with a radius r».

The area of a circle and the volume of a cylinder are described by equations (1) and (2):

Acircle = T X r? (1)

chlinder =mXr?Xh (2)
Adapting those formulas to the example leads to equations (3) and (4):

Acasing =T X1y X2 X (p+ (h+2d)) —nxnxrf (3)
Vinsulation=nx((r1+d)2x(h+2d)_r12Xh_nXTZZXd) (4)

For each component that could be described in such a simplified way, formulas were put
into the corresponding parameter declarations. For the monolithic system, this was carried
out for the reduction and oxidation reactors, the gates, transportation systems and the
redox material heat exchanger. The geometrically simplified components inside of the
particle-based system are the reduction and oxidation reactor, the transport system, pre-
heating heat exchanger, ion transport membrane as well as the receivers.

Detailed information about the geometric assumptions and formulas used for calculating

volumes and surface areas are provided in the attachments.

3.5 Dimensioning of Solar Field and Tower

As the main focus of this study is to evaluate the environmental impact of the new redox
reactor concepts and create LCA-models of them in Brightway, the heliostat fields and
solar tower of both systems are not modelled anew. Instead, a dataset of the ecoinvent

database which is based on the dissertation of (Telsnig, 2015) is used.

11
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However, as the inventory presented in the dissertation and used in the dataset is designed
for electricity generation through concentrated solar power, it is adapted by leaving out
the molten salt storage or power block for example. To account for the difference in
efficiency and heat required at the receiver, the solar field and tower size are scaled
accordingly. To achieve that, multiple studies containing data about CSP-plants have
been evaluated to derive an average mathematical relationship between the electrical
power of those plants and the solar field area. As the dataset is valid for 20 MW of
electrical power, the processes connected to it are scaled regarding the calculated
theoretical power needed in the analyzed systems. The solar field area is determined by
the DN, the daily operational hours and the optical efficiency, as shown in equation (5):

: d
Qrec X top X 365 a

Asolarfield = 1 < DNI
opt

(5)

To determine the tower height of both analyzed systems, the relationship between solar
field area and tower height given in literature was evaluated. Thereby, the tower height is

only used for considering the piping inside of them.

4 System Boundaries

In this chapter, the system boundaries of the analyzed systems are presented.

First, a visual overview is shown. After that, the process flow diagrams are given to
enhance transparency about the modelling inside of Brightway / Activity Browser.

Both reactors are mainly based on (Brendelberger, 2024) and (Weber et al., 2023).

They both include a reduction and oxidation chamber, transport systems and the redox
material. Furthermore, additional system-specific components have been modelled. It is
assumed that the components are mostly constructed on site. Allocations are not included

in both systems. The functional unit is 1 kg of produced hydrogen (at ambient pressure).

12
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4.1 Monolithic System

Figure 5 shows the system boundary of the monolithic system. Special components in
these boundaries are the RMA heat exchanger, the gates, the apertures, the vacuum pump
as well as an heat exchanger for cooling the oxygen that has to be removed from the

reduction chamber.

reduction reactor

+ apertures waste

|
I
|
‘vacuum pump I
1
I
|
" | | gates

1
|
1
1
|
1
1
!
1
1 | | RMA HX

NI

building resources emissions

E— _
electricity | @ ; E
redox material 1
water I ? ?

Figure 5: System boundary (monolithic system)

|

|

|
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=ny oxidation reactors :
i 1 kg of Hy

H | >

transport systems

The process flow diagram of the monolithic system can be seen in Figure 6.

The construction materials of the reactor include the redox material, insulation, steel
sheet, uncoated glass as well as pre-assembled parts for the transport systems and vacuum
pump. Additionally, a steam heat recovery system and a heat exchanger for cooling the
pumped oxygen are inside the system boundaries. These heat exchangers are modelled
using ecoinvent data based on (Telsnig, 2015) as well. The heat exchanger from the
original dataset are designed for molten salt and steam. Their mass and material flows are
scaled linearly based on the heat flow that has to be transferred in both components.
These materials plus the ones used in the solar field and tower are transported to the site
to be assembled. The use phase includes the electricity consumption of transport systems,
vacuum pump and the heliostats as well as the water input and replacement of redox
material. The EoL consists of the deconstruction and transport to the disposal, which is

assumed to be either landfill or waste incineration.

13



Hochschule
Bonn-Rhein-Sieg

use-phase

electricity ‘ RM | water |

transport &
construction
3
P RMA

compressor

> vacuum pump
uncoated glas > apertures
used from d.e;t-a-;el ..........
_—
etc tower

________________

e
. 1

End-of-Life ,

|

. |
deconstruction landfill |

. . . 1

& transport & incineration

> — ]
1

1

o i
1

» ,
" 1
1

1

> 1
waste concrete |

1

» 1
steel scrap 1

> |
. —_» ironscrap ]

= i
inert waste 1

> |
1

ooe B oo 1

1

1

> 1
1

1

» 1
1

1

1

> |
1

1

» —_— 1
1

1

1

___________________________

Figure 6: Process flow diagram (monolithic system)

4.2 Particle-Based System

In Figure 7, the system boundary of the particle-based system is shown.

Special components in these boundaries are the ITM, compressor and an aperture steam

generation system used to recover heat from spillage around the receiver.
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Figure 7: System boundary (particle-based system)
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The process flow chart of this system, as illustrated in Figure 8, is structurally similar to
the corresponding diagram of the monolithic system but differs in some respects.

Instead of using the heat from the vacuumed oxygen to heat up water, the aperture steam
generation system is used. It is modelled based on (Telsnig, 2015) as well, just like the
SHR system. The ion transport membrane consists of ceramic membranes, insulation, a
steel casing and a transformer. In addition to the electrical consumption described for the
monolithic system, the power required for running the ITM in the use-phase is also inside

of the system boundaries. The End-of-Life is comparable to the monolithic system.
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Figure 8: Process flow diagram (particle-based system)

5 Data and System Assumptions

In this chapter, information about data sources are shown as well as the assumptions made
for both systems. First, requirements for the data are stated regarding coverage of time,

geography and technology as well as consistency and reproducibility.
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5.1 Data Quality Requirements

This study does not aim for quantitatively accurate results but rather a qualitative
evaluation of the most important aspects for future research. However, the data sources
should be as close to the present as possible to enhance the quality of the LCA.

The location at which a product is produced can greatly affect its environmental impact.
Then again, as many processes are having large, global supply chains, geographical
coverage is not assumed to be as important, especially because the location of choice in
this study is purely exemplary. Technological coverage however is seen as relatively
important as the concepts analyzed in this study are distinct in many aspects compared to
other hydrogen production technologies. For both systems, it is tried to apply the
presented methodology uniformly. Other than some exceptions (like the compressors or
solar field and tower for example) geometrical simplification seems to be applicable to
most components. As this work should be able to encourage further research, it should
also be as reproducible as possible. This means that the parametrization and geometrical

layout of the components are tried to be kept transparent.

5.2 Primary & Secondary Data

For conducting the study, mostly secondary data is used. This includes research papers
from digital libraries as well as books. For information about the LCA software or the
DNI for example, internet resources are referenced. As a data source for performing the
LCA, the ecoinvent 3.9.1 database (ecoinvent, 2022) is used in combination with
Brightway?2 (Brightway Developers, 2025) and Activity-Browser (Steubing et al.,
2025). Except for power consumption in the use-phase, most processes have RoW or
GLO set as a location. Monolithic and particle-based system include a solar tower and
heliostat field, which are modelled using an ecoinvent dataset based on (Telsnig, 2015).

Primary data consists of talks or group meetings with colleagues from the institute.
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5.3 Assumptions and System Modeling

In this section, the most important assumptions of both systems are explained. Additional
values and the references taken for parametrization are given in the attachments.

The component dimensions and process-relevant parameters are taken from literature or
internal discussions. Physical formulas are partly referenced from (Wetteborn, 2022) and
(Brummund, 2022). The presumed geometry is shown in the attachments. The EoL phase
Is assumed to consist of landfilling or incineration.

To remain comparability, some physical properties of the two reactor concepts are set to
the same value. The lifetime of both systems is fixed to 25 years, as this seemed
reasonable to other LCA studies on Hz-production technologies or CSP (Ishaq and Dincer,
2024; Li et al., 2019; Mehmeti et al., 2018). The heat flow at the receiver / apertures is
set to 150MW. At a default solar-to-fuel efficiency of 10% for the systems, this yields a
H>-production-rate of around 377.62 kg/h, which seems to be fitting to the consumption
of further processing into synthetic fuels. The chosen solar-to-fuel efficiency is fairly
uncertain, but seemed to be a good assumption on average considering (Wang et al., 2022;
Weber et al., 2023) (higher efficiencies are theoretically possible however). As this results
in fairly large components, further research could investigate splitting the systems into
multiple smaller reactors. It is assumed the reactors would operate at the assumed heat
input for 8 hours per day, which seems to be in the range presented by (Winter et al.,
1991). As a location, Spain is chosen, as many CSP projects are situated there (Alami et
al., 2023). This affects the DNI and electricity drawn in the use-phase. In reality, electrical
power consumption would likely be covered by nearby renewable energy sources, so this
should be implemented accordingly in future LCA-work. The transport is modelled using
>32t EURO4 freight lorries, with an average transport distance of 200km. The
construction and deconstruction are represented by operating diesel machines with a high
load factor >74.57kW. Their operation time is approximated by dividing a building time
of 2 years by the cumulated mass of the system. This yields a specific machine operation
time of about 1.52 s/kg. It is assumed the components are welded along their perimeters.
As the specific insulation material proposed by research on both technologies is not
available in the ecoinvent database, a new process is modelled in the Activity-Browser to

approach the thermal properties needed.
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At a thickness of 20cm (Brendelberger, 2024), a mix of 65% mullite and 35% stone wool
yields an insulation resistance of around 1.881 W/m?K using physical properties taken
from (Stephan et al., 2019). This is in range of the required value. Mullite is chosen as it
seemed to be a fitting material considering (Brulin et al., 2022). It is modelled separately
by modifying a clay production process. Instead of clay, a mixture of 74% aluminum
oxide and 26% sand is assumed as the process input (Kumazawa and Suzuki, 2021). As
the specific heat capacities of mullite and clay are similar (Et-tanteny et al., 2024;
Hildmann and Schneider, 2004; Zhang et al., 2025), but the sintering temperatures are not
(Kumazawa and Suzuki, 2021; Mahmoud et al., 2024), the consumption of natural gas
was increased by factor of about 3.257 to account for the higher heating power. As no
other steel sheet dataset was available in the database, the sheet thickness is assumed to
be 2mm for all simplified components. The compressor and vacuum pump are modelled
using multiple units of 300kW compressors from an ecoinvent dataset. Thereby, the
amount is based on the power required for both components. For the components which
consume electricity (e.g. compressor, vacuum pump, etc.), transformers are added. The
specific weight of the transformers is assumed to be 500 kg per MW of power
transformed. The water consumption of the systems is set to the same amount of hydrogen
produced, i.e. all the water is split into H2 and oxygen. The power required for pumping
the water can be evaluated by equation (6):

p _ 77stf X Qrec X MH20 X g X htower
el,waterpump —
nwaterpump X HHVHZ

(6)

Even for very low pumping efficiencies and a tower height of 200m, this power is around
10kW for both systems, which makes the component neglectable compared to the other
electrical power consumptions which are two magnitudes above it.

The heat required for turning the water into steam is described by equation (7):

. Nsef X Q
Qu,0 = —SHHV X ((373K = Tamp) X Cppy00 + Muyog + (Tox —373K) X Cp,HZO,g) ™
Hy
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Using thermal properties taken from (Brendelberger, 2024) for water and assuming the
parameter values given in the attachments, this results in a required heat flow of 5.19MW
in the monolithic system and 5.04MW in the particle based reactor.

The transport systems are modelled using electrical vehicle motors with an efficiency of
80% (De Souza et al., 2024) and an average power density of 2000 W/kg (Gmyrek, 2024).
The formula for determining the power consumption of the transport systems is given in
equation (8):

My X g X h

Pel,ts = T (8)

The optical efficiency of the solar field and the spillage of heat on the receiver are based
on (Weber et al., 2023). The area-specific electrical power consumption of the heliostats
is determined using data from (Telsnig et al., 2017). The efficiency of the steam heat
recovery is taken from (Brendelberger, 2024). The porosity of the redox material as well
as the partial oxygen pressure in the reduction reactors are assumed to be the same for
both systems. The lifetime of the cerium oxide is set to half a year and it is assumed that
the RM is completely replaced with new material after this duration. However, (Rhodes
et al., 2015) showed that the reduction extent of ceria only fell to 86.4% after 2000 cycles
with the parametrization used in their study. This indicates a much longer material
lifetime in reality as well as the option to recycle the used redox material. This should be
investigated in further research for realistic assumptions about the RM. The processing
of redox material is modelled using an iron sintering process and replacing the material
input with cerium oxide. Oher flows were not adjusted for this process. The reduction
extent is determined using a formula taken from (Bulfin et al., 2013).

It is shown in equation (9):
-1

mol

(0 00001 x pOZ”d>0217 x e< FXTred
' [Pa]

8700

195600L>

6 = 0.35x%

+1 9
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A relation between the required redox material flow and the reduction extent can be
derived. It is given in equation (10):

m _ 77stf X Qrec X MCeOZ
ce02 HHVy, X &

(10)

Given that, the mass of cerium oxide and therefore the dimension of components in the
systems change based on the required redox material for a certain velocity.

Next, further assumptions specifically made for the monolithic system are described.

It is assumed that the oxygen produced in the reduction reactor is cooled down to a
temperature of 60°C before entering the vacuum pump. The VP is assumed to have an
efficiency of 50%, which seems reasonable considering (Liao et al., 2025), but there is a
high degree of uncertainty. The power consumption is calculated using equation (10):
32;225)

nstf X Qrec X R X TVP X ln<p0 in
2t (10)

P =
el,VpP Nyp X HHVHZ

As the heat taken from the vacuumed oxygen must be at least equal to the remaining
power required for heating up the water, it is checked by using equation (11), in which
the heat capacity of oxygen is taken from (Stephan et al., 2019).

_ Nser X Qrec

= 2 IV, X (Treq — Typ) X Cpo, B LA3IMW > (1 —gpy) X Qu,o & 519kW  (11)

Qo,
The gates are set to a fixed height which is not dependent on the amount of redox material.
The number & dimension of the apertures are fixed as well. The RMA heat exchanger is
assumed to consist completely out of mullite. The RMA is presumed to be cylindrical as
shown in (Brendelberger, 2024) and its height varies depending on the mass required in
the system. This height then affects the dimension of other components like the reduction
and oxidation reactor as well as the transportation systems.

Now, assumptions specific to the particle-based system are shown. The components are
assumed to only be filled by 20%, although this fraction is possibly higher in reality. The

bed porosity was set to a uniform value.
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It is assumed that there is just one reduction reactor instead of multiple chambers. The
used CSP-dataset is taken partly for modelling the ASG. It includes a cement bonded
particle board, which is split in cement and wood for the EoL phase at a relation
referenced from (Wang et al., 2016). The height of reduction and oxidation reactor as well
as the preheating heat exchanger and transport system is scaled proportionally to a fixed
residence time and particle velocity. This goes back to (Weber et al., 2023) and can be
seen in equation (12):

tres X Mee 0,

h~
pCeOZ X rbzed X T X (1 - (Pbed)

(12)

Thereby, the bed radius is fixed for the components. To account for 150MW of heat flow,
it was assumed that there are 4 receivers of which the dimensions are known. The bed
height in the receivers is assumed to be 4.2 times the diameter of the particles. The rotation
systems of the receivers are not included in the system boundaries, as the energy required
for making them turn is considered negligible. This energy consumption (disregarding
friction) can be calculated for the whole lifetime, as shown in equation (13). The receivers

are assumed to be accelerated to the desired speed each day.

2 2 \?
(msc,rec + mins,rec) X Trec,i X Trec rot

d
Wel,rec,rot,lt = Npec X X 365)/_7" Xty (13)

2 X Nyot

Even assuming a short duration of 5s per rotation and the parametrization shown in the
attachments, this gives an electrical energy consumption of less than 3.5 MWh, making
it neglectable compared to the other power consumptions. The transport system is scaled
by a certain factor (0.5 in this study) relative to the bed radius, which affects every sub-
component inside of it. The power consumptions of compressor and ion transport
membrane are scaled linearly based on values given for a smaller concept, as it is assumed
that these power requirements are proportional to the production rate of hydrogen.

For the production of membrane material inside of the ITM, a clay ceramic production

dataset from the ecoinvent database is used.
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Instead of clay, lanthanum oxide is taken as an input. Combustion energy is not adjusted.
Although simplified, lanthanum oxide seems to be a reasonable material considering
(Nemitallah et al., 2013; Noviyanti et al., 2021; Sunarso et al., 2017). The oxygen
permeability of the membrane is determined using a formula taken from (Sunarso et al.,
2017). It is shown in equation (14):

R X T,, Po,,rich
= X Oionic X
]02 16 X F?2 X d,, Tionic X In <p02,lean (14)

Assuming a membrane thickness of around 1mm (Nemitallah et al., 2013), an ionic
conductivity of 1.6 S/m (Noviyanti et al., 2021), a partial oxygen pressure of 21% of
atmospheric pressure at the rich side an 100 Pa at the lean side, this yields an oxygen
permeability of approximately 540 pmol*m2*s. However, the ionic conductivity has an
especially high degree of uncertainty, as it varies depending on the specific chemical
composition of the membrane material (Noviyanti et al., 2021). The value used is more
valid for compositions including tin or bismuth. For more accurate results this should be
regarded when modelling the production process in the future. Using the oxygen

permeability, the volume of the ceramic membrane can be evaluated using equation (15):

dcm X 77slff X Qrec
% = 15
ITM,cm 2 X]OZ X HHVHZ ( )

To account for the spacing between the membrane layers, it is assumed that the total inner
volume of the ITM component is four times Virm.cm. As there is no vacuum pumping
involved in the particle-based system, the remaining heat required for heating the water
is assumed to come from spillage around the receivers. Using equation (16), which goes
partly back to (Weber et al., 2023), it can be checked whether the spillage is high enough:

1- TIT@C
TIT@C

Qspillage = X Qrec R 64.29MW > (1 — ngpy) X QHZO = 504kW  (16)

Sweep gas leakage is not considered. Because of that, an air separation unit is not included
in the system boundaries. Detailed information about the dimensioning of solar tower and

field are given in the attachments.
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6 Conclusion

In this study, an LCA-based methodology according to 1SO norms has been developed,
serving for the evaluation of most important research deficits as well as a template for
further environmental assessment. The implementation of flexible LCA-models inside of
Brightway?2 / Activity Browser was successful and has proven to be helpful. Thereby, the
geometry of most components was simplified, allowing the usage of formulas to calculate
mass flows. A monolithic and particle-based reactor concept were evaluated on their
environmental life cycle impact from a cradle-to-grave perspective, whereas no recycling
was considered. The data quality is presumed to be mostly sufficient in terms of temporal
coverage. As many assumptions are very likely to diverge from real-world scenarios (e.g.
material properties or electricity source), the obtained results do however not allow
comparability to other Hz-production technologies yet. Instead, recommendations for the
focus of further research can be given. The life cycle impact assessment has revealed the
components which contribute the most to the environmental impact. In the case of the
monolithic system, this turned out to be the redox material assembly as well as the
transport systems for example. For the particle-based system, the redox material and the
production of the ion transport membrane are found to be the most important. It must be
said that the components which consume electrical power will probably have a lower
environmental impact in reality and are not named here, as the energy will not be drawn
from the electricity grid, but rather renewable sources or waste heat. The sensitivity
analysis has shown that the average transport distance only has a low influence on the
LCIA, while solar-to-fuel efficiency and redox material lifetime can have a high effect on
the results. The sensitivity on location may not be as important, as the systems would
likely be energy-autonomous. To conclude, a flexible methodology for the iterative
environmental assessment of the analyzed technologies was worked out. However, the
improvement of redox material durability, the usage of renewable electricity, the
increasing of solar-to-fuel efficiency as well as recycling of components should be
addressed in further research to attain accurate LCIA results. If these aspects are improved
and investigated further from an LCA-perspective, thermochemical redox-cycling is a

promising production concept for renewable and clean hydrogen production.
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