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Abstract

This thesis presents a cradle-to-grave Life Cycle Assessment (LCA) of the solar subsystem
within the PYSOLO project—Pyrolysis of biomass by concentrated solar power—a Horizon
Europe initiative. The aim of the study is to assess the environmental performance of the solar
subsystem, which comprises the heliostat field and the solar particle receiver, in enabling py-
rolysis within the PYSOLO process. A key innovation of the system is the use of particle heat
carriers (PHCs)—including silica sand, bauxite, and olivine—within a rotary kiln reactor that
functions both as the solar receiver and the heat transfer medium in a central tower configura-
tion. Once heated, the particles are transferred to a downstream pyrolysis reactor.

The solar subsystem analyzed in this study consists of a heliostat field of mirrored, sun-tracking
devices that concentrate sunlight, and a rotary kiln solar receiver adapted for the PYSOLO ap-
plication. The system is designed to provide 15 kW of thermal power to the rotary kiln, using
a five-heliostat configuration to ensure reliable operation under realistic solar conditions. Three
operational scenarios are compared, each employing a different PHC material.

For this LCA, the functional unit (FU) is defined as 1 kWh of useful thermal energy delivered
to the particle bed in the rotary kiln. System lifetime production is parameterized by a Net
Functional Unit (NFU) case of 98,550 kWh, corresponding to a laboratory baseline equivalent
to 2 h/day operation over 15 years. This definition enables consistent normalization of all mate-
rial, energy, and emissions flows across scenarios. Since PHCs are continuously reused inside
the kiln, only the replacement material required to compensate for wear and loss is considered
as an input, allowing more precise comparisons between scenarios.

As the system is still under development, the analysis relies on numerical simulations, engi-
neering assumptions, and scaled estimates rather than measured operational data. The LCA was
conducted using OpenLCA in accordance with ISO 14040/44, applying the Ecoinvent v3.10
database supplemented with custom data. The assessment covers the full life cycle of the solar
subsystem, from construction and operation to end-of-life, and evaluates six environmental im-
pact categories using the ReCiPe 2016 Midpoint (H) method, with emphasis on greenhouse gas
emissions, non-renewable energy use, land use, and water consumption.

The results indicate that heliostat construction is the dominant contributor to environmental
impacts across all categories. In the climate change category, contributions are similar for all
three particle heat carriers, with heliostat construction accounting for 57% of emissions, fol-
lowed by heliostat operation (25%), rotary kiln construction (12%), and end-of-life stages of
heliostats and rotary kilns (4% and 1%, respectively). Rotary kiln operation contributes only
1%. Human toxicity is almost entirely driven by heliostat construction (77%), with smaller
shares from rotary construction (12%) and heliostat operation (11%). In terms of material re-
source use (for bauxite), heliostat construction contributes 48%, rotary kiln construction 32%,
heliostat operation 16%, and rotary operation 4%, while end-of-life stages remain negligible.
For land use (with sand), heliostat construction again dominates (62%), followed by heliostat
operation (25%), rotary kiln construction (9%), and end-of-life stages (3% for heliostats and 1%
for the kiln), with rotary operation having no significant influence. Overall, while the choice of
particle heat carrier (bauxite, sand, or olivine) results in minor variations within specific cate-
gories, the environmental profile is consistently shaped primarily by heliostat construction.

Despite relying on scaled assumptions, this study provides the first comprehensive environmen-
tal profile for the PYSOLO solar-biomass integration. It identifies key environmental hotspots,
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evaluates the influence of design parameters, and offers guidance for improving the sustainabil-
ity of future PYSOLO deployments.
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1 Introduction

1.1 Background and Context

The decarbonisation of high-temperature industrial processes is essential to meet global climate
targets, especially since the industrial sector accounted for 37% of global energy consumption
in 2022, amounting to 166 EJ (approximately 46,000 TWh or 3,970 Mtoe), up from 34% in
2002. This increase has been driven largely by growth in energy-intensive subsectors. Indus-
trial heat demand is projected to rise 16% globally from 2023 to 2028, with China and India
responsible for more than half of this growth. Despite efforts to increase renewable heat use,
fossil fuel consumption for industrial heat is expected to continue rising, contributing to higher
CO2 emissions. Renewable heat sources such as solar thermal and biomass are expanding but
still represent only a fraction of total heat consumption in industry, highlighting the pressing
need for accelerated deployment of clean heat technologies|[!1} 2, 3]].

Energy demand in the industrial sector continued to grow in 2024 and 2025, with electricity
and natural gas playing significant roles driven by increased cooling demands, electrification
of industrial processes, and digitalization. Global energy demand rose by 2.2% in 2024, with
electricity demand surging 4.3%, largely met by renewables like solar PV and nuclear power.
Fossil fuels, particularly natural gas, remain major fuels for industry but with a growing role for
renewables and cleaner technologies. The industrial heat pump market, for example, is expected
to expand significantly through 2035 as decarbonization efforts intensify and regulations drive
adoption. These trends underscore a transitional phase where rising industrial energy demand
coexists with emerging decarbonization technologies, emphasizing the urgent need for broader
implementation of clean energy solutions to curb emissions from the industrial sector[2].

Sectors such as cement, steel, glass, and chemicals rely heavily on fossil fuels—primarily coal,
natural gas, and oil—to achieve these conditions. The combustion of these fuels produces sig-
nificant direct carbon dioxide emissions, while upstream extraction and transportation further
contribute to environmental impacts. Achieving long-term carbon neutrality therefore necessi-
tates deep reductions in fossil-derived process heat.

Transitioning to renewable high-temperature heat presents technical challenges. Electrifica-
tion through resistance or induction heating is highly efficient but demands large-scale renew-
able electricity generation and extensive infrastructure upgrades. Biomass combustion offers
renewable heat but can compete with other land uses and still produces particulates and other
pollutants. Concentrated Solar Power (CSP) has emerged as one of the few renewable technolo-
gies capable of delivering heat above 500°C directly, without the need for intermediate energy
conversion.

CSP technologies use mirrors or lenses to focus sunlight onto a receiver, converting solar radia-
tion into thermal energy. This heat can be stored in thermal storage systems or applied directly
to industrial processes. Four main CSP configurations are in commercial use: parabolic troughs,
parabolic dishes, linear Fresnel reflectors, and solar towers |Figure 2.2|

Among these, solar tower systems are particularly well suited for high-temperature processes
due to their high concentration ratios and the ability to centralise thermal collection at an ele-
vated receiver. Concentration ratios above 1000 suns have been demonstrated, enabling receiver
outlet temperatures exceeding 1000 °C[4].
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Parallel to developments in CSP, biomass pyrolysis has attracted increasing attention as a ther-
mochemical route for producing renewable fuels and carbon-rich products. Pyrolysis involves
heating biomass in the absence of oxygen, yielding a mixture of bio-oil, biochar, and pyrogas.
These products have multiple applications: bio-oil can be upgraded to transport fuels, biochar
can improve soil carbon content, and pyrogas can be used for process heating or electricity gen-
eration. Conventional pyrolysis systems supply the required heat either by combusting a portion
of the biomass feedstock or by using fossil fuels, which reduces overall carbon savings.

The PYSOLO project integrates these two technologies in a novel solar-driven rotary kiln[5].
Instead of transferring concentrated solar radiation directly to the biomass, the system uses
Particle Heat Carriers (PHCs)—granular solids such as silica sand, bauxite, or olivine—as an
indirect heat transfer medium. PHCs are heated in a solar receiver using CSP, then conveyed
into the pyrolysis kiln where they release stored heat to the biomass. This approach has several
potential advantages:

* Uniform heat transfer to the biomass bed
* Reduced risk of biomass charring or hot-spot formation compared to direct irradiation
* Flexibility in receiver operation independent of kiln rotation

* Potential for thermal buffering to smooth fluctuations in solar input

By combining CSP with PHCs, PYSOLO aims to demonstrate a continuous, fully renewable
pyrolysis process capable of producing valuable bio-products without the need for fossil-derived
heat input. This thesis evaluates the environmental performance of the proposed system through
Life Cycle Assessment (LCA), focusing on the material and energy requirements of the solar
subsystem and its integration with the pyrolysis process.

While inspired by the SOLPART project[6]—a European initiative that demonstrated high-
temperature particle receivers for industrial calcination—the PYSOLO rotary kiln has been fun-
damentally re-engineered at the German Aerospace Center (DLR) to meet the specific thermal
and chemical requirements of biomass pyrolysis. Modifications include changes in materials,
geometry, insulation, and operational strategies.

Currently at Technology Readiness Level 4, the PYSOLO system comprises two integrated
subsystems. The first is a solar particle receiver, which heats PHCs using concentrated solar
radiation. The second is a pyrolysis reactor, equipped with a particle—char separator to enable
continuous biomass processing. This circulating-particle configuration allows high-temperature
operation without internal heat exchangers, improving scalability and thermal efficiency[J].

An important modelling consideration is that Particle Heat Carriers (PHCs) are not consumed
during normal operation but continuously circulated in the kiln. Therefore, the initial inven-
tory required to fill the system is treated as a one-time construction input, while only the small
amounts lost and replaced due to attrition (make-up mass) are counted during the operation
phase. This distinction avoids double-counting and provides a realistic picture of resource re-
quirements over the system’s lifetime.

A notable feature of PYSOLO is its operational flexibility. During solar hours, the process
operates on direct sunlight or preheated PHCs. When solar input is unavailable, heat can be
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supplied by combusting by-products (pyrogas or biochar) or via electric induction using surplus
renewable electricity. Additionally, the system can provide grid-balancing services by convert-
ing pyrogas to electricity during peak demand periods or by storing excess renewable electricity
as thermal energy. Such versatility supports integration into decentralised, low-carbon energy

networks.
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Figure 1.1: General concept of the solar Pyrolysis PYSOLO process [13]].
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1.2 Problem Statement

As global decarbonization efforts accelerate, the deployment of renewable energy in high-
temperature industrial applications has become increasingly urgent. Concentrated Solar Power
(CSP) offers a promising route to provide sustainable, high-temperature heat for thermochemi-
cal processes such as biomass pyrolysis, as demonstrated in recent pilot studies[//, |8]. However,
achieving continuous, high-temperature, solar-driven operation remains a significant technical
and environmental challenge.

Conventional pyrolysis plants often rely on combustion of biomass or process residues to sup-
ply heat. While renewable, this approach can lower carbon conversion efficiency and increase
life-cycle emissions[9, [10]. Meanwhile, most CSP systems are primarily designed for electric-
ity generation and are not optimized for direct integration with thermal reactors, which limits
their application in biomass conversion[11].

Recent innovations, particularly hybrid systems combining CSP with particle heat carriers
(PHCs), have shown potential to overcome intermittency and enable continuous, heat-driven
chemical processes[8]. The PYSOLO system, for instance, integrates a tower-based CSP re-
ceiver with a rotary kiln heated by PHCs, targeting high carbon efficiency and the potential for
net-negative emissions.

Despite these advancements, comprehensive environmental evaluations of such systems are
scarce. Key uncertainties remain regarding:

* The environmental costs of manufacturing and maintaining large heliostat fields.
* The life-cycle performance of PHCs, including production, use, and disposal.

» Trade-offs between system efficiency, cost, and sustainability[11]].

Given that PYSOLQO’s current design is supported primarily by simulations rather than opera-
tional data, a Life Cycle Assessment (LCA) is essential to:

* Identify environmental “hotspots™ across the system’s life cycle.
* Inform decisions on material selection, design optimization, and operating strategies.

* Evaluate whether solar-driven biomass pyrolysis can meaningfully contribute to decar-
bonization goals.

1.3 Objectives of the Thesis

To address the gaps identified in Section 1.2—particularly the need for sustainability evaluation
of emerging high-temperature solar thermal technologies—this thesis conducts a comprehen-
sive Life Cycle Assessment (LCA) of the solar subsystem in the PYSOLO project. The solar
subsystem comprises the heliostat field and the rotary kiln solar reactor. Since the system is
still under development and not yet operational, the analysis is based on engineering speci-
fications, numerical simulations, and experimentally derived assumptions. The study follows
the ISO 14040/44 framework and applies the ReCiPe 2016 Midpoint (H) method to quantify
environmental impacts across multiple categories.The specific objectives are as follows.
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Quantify the environmental impacts of the entire life cycle

This thesis provides a detailed look at the environmental impacts of the PYSOLO solar subsys-
tem throughout its entire life cycle. Starting with the extraction of raw materials, it follows the
process through the manufacturing of key components—such as the heliostat field, rotary kiln,
and Particle Heat Carrier (PHC) materials—into the operation phase, and finally considers how
these materials are managed at the end of their life, whether through recycling or disposal.
Impacts are normalised to the delivery of 1 kWh of useful thermal energy at the kiln bed,
with the total lifetime output fixed at 98,550 kWh. This figure corresponds to the laboratory-
scale operation of the PYSOLO test facility, representing the cumulative energy output over its
assumed service life.

Compare three operational scenarios with different PHCs

A key part of this study is comparing three different ways to operate the system, each using a
different PHC material: silica sand, bauxite, or olivine. Because PHCs circulate continuously
in the kiln, only their make-up mass due to attrition losses is considered as a material input.
This treatment avoids overestimating material use while still capturing realistic sourcing and
disposal burdens.

Evaluate environmental performance across multiple impact categories

For each PHC scenario, environmental performance is quantified using six key categories from
ReCiPe Midpoint (H):

* Climate change (kg CO,-eq)

* Energy resources: non-renewable, fossil (kg oil -eq)

Material resources:metals/minerals (kg Cu-eq)

Land use (m”a crop-eq)

Water use (m?)

Human toxicity (kg 1,4-DCB-eq)

These categories were chosen because they reflect both global decarbonisation targets and
known sustainability trade-offs for CSP and material-intensive systems.

Identify environmental hotspots within the life cycle

The study also breaks down the environmental impact by each stage in the life cycle—material
extraction, manufacturing, operation, and disposal—to identify which parts contribute the most
to the total footprint. Knowing these ‘hotspots’ helps focus efforts on improving materials,
design, and operation for better sustainability.
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Provide baseline sustainability insights for future development

Finally, this work establishes the first detailed Life Cycle Assessment for the PYSOLO solar
subsystem, creating a baseline for future development. This will provide valuable guidance for
engineers, scientists, and decision-makers as they work to improve material choices, system de-
signs, and operating practices, ultimately supporting the shift toward low-carbon, solar-powered
thermal technologies.

1.4 Research Questions

This research addresses the following questions:

1. What are the life cycle environmental impacts of the heliostat field and rotary kiln receiver
in the PYSOLO system, expressed per functional unit (1 kWh useful thermal energy)?

2. How do different PHC materials (silica sand, bauxite, olivine) influence sustainability
performance, considering only their attrition make-up requirements?

3. Which life cycle stages (manufacturing, operation, or disposal) contribute most to the
environmental footprint?

4. How sensitive are the results to assumed operational lifetimes, given that this study fo-
cuses on the laboratory-scale case of 98,550 kWh?

5. What design and material changes could improve the environmental profile of solar-
powered pyrolysis systems?

1.5 Scope and Limitations

This thesis focuses exclusively on the solar subsystem of the PYSOLO project, specifically the
heliostat field and the rotary kiln-based solar receiver. It does not cover downstream components
of the pyrolysis process, such as the reactor chamber, bio-oil condensation, syngas handling, or
storage systems. These elements are assumed to be constant across all scenarios and are ex-
cluded from the system boundary.

Given that the PYSOLO system is in development and lacks operational data, the assessment
relies on simulated inputs, engineering design specifications, and literature-derived assump-
tions. Material quantities, transport distances, and energy demands are estimated using conser-
vative modelling practices. For PHCs, only attrition replacement is included as a material input.
Certain datasets—particularly for component manufacturing and end-of-life treatment—are ap-
proximated based on analogous technologies. These constraints are explicitly acknowledged
and tested through sensitivity analysis to ensure transparency and robustness.

1.6 Thesis Structure

This thesis is organised into seven chapters, each building logically from background context to
the final conclusions and recommendations:
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Chapter 1 —Introduction

Presents the industrial decarbonisation challenge, the potential of concentrated solar power
(CSP) for high-temperature processes, and the aims of the PYSOLO project. States the research
questions, scope, and functional units used in the LCA.

Chapter 2 — Technological Background

Reviews relevant technologies, including CSP system types, solar tower configurations, rotary
kiln operation, and Particle Heat Carrier (PHC) materials. Each subsection concludes with a
short “Relevance to PYSOLQO” link.

Chapter 3 — System Overview

Describes the experimental configuration of the PYSOLO solar subsystem, covering heliostat
characteristics, receiver design, and kiln integration. Includes heliostat sizing calculations using
site-specific DNI data and PHC material selection.

Chapter 4 — LCA Methodology

Defines the goal, scope, boundaries, functional unit, data sources, and impact assessment meth-
ods. Summarises modelling assumptions and their justification.

Chapter 5 — Results

Presents the environmental impact results for different PHC materials and heliostat sizing sce-
narios. Compares performance across multiple impact categories.

Chapter 6 — Discussion

Interprets the findings in relation to literature, highlights trade-offs, addresses limitations, and
suggests improvement strategies for solar-driven pyrolysis systems.

Chapter 7 — Conclusions and Recommendations

Summarises key outcomes, provides final conclusions on the environmental feasibility of the
proposed system, and offers recommendations for future research.



2 Technological Background

2.1

PYSOLO components

The PYSOLO system comprises the following key subsystems:

A
Solar Plant ——— Solar Mode Pyrolysis Plant ®
== == Hybrid Mode

Heliostat Field: Tracks the sun and concentrates direct normal irradiance (DNI) onto the
receiver aperture at the Solar Tower. The layout of the field is carefully designed to reduce
losses caused by the angle of sunlight (cosine losses) and shading between mirrors.

Rotary Kiln Particle Receiver: It captures the concentrated solar energy and directly
heats the Particle Heat Carriers (PHCs) as they move through the kiln in a cascading mo-
tion. This setup ensures more even heat transfer and eliminates the need for intermediate
fluids.

Thermal Energy Storage (TES):Hot PHCs are used to store sensible heat, allowing
energy to be supplied to the pyrolysis process even when sunlight is low or unavailable.

Pyrolysis Reactor : The biomass conversion takes place here, with the reactor being
indirectly heated by the PHCs to maintain precise and stable reaction temperatures.

Particle-Char Separator: This component separates the PHCs from the solid biochar
produced during pyrolysis, enabling the particles to be reused in a closed-loop system.
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Figure 2.1: Simplified schematic of the CSP-based and hybrid pyrolysis plants, with dashed lines showing
hybrid operation when solar heat is unavailable[J3]].
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2.2 Concentrated Solar Power Technologies

Concentrated Solar Power (CSP) technologies convert solar radiation into thermal energy using
optical concentrators. Unlike photovoltaic (PV) systems, CSP generates heat, that can be used
directly in industrial processes or converted to electricity. The inclusion of thermal energy
storage (TES) systems allows CSP to offer dispatchable power, making it a strong candidate for
continuous, high-temperature applications.

2.2.1 Types of CSP Systems

The main CSP configurations that have reached pilot or demonstration scale are illustrated in
Each differs in optical layout, receiver configuration, and operating temperature
range:

* Parabolic trough collectors (PTC): Curved mirrors focus sunlight along a linear focal
line onto a receiver tube containing a heat transfer fluid, typically reaching temperatures
of 300400 °C. PTC systems are the most widely deployed CSP technology and are well
suited for medium-temperature applications [[12].

* Linear Fresnel systems: Flat mirrors are arranged in rows to approximate a trough ge-
ometry. This design offers lower construction costs and simpler mechanics compared to
PTCs but generally achieves similar medium-temperature ranges.

* Solar power towers (central receiver systems): A field of heliostats focuses sunlight
onto a single elevated receiver. Operating temperatures can exceed 600—1000 °C, mak-
ing these systems ideal for advanced industrial heat applications and high-temperature
TES[13]].

* Dish-Stirling systems: Parabolic dish mirrors concentrate sunlight onto a receiver con-
nected to a Stirling engine, enabling direct conversion of heat to electricity with high
theoretical efficiency. Despite strong performance potential, commercial deployment has
been limited.

Romero and Gonzalez-Aguilar (2014) emphasise that central receiver systems present the high-
est thermodynamic efficiency potential and the greatest suitability for thermal storage due to
their high operating temperatures (p. 44). These characteristics make them particularly attrac-
tive for industrial heat applications beyond power generation[13]].



CHAPTER 2. TECHNOLOGICAL BACKGROUND 10

;::::? {:::? Curved

Absorber Absorber tube and mirror

reconcentrator ™4

Curved mirror

Pipe with
thermal fluid

Linear Fresnel

%::} Solar
Receiver

XA O0CKN

WA
1)

B

%

Y.

Heliostats

Dish/Engine Central Receiver

Figure 2.2: Diagrams illustrating the four CSP systems that have been scaled up to pilot and demonstra-
tion levels [[I3]].

2.2.2 Thermal Energy Storage (TES) and Dispatchability

One of the key advantages of CSP over PV lies in its compatibility with TES, allowing the tem-
poral decoupling of energy collection from use. This capability supports industrial processes
requiring constant heat supply and enables electricity generation during periods without sun-
light.

A Life Cycle Assessment (LCA) by Gasa et al. (2021) compared a solar tower plant with
and without TES [14]. Their findings showed that integrating TES not only increases energy
availability but also reduces life-cycle environmental impacts. Plants without TES exhibited
higher reliance on grid electricity during low-solar periods, increasing operational-phase emis-
sions.

The study also identified that the solar field and the Thermal Energy Storage (TES) and heat
transfer fluid system are the primary contributors to the environmental footprint of Concentrated
Solar Power (CSP) plants. Additionally, the choice of storage medium significantly influences
environmental impacts; naturally mined molten salts tend to have lower environmental burdens
compared to synthetically produced alternatives. These findings underscore the dual role of
TES—mnot only in enhancing operational flexibility but also in reducing greenhouse gas (GHG)
emissions throughout the plant’s lifecycle.
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2.2.3 Deployment Trends and Strategic Importance

Concentrated Solar Power (CSP) has become an increasingly important source of high-temperature,
reliable renewable energy. Although solar photovoltaics (PV) have gained much more attention
recently due to their lower upfront costs, CSP offers distinct advantages. It can achieve higher
thermal efficiency and is particularly well-suited for supplying direct heat to industrial pro-
cesses—especially when combined with thermal energy storage (TES).

By 2012, the global CSP capacity had surpassed 6 gigawatts, mainly installed in sunny desert
regions with abundant sunlight[12]. More recent forecasts predict substantial growth in CSP
across Europe and North Africa through 2050, with a particular emphasis on providing indus-
trial heat[15]. Among various CSP designs, central receiver tower systems are viewed as the
most promising, benefiting from decreasing costs and improved efficiency when paired with
TES.

Today, CSP capacity continues to grow and is expected to play a key role in helping industries
transition away from fossil fuels by delivering clean, dispatchable heat and power—even during
periods without sunlight.

2.3 Rotary Kiln Receiver Design

Rotary kilns are robust, continuous reactors widely employed in sectors such as cement man-
ufacturing, mineral processing, and waste treatment. Their scalability, mechanical durability,
and capacity to achieve uniform thermal distribution make them particularly suitable for high-
temperature particulate processing. In solar applications, these kilns have been adapted as direct
particle receivers, in which granular heat carriers absorb concentrated solar radiation for subse-
quent thermal processes.

In the PYSOLO project, a solar-driven rotary kiln serves as the main reactor for biomass py-
rolysis. The design builds upon concepts tested at the German Aerospace Center (DLR) and
within the SOLPART project[16], which demonstrated high-temperature solar calcination un-
der concentrated flux. While retaining the durability of conventional industrial designs, this
kiln is adapted to efficiently heat particles using focused solar energy. It accommodates mul-
tiple Particle Heat Carrier (PHC) types and is optimized for continuous operation with high

solar-to-thermal conversion efficiency [Figure 2.
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Figure 2.3: solar rotary kiln reactor at the DLR[I7].

2.3.1 Concept and Operating Principle

The reactor consists of a cylindrical, cavity-type kiln set at a slight incline and rotating about
its longitudinal axis. Concentrated solar radiation enters through a circular aperture at the front,
directly heating both the refractory internal surfaces and the moving bed of particles. U-shaped
lifters positioned along the inner wall lift and drop the particles in a cascading motion, ensur-
ing thorough mixing and repeated contact with the heated surfaces. This configuration sup-
ports uniform heating and consistent residence times, even for particles with relatively low

absorptance[18, [19].

To optimize heat transfer, the kiln operates in a rolling regime with Froude numbers between

10~# and 10~2[18] 20], creating a stratified flow pattern, as illustrated in a pas-
sive bed at the bottom and an active rolling layer at the top, maximizing exposure to thermal

radiation.

a) b)
1)

Slipping Slumping Rolling
T _— T w

5) — T a

Cascading Cataracting Centrifuging

Figure 2.4: a) Key geometric aspects of rotary kiln design b) Particle flow patterns in rotating drums as
Froude number increases [[I8| 20, 21].



CHAPTER 2. TECHNOLOGICAL BACKGROUND 13

2.3.2 Receiver Configuration

The receiver incorporates a rotary crucible housed within a cavity, with solar flux entering
through the aperture. Particle feed is introduced at the upper end and advances by gravity to-
ward the discharge end. Kiln inclination, rotation speed, and internal lifter geometry jointly
determine residence time and mixing intensity, directly affecting temperature uniformity and

throughpu{Figure 2.3

This configuration is particularly effective for PHCs with moderate to low absorptance, as the
continuous tumbling motion compensates for optical inefficiencies. The modular design also
allows straightforward scaling from laboratory to pilot-scale systems[18,[19].

2.3.3 Materials and Mechanical Construction

For the PYSOLO project, a laboratory-scale rotary kiln receiver-reactor is currently under con-
struction. The design and material selection are informed by numerical simulations, thermal
and mechanical modeling, and prior experimental experience at the German Aerospace Cen-
ter (DLR). The objective is to ensure reliable performance under concentrated solar flux while
maintaining scalability for future reactor configurations. Material selection has prioritized ther-
mal resistance, mechanical durability, and compatibility with high-intensity solar radiation[22].
The key materials and their functions are as follows:

* S355 structural steel: forms the external frame and support structures. This steel mainly
consists of iron with approximately 0.20% carbon, 1.6% manganese, and minor amounts
of silicon, phosphorus, and sulfur. It provides mechanical strength, weldability, and cost-
effectiveness, making it suitable for kiln housing.

* Inconel 600: used for internal components exposed to the highest thermal loads, partic-
ularly in the crucible and receiver zone directly irradiated by concentrated flux. It is a
nickel-chromium alloy (approximately 72% Ni, 14-17% Cr, 6-10% Fe), known for high
oxidation resistance and mechanical stability above 800 °C, as confirmed by prior DLR
tests [22]].

* Stainless steel alloys (V4A, 1.4841): applied to rotating and interface components sub-
jected to cyclic thermal and mechanical stresses. V4A (similar to AISI 316) contains
approximately 16-18% Cr, 10-14% Ni, and 2-3% Mo; 1.4841 (AISI 314) has about
24-26% Cr and 19-22% Ni. Both offer excellent corrosion resistance, durability, and
stability under repeated heating—cooling cycles.

* Thermal insulation:achieved using calcium silicate boards (CaSiO3), Superwool blan-
kets (alkaline earth silicate fibers, primarily SiO, and CaO), and vacuum-formed ceramic
bricks (Al,03-Si0O; based). These materials minimize heat loss and resist thermal shock,
maintaining consistent internal temperatures.

* Aluminum profiles and high-temperature sealing cords:used in external housing and
interface seals to reduce leakage and ensure mechanical integrity. Aluminum is primarily
Al with minor Mg, Si, and Fe, while sealing cords are composed of high-temperature
resistant fibers such as glass, silica, or ceramic composites.



CHAPTER 2. TECHNOLOGICAL BACKGROUND 14

Fabrication employs standard industrial processes, including material cutting, rolling, machin-
ing, and welding, ensuring precise alignment and structural integrity. Although this setup func-
tions as a laboratory-scale prototype, the materials and construction methods reflect best prac-
tices from previous high-flux rotary kiln projects [22, 23]].

2.3.4 Thermal Performance and Operating Conditions

The PYSOLO rotary kiln is designed to operate at a net thermal input of 15 kW under steady-
state conditions. For laboratory-scale tests at DLR, this input is sustained for approximately two
hours per run, corresponding to the kiln’s design point for biomass pyrolysis experiments[24]].
The solar subsystem consists of five heliostats, each with an 8.2 m? reflective area. Under typ-
ical clear-sky conditions at Jiilich (DNI 750-800 W/m?2, optical efficiency 60%), the heliostat
field delivers about 20 kW gross power to the receiver—providing a margin above the 15 kW
design requirement.

Key Kiln Operating Conditions

* Inlet particle temperature: approximately 400 °C
* QOutlet particle temperature: approximately 800 °C

* Thermal efficiency: 70-80% (based on simulations and prior reactor data [18]])

These conditions are derived from numerical simulations and previous high-temperature solar
trials[18]. Long-term operational reliability is expected, though periodic maintenance will be
required for bearings and sealing elements, and insulation performance will be monitored for
degradation under cyclic heating.

Concentrated Solar
Power (CSP)

Inlet side for particles.

Outlet side for particles

Figure 2.5: Simulation of the Rotary Kiln for the PYSOLO Project[3)].



CHAPTER 2. TECHNOLOGICAL BACKGROUND 15

2.3.5 Simulation and Experimental Validation

The receiver design is supported by detailed CFD-DEM simulations performed in collabora-
tion with Politecnico di Milano[[18]]. These simulations model granular flow, gas—solid heat
exchange, and ray-traced solar flux distribution across the kiln walls. Simulation data inform
both the thermal balance and geometry optimization.

Experimental validation is now underway at DLR’s solar research center in Cologne[24], uti-
lizing two key test facilities:

* DLR Solar Simulator: 10 xenon lamps capable of delivering up to 25 kw thermal power
at the focal plane, enabling high-precision testing under controlled irradiationFigure 2.6}

* DLR Solar Furnace: A high-flux facility using real sunlight, offering dynamic environ-
mental testing of the receiver in near-operational conditions.

These experimental campaigns will confirm the system’s thermal behavior, validate the sim-
ulation models, and determine the optimal range of operating parameters for pyrolysis using
solar-heated PHCs[3].

Figure 2.6: Xenon lamps used in the spotlight facility in Cologne for rotary kiln testing[24, 5]].
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2.4 Particle Heat Carriers (PHCs)

Particle Heat Carriers (PHCs) are granular solids designed to absorb, store, and transport ther-
mal energy in high-temperature processes. In solar-driven rotary kiln systems, PHCs act as both
the direct solar absorber and the heat transfer medium. This dual role enables continuous oper-
ation, as the particles carry energy from the concentrated solar flux zone to the reaction zone,
such as the biomass pyrolysis chamber[18, [19].

The concept of direct particle heating has been demonstrated in projects such as SOLPART and
CENTRec|[25], where particles were directly exposed to concentrated solar irradiation. Elimi-
nating the need for intermediate heat transfer fluids reduces system complexity, allows higher
operating temperatures (often > 800 °C), and minimises thermal losses[26]].

2.4.1 Functional Requirements

The selection of PHCs requires careful consideration of thermal, optical, and mechanical crite-
ria, which must be balanced to suit the intended process conditions. Key requirements include:

* High solar absorptance across the relevant spectrum to maximize conversion of incoming
radiation into thermal energy.

* Low thermal emittance at operating temperature to reduce radiative heat losses.

» High specific heat capacity and thermal conductivity to enable efficient energy storage
and rapid heat transfer.

* Mechanical robustness, including resistance to sintering, attrition, and thermal shock dur-
ing cyclic heating.

» Chemical compatibility with process gases and feedstocks, such as the vapors generated
during biomass pyrolysis.

These criteria are widely reported in the literature on candidate materials for concentrated solar
power (CSP) particle receivers[18,20], and have been validated through extended-duration solar
experiments at institutions such as the German Aerospace Center (DLR).

2.4.2 Common Materials in Literature

Previous research has identified a range of particle types with suitable characteristics for PHC
applications:

* Bauxite and sintered alumina— valued for their high thermal stability, density, and
resistance to chemical degradation.

* Silica sand— inexpensive and widely available, though its absorptance is lower unless
the surface is modified or coated.

* Olivine — thermally stable and mechanically robust, with the added benefit of catalytic
activity for tar reduction in biomass gasification[27]].

* Silicon carbide (SiC) — excellent thermal stability and absorptance, but cost and brittle-
ness can limit large-scale deployment.
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* Metallic particles (e.g., steel shot) — offer high thermal conductivity but are prone to
oxidation at elevated temperatures unless protective measures are implemented.

Gallo et al. (2016) observed that, in rotary kiln receivers, particle shape and density affect not
only heat-transfer performance but also the cascading motion of particles, influencing residence
time and temperature uniformity.[19].

2.4.3 Particle Selection for PYSOLO

In the PYSOLO project, the selection of particle heat carriers (PHCs) has been based on a com-
bination of literature benchmarks and experimental data obtained through collaborative work
with Re-Cord[28]], DLR][29], Politecnico di Torino[30l], and Politecnico di Milano[31]]. Me-
chanical, thermal, and optical characterization—performed as part of Deliverable D3.1 from
PYSOLO project—was used to rank potential candidates and guide the final selection[32]].
Three PHCs emerged as the most promising for the intended solar rotary kiln application:

* Silica sand — Selected as a cost-effective baseline due to its wide availability and stable
flowability under operational temperatures. Although its initial solar absorptance is lower
than that of other candidates, results from D3.1 confirm that absorptance increases signif-
icantly after exposure to pyrolysis conditions, making it viable for solar applications.

* Bauxite — Demonstrated the highest combined score in D3.1, with excellent flowability,
high thermal stability at 950 °C, and consistently high solar absorptance. Its proven track
record in the SOLPART project further validates its suitability for large-scale CSP-based
pyrolysis.

* Olivine — Exhibited strong mechanical resilience and favorable flowability, with the added
advantage of catalytic tar-cracking activity that can enhance overall process performance.
While its absorptance is moderate in fresh form, it improves markedly after thermal cy-
cling and pyrolysis exposure.

The selection process considered the following key factors:

* Reference data from previous rotary kiln and particle receiver studies (Tescari et al., 2020;
Amjed et al., 2024), which establish baseline thermal and mechanical performance met-
rics [118, [22]].

* Compatibility with lifter-assisted rotary kiln geometries to ensure stable cascading motion
and minimal particle attrition during continuous operation.

 Target operational outlet temperatures of 800 °C to optimize heat transfer while preserv-
ing particle integrity under repeated heating cycles.

* Scalability, cost, and supply chain robustness for potential pilot-scale deployment.

Ongoing laboratory trials at DLR are focused on precise optical and thermal measurements of
the selected PHCs, including solar absorptance, thermal emittance, and specific heat capacity.
These results will feed into detailed simulation models to refine operational parameters and
predict material lifespan under high-temperature cyclic conditions [32].



CHAPTER 2. TECHNOLOGICAL BACKGROUND 18

2.5 Jiilich Solar Tower Facility

Concentrated Solar Power (CSP) plants capable of delivering dispatchable, high-temperature
heat are critical to projects such as PYSOLO, where a continuous and high-quality thermal
supply is essential for stable biomass pyrolysis. In this thesis, the Jiilich Solar Tower facility
in North Rhine-Westphalia, Germany, is assumed as the CSP plant providing the renewable
heat input for the rotary kiln particle receiver. Its extensive heliostat field, high-precision solar
tracking, and flexible research infrastructure make it a suitable platform for advanced solar-

thermal experimentationFigure 2.7]

Figure 2.7: Over 2,000 Mirrors in Front of Solar Towers in Jiilich, Germany[33)].

2.5.1 Opverview of the Jiilich Solar Tower Facility

The Jiilich Solar Tower facility, located in North Rhine-Westphalia, Germany, represents one of
the most important pilot-scale infrastructures for central receiver systems in Europe. Commis-
sioned in 2009, the facility comprises a heliostat field of 2153 tracking mirrors, each with an
aperture area of 8.2 m2, amounting to a total reflective surface of over 17,600 m2. Originally de-
veloped as a demonstration project for air-based CSP technologies, the field has since evolved
into a testbed for innovative thermal applications,including solar fuels, high-temperature re-
ceivers, and particle-based energy systems[34]].

The heliostat field is currently operated by Synhelion AG in close collaboration with the Ger-
man Aerospace Center (DLR). Within the framework of the PYSOLO project, the facility serves
as the source of solar heat for a rotary kiln-based pyrolysis process, which requires both high
operating temperatures and consistent energy input. The site’s proven operational record and
adaptable configuration further enhance its suitability for hybrid and advanced solar-thermal
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applications.

2.5.2 Retrofitting History and Field Performance at Jiilich

The heliostat field at the Jiilich Solar Research Facility has undergone significant technologi-
cal evolution since its commissioning. The original heliostats, supplied by Ausra and installed
by Kraftanlagen Miinchen (KAM), featured single large mirror panels adhered to steel frames
[35]. Over time, these units exhibited widespread issues such as corrosion, adhesive failure, and
mirror delamination, which necessitated full replacement of many units by 2015 [36]].

In addition to mirror degradation, the actuation system presented substantial reliability chal-
lenges. Linear actuators originally adapted from satellite dish technology lacked the required
torque precision and mechanical robustness for continuous solar tracking in CSP applications.
Failures included gearbox damage, bent spindles, and calibration drift, leading to poor tracking
accuracy and high maintenance costs.

To address these problems, a major retrofitting campaign began in 2020, replacing the origi-
nal design with a modular heliostat configuration featuring four smaller, cantable mirror facets.
This allowed selective replacement of damaged parts and improved both optical performance
and maintainability. The upgraded mirrorsFigure 2.§|from Flabeg were installed alongside gal-
vanized steel frames with bolt-on mounts, eliminating the earlier adhesive-only fixation method.

Simultaneously, the actuation and tracking systems were fully redesigned to meet the mechan-
ical demands of dual-axis operation. Field performance data shows that these enhancements
reduced average pointing errors from over 5 milliradians to approximately 2 milliradians, mark-
ing a substantial gain in tracking precision and operational stability [36].

These upgrades have made the Jiilich field more suitable for high-precision solar thermal appli-
cations like those in the PYSOLO project, which require continuous and accurate solar flux for
thermochemical processing.
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Figure 2.8: Synhelion heliostats with linear actuators and new kinematics, each having four mirror
facets (mirrors by Flabeg; frame and canting by KAM)[36]].

2.5.3 Control System and Operational Management

In parallel with the mechanical and structural upgrades, substantial progress has also been made
in the heliostat control system, which is critical for ensuring accurate solar flux delivery and
safe operation in complex research configurations. Since 2020, the Jiilich heliostat field has
been operated using DLR’s proprietary control platform, HeliOS (Heliostat Operating System),
developed specifically for research-scale multi-tower CSP applications[36]]. Unlike commercial
systems that are typically optimized for single-receiver operations with high thermal dispatch-
ability, HeliOS is designed for flexibility, accommodating simultaneous control of two solar
towers and up to five independent receiver targets.

One of the core features of HeliOS is its parallel calibration capability, allowing for rapid and
accurate alignment of heliostats across different sectors of the field. This is especially impor-
tant at Jiilich, where the close proximity of the towers, only 10 meters apart, requires highly
controlled flux management to avoid optical interference and ensure operator safety. The sys-
tem integrates real-time data logging via relational databases and provides automated feedback
for aim point optimization, enabling dynamic adjustment based on receiver temperature, flux
distribution, or weather conditions.

HeliOS also includes advanced safety protocols, such as automatic exclusion zones and emer-
gency shutdown routines, which are essential in a research environment where experiments in-
volving varying receiver types and flux intensities are routinely performed. Since its full deploy-
ment, the system has significantly reduced tracking error and contributed to the overall increase
in field uptime and operational flexibility, aligning well with the demands of the PYSOLO
project, which requires stable and continuous heat input for biomass pyrolysis processes[36]].
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2.5.4 Tower Infrastructure and Experimental Platforms

The Jiilich Solar Research Facility features a dual-tower layout, as seen in |[Figure 2.9 which
significantly enhances its research flexibility and relevance to projects such as PYSOLO. The
main solar tower, originally constructed in 2009, serves as the primary receiver platform for
high-flux solar thermal experiments. It is optimized for large-scale solar heat delivery and has
been instrumental in testing air-based receivers, solar fuels, and high-temperature materials.

In 2020, a second structure,the Multifocus Tower,was commissioned to expand the facility’s
capabilities. This tower is designed specifically for modular experimentation and features three
vertically stacked testing platforms, each configured for distinct solar thermal applications[37]:

* Top Platform: Dedicated to solid particle receiver systems, using ceramic heat carriers
for high-temperature energy capture and thermal storage.

» Middle Platform: Equipped for solar thermochemical applications such as hydrogen pro-
duction via water-splitting or redox-based cycles.

* Bottom Platform: Designed for molten salt experiments, integrating heat exchangers,
thermal storage units, and circulation systems.

Each platform is capable of handling experimental setups weighing up to 100 tons and is ex-
posed to concentrated solar flux intensities exceeding 1000 kw/m2. The towers are spaced only
10 meters apart, enabling tight integration with the heliostat field and allowing shared use of
heliostats for different configurations. This proximity supports simultaneous multi-receiver op-
eration, rapid setup changes, and efficient utilization of the field’s tracking infrastructure.

The compact and flexible tower arrangement is especially beneficial for the PYSOLO project,
which requires stable and continuous heat delivery for rotary kiln-based biomass pyrolysis.
Precise thermal control, rapid ramping, and uninterrupted flux are essential for maintaining
consistent reaction conditions—capabilities made possible by the combination of tower design,
heliostat field layout, and the advanced HeliOS control system.
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Figure 2.9: The solar thermal tower power plant at DLR Jiilich is shown on the left, while the Multifocus
Tower, which has been utilized for testing advanced solar technologies since 2020, is on the right[37].

2.5.5 Advances in Heliostat Design and Material Properties

Earlier generations of heliostats in CSP systems commonly employed monolithic glass panels
configured as sandwich structures and bonded to steel frames using industrial adhesives [38].
While straightforward to manufacture, these systems posed long-term durability issues such as
adhesive degradation, mirror delamination, and challenges in maintenance and component re-
placement.

The current generation of heliostats used in the PYSOLO project, adopts a modular
mirror design, reflecting a broader industry shift aimed at enhancing reliability and serviceabil-
ity. Each heliostat comprises four individual mirror facets, which simplifies optical alignment,
allows for selective replacement of damaged units, and streamlines field assembly [39, 40].
The mirror facets are manufactured by Flabeg and made from 4 mm thick low-iron solar glass,
coated with a silver layer to ensure high solar reflectivity and environmental durability [41].
The structural frame is constructed from galvanized mild steel, and includes canting mecha-
nisms that enable precise adjustment of each mirror facet during installation [39, [40].

This modular and materials-efficient design is particularly well-suited to mid-scale solar thermal
systems like the one used in PYSOLO, where optical performance, low maintenance needs, and
scalable deployment are critical. These design features also contribute positively to lifecycle
assessments by reducing embodied carbon and improving end-of-life recovery potential.



3 System Overview

3.1 System Configuration

The PYSOLO solar subsystem is modeled using heliostats from the existing Jiilich Solar Power
Tower (Germany), retrofitted by Synhelion to experimentally couple concentrated solar power
(CSP) technology with high-temperature thermochemical processes. The system integrates a ro-
tary kiln particle receiver—designed to directly heat granular particle heat carriers (PHCs)—with
a downstream biomass pyrolysis reactor. The heliostat field concentrates direct normal irradi-
ance (DNI) onto the kiln aperture, where PHCs absorb and store thermal energy before trans-
ferring it to the pyrolysis unit[[18}, 139, 136} 40} 37, 23].

The laboratory-scale design point is 15 kW of thermal power at the kiln aperture under steady-
state operation, sustained for approximately two hours per test. For the LCA, a functional unit
(FU) of 1 kWh of useful heat delivered to the particle bed is used. This allows all energy and
material flows—construction, operation, and end-of-life—to be expressed per FU.

3.1.1 Power from Individual Heliostats

Each Jiilich heliostat has an effective reflective area of 8.2 m? and an optical efficiency of 60%.
Under ideal clear-sky conditions (DNI = 900 W/m?), the thermal power delivered by a single
heliostat is:

Prer heliostat = 900W/m2 x 8.2m? x 0.60 ~ 4.43kW (3.1
To achieve the 15 kW target at the aperture:
15kW
Nheliostats = T13KW ~339—4 (3.2)

Thus, under optimal irradiation, four heliostats are theoretically sufficient.

However, long-term meteorological data for Jiilich show that typical clear-sky midday DNI val-
ues range between 750-800 W/m?[42]]. To maintain realistic and reliable operation, a baseline
DNI of 750 W/m? is adopted for all calculations. This choice ensures that the system is not
undersized under common operating conditions, rather than assuming ideal peak irradiance that
occurs only occasionally.

At DNI = 800 W/m?:

Prer heliostat = 800W x 8.2m?* x 0.60 = 3.94kW (3.3)

15kW
~ ~3.81 —4 4
3oqkw o8l 34)

At DNI = 750 W/m?:

Poer heliostar = 750 W x 8.2m? x 0.60 = 3.69kW (3.5)

15kW

~ ~4.07 .

3.00kw 0TS (3:6)

This shows that under typical German conditions, five heliostats are sufficient to maintain stable
15 kW operation, while still leaving a margin for variability.

23
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3.1.2 Sensitivity to Less Favorable Conditions

When DNI decreases further or optical efficiency is lower, the number of heliostats required
increases. For example:
At 700 W/m? and 60% optical efficiency:

Poer heliostat = 700W/m?* x 8.2m? x 0.60 ~ 3.44kW (3.7)
This requires:
15kW
~ ~436—5 3.8
3.44kW - 3-8)

At 800 W/m? and 50% efficiency:

Pper heliostat = SOOW/m2 x 8.2m? x 0.50 ~ 3.28 kW (3.9
Requiring:
I5kW
N 3R kw 4.57 =5 (3.10)

At 700 W/m? and 50% efficiency:

Prer heliostat = 700 W /m? x 8.2m? x 0.50 ~ 2.87kW (3.11)
Requiring:
15kW
N=~ ~5.23 6 3.12
2.87kW ” G.12)

Thus, the baseline of five heliostats provides a practical balance between reliability and cost
while accommodating typical variations in solar input.

3.1.3 System Operational Lifetime and Energy Delivery

Although the system setup shows how the system performs at any given moment, evaluating its
overall impact over time requires looking at the entire lifespan. So, the operational scenario is
defined based on the total energy the kiln delivers throughout its entire service life.

For laboratory-scale operation, the kiln operates at its design point of 15 kW at the receiver
aperture. Each experimental run lasts approximately 2 hours, with 292 operational days per
year. Assuming a service life of 15 years, the cumulative useful thermal energy delivered to the
particle bed is:

* Laboratory-scale operation: The kiln operates at its design point of 15 kW net thermal
input for approximately two hours per experimental run. Assuming 292 operational days
per year and a service life of 15 years, the cumulative useful thermal energy delivered
to the particle bed amounts to approximately 98,550 kWh (hereafter referred to as net
functional units, NFUs).

tife = 292 days/yr x 2hours/day x 15 years = 8,760hours
Pusetul = 15KkW X Nl = 15kW x 0.75 = 11.25kW (3.13)
NFUjap = Pusefur X tiife = 11.25kW x 8,760hours = 98,550kWh
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This total, expressed as 98,550 kWh NFU, forms the reference basis for all subsequent inventory
modelling and impact assessment. All results are normalized to the functional unit (FU), which
corresponds to 1 kWh of useful thermal energy delivered to the kiln bed.

All subsequent inventory modelling is normalized to the functional unit (FU), defined as 1 kWh
of useful thermal energy delivered to the particle bed inside the kiln. This definition ensures that
construction, operation, and end-of-life burdens are consistently allocated and that alternative
scenarios remain directly comparable.

3.1.4 Heat Delivered to the Kiln

The thermal energy at the receiver aperture is not fully transferred to the particle bed; the actual
useful energy depends on the kiln efficiency, Niin:

Quseful = Qaperture X Tkiln (3.14)

The functional unit (FU) of this study is defined as 1 kWh of useful thermal energy delivered
to the particle bed inside the rotary kiln. This is the actual amount of heat available for the
downstream pyrolysis process.

However, because the kiln is not perfectly efficient, more energy must be supplied at the aperture
to achieve this useful output. Assuming a kiln efficiency of 75%, the aperture input required per
FU is:

Quseful = Qaperture X 0.75 (3.15)
1 kWh
Qaperture per FU — 0.75 ~ 1.333 kWh (316)

In other words, for every kilowatt-hour of heat delivered to the particle bed, roughly 1.333 kWh
needs to enter through the kiln aperture.

This approach allows all flows of materials and energy—whether in construction, operation, or
end-of-life—to be expressed per 1 kWh of useful energy delivered to the particle bed, which is
particularly useful for comparing the different PHC scenarios.

3.1.5 Solar Power Requirements

Not all of the sunlight collected by the heliostats reaches the aperture due to optical losses (e.g.,
reflection, tracking errors, shading).

Considering an optical efficiency of 1oy = 60%, the incident solar energy required at the helio-
stat mirrors for the delivery of 1 FU (1 kWh of useful thermal energy) is:

Qaperture per FU 1.333 kWh
Nopt 0.60

This means that Each FU corresponds to 2.22 kWh of DNI incident on the heliostat mirrors
(before optical losses to the aperture).

Eincident per FU = ~2.22 kWh per FU (3.17)

At a baseline Direct Normal Irradiance (DNI) of 750 W/m?, each heliostat with a mirror area
of 8.2 m? collects:



CHAPTER 3. SYSTEM OVERVIEW 26

Prirror = 750 W/m? x 8.2 m? &~ 6.15 kW (3.18)

For 1 FU, only a fraction of this per-heliostat power is required. To ensure operational flexibility
and a safety margin, five heliostats are combined:

5x6.15 kW =~ 30.75 kW (3.19)

Accounting for optical efficiency:

Pyelivered = 30.75 kW x 0.60 ~ 18.45 kW (3.20)

This delivered power exceeds the 15 kW thermal requirement, providing operational flexibility
and accommodating variations in DNI, heliostat modulation, and other strategies.
Under higher insolation conditions (DNI = 900 W/mz), each heliostat receives:

Prirror = 900 W/m? x 8.2 m? ~ 7.38 kW (3.21)

Total power from five heliostats:

5 x7.38 kW =~ 36.9 kW (3.22)

After optical losses:

Pyelivered ~ 36.9 kW x 0.60 ~ 22.1 kW (3.23)

3.1.6 Scaling to Lifetime

The performance estimates described above correspond to the system’s instantaneous operation,
but for life cycle assessment (LCA) purposes, they must be scaled to the full system lifetime.
In this study, the heliostat field and rotary kiln are assumed to operate for 15 years, with an
availability of 80%, corresponding to approximately 292 operating days per year.

The total system lifetime useful energy, defined as the Net Functional Unit (NFU), is calcu-
lated as:

NFUj,p = 15kW x 0.75 x 292 days/year x 2h/day x 15years ~ 98,550kWh (3.24)

Each Functional Unit (FU) corresponds to 1 kWh of useful thermal energy delivered to the
particle bed. Scaling the instantaneous energy flows to the cumulative NFU gives the following
lifetime energy requirements, accounting for kiln efficiency (i, = 75%) and heliostat optical
efficiency (Noptical = 60%):

Useful heat delivered to the particle bed:

Eyserul = NFUp, = 98,550kWh (3.25)

Thermal energy required at the kiln aperture:

Eysetul - 987 550
Tkiln 0.75

Solar energy incident at heliostat mirrors:

~ 131,400kWh (3.26)

E aperture —
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Eaperture . 131,400
noptical 0.60

On a per-FU basis (1 kWh useful heat), the energy requirements are:

~219,000kWh (3.27)

Eincident =

1kWh
Nkiln

Qaperture, per FU = ~1.333 kWh/FU (3.28)

Qcollected, per FU — Qaperture, per FU X ~2.22 kWh/ FU (3.29)

optical

Table 3.1: Summary of laboratory-scale lifetime values.

Flow Lifetime total Per FU
Useful thermal energy delivered to the 98,550 kWh 1 kWh/FU
particle bed

Thermal energy entering at the kiln 131,400 kWh 1.333 kWh/FU
aperture

Incident solar energy collected at 219,000 kWh 2.22 kWh/FU

heliostat mirrors

These cumulative totals provide the quantitative foundation for linking the system’s technical
performance to the environmental burdens assessed in the LCA. They are used to scale all
material, energy, and emissions flows consistently, ensuring that both lifetime totals and per-FU
impacts are correctly captured.

3.2 PHC Scenarios

The PYSOLO solar subsystem is analyzed under three operational scenarios, each using a dif-
ferent Particle Heat Carrier (PHC): silica sand, bauxite, and olivine. The performance and
environmental impact of each scenario are quantified by calculating the energy and material
requirements per functional unit (FU) and over the system lifetime.

The particle mass required per FU is determined from the sensible heat needed to raise the
particle bed from 400°C to 800°C, based on the following equation:

Quseful per FU
= 3.30
" cp X AT (3-30)

where:
» m = particle mass per FU (kg)
* Quseful per FU = 1kWh ~ 3.6 MJ = 3.6 x 10°kJ
* ¢, = specific heat capacity of the particle material (kJ-kg~1-K~1)

* AT =800°C —400°C =400°C =400K
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Assumptions

* Baseline kiln efficiency = 75%, so the FU is defined at the particle bed as 1 kWh useful
heat.

 Steady-state operation with uniform bed heating.

* Specific heat capacities at 800°C (datasheets):

Table 3.2: Specific Heat Capacities of Materials.

Material cp (kJkg ' K™)
Silica sand 0.95
Bauxite 1.05
Olivine 1.25

Mass Calculations Per-FU

3.6 x 10°
Msand = 5795 % 400 9.47 kg/FU (3.31)
3.6 x 10°
Mpauxite = 1.05 < 400 ~ 8.57 kg/FU (3.32)
3.6 x 103
“ " ~720 kg/FU (3.33)

Molivine = m

Initial Circulating Inventory

Each laboratory run lasts 2 hours, during which the kiln delivers 11.25 kW of useful heat, cor-
responding to a total of:

Orn = 11.25 x 2 = 22.5kWh (3.34)

Since each FU is 1 kWh, this means each run delivers 22.5 FUs.
The circulating particle inventory must therefore be sufficient to supply 22.5 FUs in a single
run:

M = Mper FU X 22.5 (335)

where:

e Sand:
9.47 x22.5~213.16kg

* Bauxite:
8.57 x 22.5 ~ 192.86kg

¢ Olivine:
7.20 x22.5 =162.00kg

These values represent the one-time initial fill of the kiln with PHCs and are not repeatedly
counted in the life cycle model.
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Cumulative Recirculated Mass

Over the projected 15 years of laboratory-scale operation (292 operating days per year at 80%
availability of a year, with 2 hours of daily operation), the kiln is expected to deliver a total of
98,550 functional units (FUs), corresponding to 98,550 kWh of useful heat.

The total particle mass cycled through the kiln can be obtained by multiplying the material
demand per FU by the number of FUs delivered over the system lifetime.

Lifetime total = mparicle X 98,550 (3.36)

Silica sand:  9.47 x 98,550 ~ 933,269kg ~ 933.27t (3.37)
Bauxite: 8.57 x 98,550 ~ 844,573kg ~ 844.57t (3.38)
Olivine: 7.20 x 98,550 ~ 709,560kg ~ 709.56t (3.39)

It is important to note that these values represent the cumulative throughput of the particles
as they are repeatedly circulated and heated within the kiln. They do not correspond to fresh
material demand, since the bulk particle inventory is reused continuously and only minor re-
placement is required due to attrition losses.

Lifetime Make-up (Attrition)

In the PYSOLO system, Particle Heat Carriers (PHCs) such as sand, bauxite, or olivine circu-
late continuously within the rotary kiln and are reused rather than consumed. Consequently,
the environmental impacts associated with the full particle inventory are only accounted for
once, at the time of system filling. If the entire inventory were counted for each functional unit
(FU), this would substantially overestimate material use and the corresponding environmental
burdens.

Over time, a small fraction of the particles is lost due to attrition, which includes mechani-
cal wear, surface erosion, and fracture during handling and transport within the system. To
reflect this in the life cycle assessment, only the make-up mass required to replace these losses
is considered as an input.

Attrition is modeled as a constant annual fraction of the circulating inventory. The total make-up
mass over the laboratory-scale operational lifetime (15 years) is calculated as:

Lifetime make-up =M xa xY (3.40)

where:

M = circulating inventory (kg)
a = annual attrition rate (fraction per year)
Y = operational lifetime (years, 15 for the lab case)

This gives the total mass of fresh particles that must be supplied over the system’s lifetime.
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To integrate this into OpenLCA, the per-FU make-up are calculated, which represents the
amount of replacement material associated with each 1 kWh of useful thermal energy deliv-
ered.

Lifetime make-up M xaxY
NFUjqp 98,550

In this study, NFUj,, = 98, 550kWh represents the total useful thermal energy delivered over
the 15-year laboratory-scale operation. Dividing the total make-up mass by this value yields a
material input expressed per functional unit, which can be directly implemented in OpenLCA.
This approach ensures that the environmental impacts associated with particle replacement are
accurately allocated on a per-kilowatt-hour basis, while preventing the repeated counting of the
circulating PHC inventory that is continuously reused throughout operation.

Make-up per FU = (3.41)

Table 3.3: Inventory Values for Circulating Particles.

Material M (kg) a(yr ') Lifetime make-up Per-FU make-up
(kg) (kg/FU)
Sand 213.16 0.01 31.97 3.24x107%
Bauxite 192.86 0.005 14.46 1.47 x10~*
Olivine 162.00 0.003 7.29 7.40x1073

Notes: These values reflect only the replacement material required to compensate for attrition. The large
circulating throughput is not re-counted, ensuring a realistic representation of material demand.

This approach provides a realistic representation of material demand, allowing for accurate
assessment and comparison of different PHC scenarios without inflating the environmental bur-
dens associated with internal particle recirculation.

Table 3.4: Summary Table — Material Requirements Per Functional Unit.

Material cp (kJ -kg*I-K*I) Mass per Lifetime total (kg) Per-FU
FU (kg) make-up

(kg/FU)
Sand 0.95 9.47 933,269 3.24x107%
Bauxite 1.05 8.57 844,573 1.47x1074
Olivine 1.25 7.20 709,560 7.40%x107°

Notes: All results are reported per functional unit (1 kWh useful heat) delivered to the particle bed.
Lifetime burdens are calculated for 15 years of laboratory-scale operation, assuming 292 operating
days per year (80% availability).



4 LCA Methodology

4.1 Goal and Scope

The goal of this life cycle assessment (LCA) is to quantify the environmental impacts associated
with the construction, operation, and end-of-life stages of the PYSOLO solar-driven thermal
energy delivery system. The assessment encompasses all phases from raw material extraction
through decommissioning, with a specific focus on the heliostat field, rotary kiln receiver, and
supporting infrastructure. Both direct operational impacts and upstream and downstream bur-
dens are captured.

Results are reported per a clearly defined functional unit (FU) to ensure comparability and
reproducibility. In addition to quantifying environmental burdens, the study evaluates which
particle heat carrier (PHC) scenario—silica sand, bauxite, or olivine—yields the lowest life-
cycle impact under consistent system boundaries. The assessment follows the ISO 14040/44
framework for attributional LCA and adopts a cradle-to-grave perspective.

4.2 Functional Unit

For this assessment, the functional unit (FU) is defined as 1 kWh of useful thermal energy
delivered to the particle bed in the rotary kiln. This FU represents the actual energy available
for downstream processes and enables normalization of all material, energy, and emission flows
per unit of delivered useful heat.

All system components—including the heliostat field, rotary kiln receiver, and particle heat
carriers (PHCs)—are included within the FU. This ensures that construction, operation, and
end-of-life impacts are consistently allocated across the system and across different PHC sce-
narios.

The system is assumed to operate at 80% availability, corresponding to 292 operating days
per year. Over a 15-year laboratory-scale service life, this amounts to 4,380 operating days.
During each operating day, the kiln runs for two hours at a useful thermal output of 11.25 kilo-
watts. This results in a daily energy delivery of 22.5 kilowatt-hours of useful heat. Since the
functional unit (FU) is defined as one kilowatt-hour of useful thermal energy, each operating
day corresponds to 22.5 FUs.

Over the 15-year lifetime, the kiln therefore delivers a total of 98,550 FUs, equivalent to 98,550
kilowatt-hours of useful heat. Construction and end-of-life burdens are modeled as one-time
activities and distributed evenly across all 98,550 FUs. Operation and maintenance activities
are modeled cumulatively over the system lifetime and likewise normalized per FU.

Each FU represents one kilowatt-hour of useful thermal energy delivered to the particle bed. To
provide this, approximately 2.22 kilowatt-hours of incident solar energy must reach the helio-
stat mirrors, reflecting a kiln efficiency of 75 percent and an optical efficiency of 60 percent.

Defining the FU in this way ensures that the life cycle assessment accounts only for the thermal
energy actually delivered by the system, while allowing fair comparison between different parti-
cle heat carrier (PHC) scenarios and with other thermal energy technologies. The total lifetime
delivery of 98,550 kilowatt-hours thus forms the reference basis for all subsequent modeling
and impact assessment.

31
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4.3 Life Cycle Phases

The life cycle of the PYSOLO solar subsystem is divided into three main phases:

* Construction: This phase includes the manufacture, transport, and installation of he-
liostats, the rotary kiln receiver, structural supports, and auxiliary systems. Construction
is modeled as a one-time activity, with all associated impacts distributed evenly across
the total number of functional units (FUs).

* Operation and Maintenance (O&M): Routine servicing, spare parts replacement, and
auxiliary electricity consumption over the 15-year laboratory-scale operational period are
included in this phase. Impacts are modeled as cumulative totals and allocated per FU to
accurately reflect their contribution to the life cycle.

* End-of-Life (EoL): Activities related to dismantling, recycling, and disposal of system
components are included. Like construction, these impacts are modeled as one-time
events and evenly distributed across all FUs.

These three phases together constitute the full system life cycle, forming the basis for all per-
kWh intensity results reported in the environmental impact assessment.

4.4 Software and Databases

The LCA modeling was performed using OpenLCA, selected for its flexibility in handling cus-
tom process chains and its compatibility with widely used life cycle inventory databases.

* Ecoinvent v3.10 (cut-off approach) was the main data source, ensuring conservative ac-
counting of recycled materials.

This combination provides a comprehensive and robust dataset for modeling the environmental
impacts of the PYSOLO system.

4.4.1 Allocation procedures

No allocation was applied in this study. For background processes that produce more than
one output, the default Ecoinvent “cut-off by classification” approach was used. This ensures
consistency with widely used life-cycle inventories and avoids introducing additional allocation
assumptions.

4.4.2 Cut-off rules

Flows that contributed less than 1% of the total mass or energy of a process were left out of the
system model. These small inputs are not expected to change the overall results of the study.

4.4.3 Data quality

Foreground data, such as particle circulation and kiln operation, came from laboratory and pilot-
scale experiments, which adds some uncertainty. Background data for materials, energy, and
waste management were taken from the Ecoinvent database, giving good consistency but not
always perfectly matching the specific location or technology of the system.
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4.5 System Boundaries

In life cycle assessment, the system boundary defines which processes and stages are included
in the evaluation. It sets the limits for raw material extraction, manufacturing, transportation,
use phase, and end-of-life treatment, including relevant upstream and downstream activities.
Clearly defined boundaries are critical for ensuring transparency, reproducibility, and accurate
assessment of the system’s environmental profile.

For this study, the system boundary covers the solar subsystem of the PYSOLO project and

includes the following processes and components(Figure 4.1)).

* Raw material extraction for major components.

* Manufacturing of heliostats, the rotary kiln receiver, structural supports, and auxiliary
equipment.

* Transportation of components to the experimental site.

» System operation, including solar energy input, auxiliary electricity use, and O&M activ-
ities.

* End-of-life treatment, including dismantling, recycling, and disposal.

Processes outside this boundary are excluded, including downstream impacts beyond the deliv-
ery of useful thermal energy to the rotary kiln, as well as unrelated infrastructure. The chosen
boundary ensures a focused assessment of the environmental impacts associated with the solar-
driven thermal subsystem.
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Figure 4.1: System boundary of the solar subsystem in the PYSOLO project, showing key materials, manufacturing, trans-
port, operation, and end-of-life; downstream impacts beyond thermal energy delivery are excluded.

4.6 Life Cycle Inventory (LCI)

The life cycle inventory (LCI) compiles all material and energy inputs associated with the con-
struction, operation, and end-of-life of the solar thermal system. As described in
calculations of material and energy flows were performed on both a per functional unit (FU)
basis and for the entire 15-year lifetime of the system (98,550 FUs). These totals are now trans-
lated into structured inventory tables suitable for LCA modeling in OpenLCA.

All inventory flows in OpenLCA a modeled on a 15-year system lifetime. Construction and
end-of-life activities were entered as one-time flows for the whole system; operation and main-
tenance flows were entered as cumulative totals over 15 years; and particle make-up was entered
as the total replacement mass required over 15 years. After performing LCIA for the lifetime
system, results were normalized to the functional unit by dividing lifetime impacts by the total
number of functional units delivered over the lifetime NFUj,, = 98,550 kWh, yielding impacts
reported per 1 kWh useful thermal energy delivered.

The ReCiPe 2016 Midpoint (Hierarchical) method was selected for the impact assessment for
several reasons. First, it provides a wide set of midpoint indicators that are widely used in
energy-system LCAs, allowing clear analysis of specific environmental impacts such as climate
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change, acidification, particulate matter, human toxicity, and resource depletion. Midpoint indi-
cators are particularly useful for process-level studies because they avoid the extra uncertainty
and high aggregation that comes with endpoint indicators, making the results easier to interpret
for design decisions|[|14} 43]].

Second, ReCiPe’s characterization factors are well-documented and available in most LCA
software, which makes the results reproducible and comparable with other recent studies on
concentrated solar power (CSP). Compared to other common methods like CML or the Product
Environmental Footprint (PEF/EF 3.1), ReCiPe covers a broader range of midpoint indicators
relevant to both construction (materials, metals) and operation (emissions, toxicity), and it is
widely used in recent CSP literature.

However, no single method is perfect. ReCiPe has limitations in capturing localized impacts,
such as site-specific water scarcity or land transformation.

4.6.1 Heliostat construction

The material calculations for the heliostats in the Jiilich solar power plant were adapted using
the Synhelion DAWN heliostat design as a reference for current industrial imple-
mentation. Initial reference values were taken from the SunRing heliostat model documented
by NREL, which features a 26.96 m? aperture and a total mass of approximately 390 kg, includ-
ing glass mirrors, steel structures, drives, electronics, foundation materials, and fasteners[39].
Scaling factors based on per-square-meter aperture and facet geometry were applied to align
these reference values with the DAWN configuration and operational data from the plant.

The DAWN heliostats differ from the SunRing model by employing four separate mirror facets
instead of a single monolithic panel, providing a total reflective surface area of 8.2m? per
heliostat[36, 41]. The mirrors are manufactured from 4 mm low-iron solar glass, contribut-
ing a volume of 0.0328 m3 and a mass of approximately 82 kg per heliostat (410 kg for a batch
of five). Supporting elements are constructed from low-alloy steel. Based on scaled SunRing
data and DAWN geometry, the steel allocation per heliostat is approximately 44 kg for founda-
tion pylons, 25 kg for the mirror frame and canting structures, 8 kg for drive components, 3 kg
for fasteners and brackets, and 4 kg for the motor housing, totaling 84 kg per unit (420 kg for
five heliostats).

Each mirror is oriented using two electric actuators per heliostat—one for azimuth rotation
and one for elevation rotation[34]. Each actuator contains a small electric motor (10 kg) and
associated mechanical components, including housings, bushings, lubricating oil, and fasteners.
Each motor comprises roughly 2.5 kg of copper windings, 4 kg of electrical steel laminations,
3 kg of aluminium housing, 0.5 kg of Nylon-6, and 0.01 kg of lubricating oil. Motor fabri-
cation requires approximately 250 MJ (69.4 kWh) of electricity per motor, resulting in typical
machining and assembly losses of 0.05 kg of copper, 0.12 kg of steel, 0.06 kg of aluminium,
0.025 kg of Nylon-6, and 0.0005 kg of oil. Two actuators per heliostat result in a total motor
energy demand of 500 MJ (138.8 kWh) per unit.

Beyond the motors themselves, system-level assembly for a five-heliostat batch includes ad-
ditional components: 3 kg of copper cabling, 1.5 kg of PVC insulation, 2 kg of printed wiring
boards, 1.5 kg of passive electronic components, 2.5 kg of Nylon-6 bushings and covers, 10 kg
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of steel gearbox parts, 2 kg of aluminium casings, 0.5 kg of lubricating oil, and 30 kg of steel
actuator supports and housings. Integration activities—such as PCB soldering, wiring, housing
assembly, and functional testing—consume approximately 70 MJ (19.4kWh) for the batch, or
14 MJ (3.9kWh) per heliostat.

The construction of each heliostat was divided into six main steps: foundation and support
structure preparation, drive and control system assembly, mirror module fabrication,
frame and heliostat assembly, transportation and installation, and commissioning and cal-
ibration.

Each step was modeled individually in OpenLCA using data from environmental product dec-
larations (EPDs), industrial reports, and relevant literature. Mass flows, energy requirements,
transport distances, and waste fractions were incorporated to provide a detailed and realistic
representation of heliostat construction impacts, consistent with European industrial practices.

I. Foundation and Support Structure Preparation

The foundation and support structure for each Synhelion DAWN heliostat was modeled using
0.08 m? of reinforced concrete per unit, corresponding to 192 kg per heliostat or 960 kg for the
five-unit batch. Low-alloyed steel for pylons and support structures was estimated at 44 kg per
heliostat, totaling 220 kg for five units.

1. Energy

Electricity demand for this stage was calculated by summing the contributions from rebar fab-
rication, concrete pumping, and concrete vibration.

* Rebar fabrication: 220 kg of steel processed at 15.34 kWh/t [44]
= 3.37 kWh for 220 kg of steel.

+ Concrete pumping: 0.4 m> per 5 heliostat at 3.89 kWh/m?> [45]]
= 1.56 kWh per 5 heliostat.

* Concrete vibration: Literature reports 4.66 MJ for five minutes of operation [46].
Assuming this value applies to 0.4 m3, the required energy is:
= 1.30 kWh.

Total electricity per heliostat: 3.37 4+ 1.56 4+ 1.30 =~ 6.23 kWh, or 31.15 kWh for the five-
heliostat batch.

2. Transport

Transport requirements were calculated based on the delivery distances and material masses:

* Concrete: locally mixed at Jiilich, 0.96 t x 20 km = 19.2 t-km.

* Steel: fabricated at Kraftanlagen Miinchen, 0.22 t x 150 km = 33 t-km.

Total transport: 52 t-km.
3. Waste
Waste flows were included according to typical European construction practices:

* Concrete waste: 3% of the total concrete (29kg) is assumed due to over-ordering,
spillage, and handling losses, consistent with industry data where baseline wastage rates
for in-situ concrete range from 2.5% (good practice) to 5% (baseline) [47]].
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* Steel scrap: 3% of total steel (6.6 kg) from cutting and trimming during fabrication and
installation, in line with observed construction practices [48].

The outputs of this stage are the prepared concrete foundations and steel support structures for
the five heliostats, ready for assembly of the drive and mirror modules.

I1. Drive & Control System Assembly

Each Synhelion DAWN heliostat is equipped with two electric actuators: one for azimuth (hori-
zontal rotation) and one for elevation (vertical rotation). Each actuator contains a small electric
motor (10 kg) along with minor mechanical components, including housings, bushings, lubri-
cating oil, and fasteners. The motor is the core energy-converting component, while the actuator
represents the complete assembly transmitting motion to the mirror.

I. Motor Composition per Actuator:

Each heliostat in the Jiilich solar field is equipped with two electric actuators—one controlling
azimuth and the other controlling elevation—resulting in a total of 10 motors for a batch of five
heliostats. Each actuator’s motor is composed of multiple materials: copper windings (2.5 kg),
electrical steel laminates (4 kg), an aluminium housing (3 kg), Nylon-6 components (0.5 kg),
and a small quantity of lubricating oil (0.01 kg).

1. Energy

The fabrication and assembly of each motor require approximately 250 MJ (69.4 kWh) of elec-
tricity. This estimate includes upstream processing of raw materials, motor manufacturing,
assembly, and motor-level testing, based on literature values for small industrial motors[49, 50,
S1].

2. Transport

Transport of the motor components from European suppliers contributes roughly 3 t-km per
motor.

3. Waste

Material losses during fabrication are relatively minor. Typical waste streams per motor include
about 0.05 kg of copper, 0.12 kg of steel, 0.06 kg of aluminium, 0.025 kg of Nylon-6, and
0.0005 kg of lubricating oil. These losses represent machining offcuts, trimming, and handling
inefficiencies, consistent with standard industrial practices.

A summary of motor composition, energy use, transport, and waste for the actuator fabrication
stage is provided in the Tablefd. 1|
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Table 4.1: Electric motor, small, assembled (heliostat actuator type).

Input Component Total Mass (kg) Description Notes

Copper, cathode 2.5kg Copper (windings) Small electric motor contains
15-25% copper by mass

Steel, low-alloyed 4 kg Electrical steel (laminates) 40-50% by mass in small motors

Aluminum, wrought alloy 3 kg Aluminum housing 20-30% by mass in typical motor
design

Nylon 6 0.5 kg Plastics (insulation, fans) 5% of motor mass

Lubricating oil 0.01 kg Lubricating oil (minor) < 0.1% of total motor mass

Electricity, medium voltage 69.44 kWh (250 MJ)  Motor fabrication energy Based on MIT study, approx. 25
Ml/kg

Transport transport, freight, 3 tkm - Transport distances are approxi-

lorry 16-32  metric  ton, mately 500 km for copper wind-

EURO6 ings,around 200 km for steel cores;

about 300 km for aluminum hous-
ings; approximately 150 km for
Nylon 6; and roughly 100 km for
lubricating oil.

Output Components Total Mass (kg) Description Notes

Electric motor, small, as- 1 item Completed heliostat actuator

sembled motor

Scrap copper 0.05 kg Winding trimming 2% loss of copper

Scrap steel 0.12 kg Offcuts from lamination 2-3% of steel

Waste aluminum 0.06 kg Machining/extrusion scrap 2-3% of aluminum

Waste mineral oil 0.0005 kg Spill/filling losses 3—6% of oil

Waste plastic, mixture 0.025 kg Injection moulding scrap (Nylon 6 scrap) 3—-5% of nylon

II. System-Level Assembly for 5 Heliostats (10 Actuators Total):

The system-level assembly for a batch of five heliostats, which includes ten actuators, covers
the mechanical and electronic integration needed to operate the motors. Components installed
at this stage include copper cabling (3 kg), PVC insulation (1.5 kg), printed wiring boards (2
kg), passive electronic components (1.5 kg), Nylon-6 bushings and covers (2.5 kg), and steel
actuator supports and housings (30 kg). The gearboxes themselves contain 10 kg of steel, 2 kg
of aluminium, and 0.5 kg of lubricating oil.

1. Energy

Assembly activities such as PCB soldering, wiring, housing integration, and functional testing
consume about 70 MJ of energy for the entire batch, or roughly 14 MJ per motor. This represents
the additional energy needed beyond the motor fabrication itself and ensures that the system-
level assembly is accounted for without double-counting motor-level energy.

2. Transport

Transport of components adds another contribution to the life cycle. Copper cabling and elec-
tronics are transported approximately 400 km from Device Logic in the Frankfurt region to
Jiilich, accounting for 5.2 t-km, while steel supports and housings are shipped 550 km from
Kraftanlagen Miinchen, adding 22 t-km. The total transport for this stage is therefore 27.2 t-km.
3. Waste

Waste generated during assembly is small but included in the modeling. Typical losses include
approximately 0.06 kg of copper (about 2% of cabling and windings), 1.2 kg of steel (around
3% of structural steel), 0.07 kg of electronics (1-2% of PCBs and passive components), 0.2
kg of plastic (roughly 5% of Nylon-6 and PVC from molding losses), 0.025 kg of lubricating
oil (less than 0.1% of the total), and 0.04 kg of aluminum (about 2% machining losses). These
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losses reflect machining offcuts, trimming, soldering rejects, minor spillage, and small assembly
errors, all handled according to standard European recycling and disposal practices.

II1. Mirror Module Fabrication

The heliostat mirror assemblies consist of low-iron glass with a silvered back coating, mounted
on steel frames. Each heliostat employs four facets with a total reflective area of 8.2 m?, giving
41 m? across the five units considered here. With 4 mm glass thickness and a density of 2,500
kg/m?3, the total mirror glass mass is 410 kg. A thin reflective silver layer (0.15 g/m) contributes
6.15 g for all mirrors. The support structures require 125 kg of low-alloyed steel and 2 kg of
PVC for fastening and minor framing components.

1. Energy

Energy demand is based on the Guardian Glass EPD for wet-coated glass, which specifies 21.91
MlJ/m2? ( 6.086 kWh/m?) for silvering and curing (A3 stage)[52]. Applied to the 41 m? total mir-
ror area, this yields 249.5 kWh. Cutting losses are accounted for using a conservative estimate
of 0.3 kWh/m?2, based on CNC score-and-break cutting tables (Bottero 352BCS; Biesse Genius
CT-Next), giving an additional 12.3 kWh[53,154]]. The total processing energy is therefore 263.3
kWh, corresponding to 0.64 kWh/kg of mirror glass.

2. Transport

Transport burdens are calculated for delivery of mirror glass, silver, and structural backing
materials from Flabeg (Germany)[41] to Jiilich (300km). With a shipment mass of 0.54 t, this
equals 161 t-km of freight transport.

3. Waste

Material efficiency is constrained by processing losses. Cutting and breakage of glass is as-
sumed at 3% (12 kg) in line with DOE heliostat fabrication data and European flat glass LCAs.
Steel cutting scrap is set at 3% (3.75 kg). For PVC supports, approximately 5% offcuts (0.1 kg)
are considered. These wastes are managed conventionally, steel scrap is recycled, while minor
plastics and glass wastes are disposed of or downcycled, with glass cullet potentially remelted
where infrastructure allows.

The output of this process is five fully fabricated mirror modules, representing 410 kg of func-
tional silvered glass mounted in 125 kg of supporting steel structure, ready for heliostat assem-
bly.

IV. Frame & Heliostat Assembly

The frame and heliostat assembly stage comprises final integration of the mirror modules, steel
support structures, drive assemblies, and auxiliary components. Activities include welding of
minor structural joints, bolting of subassemblies, routing and soldering of cabling, lubrication
of moving parts, and installation of actuators.

1. Energy

Electricity demand is dominated by welding operations. Literature reports arc welding electric-
ity use between 4—7 kWh per kg of deposited weld metal[55]. Assuming 0.4 kg of weld metal
per heliostat, or 2 kg across the batch of five units, results in 8—14 kWh of electricity. Additional
energy stems from bolting, wiring, soldering, and tool use, estimated at 1-2 kWh per heliostat,
or 5-10 kWh in total. Lubrication of gearboxes and joints contributes negligible consumption
(0.5 kWh). The combined electricity use therefore falls in the range 13.5-24.5 kWh, making
the conservative assumption of 25 kWh for five heliostats (5 kWh per unit) consistent with both
industrial data and previous CSP component LCAs.
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2. Transport

Material inputs include 15 kg of steel fasteners and brackets, 1 kg of nylon bushings, and 2.5
kg of lubricating oil for gear assemblies.Subassemblies such as supports, drives, and mirrors,
which are produced in earlier stages, are moved internally to the final assembly zone. For a
standard shipment of approximately 0.8 tons over a distance of 20 kilometers, this amounts to
roughly 16 ton-kilometers of lorry transportation.

3. Waste

Waste streams arise from offcuts and handling losses. Steel trimming losses are estimated at
3% (0.45 kg), nylon bushings at 5% (0.05 kg), and mineral oil at 5% (0.125 kg). These waste
streams are managed in accordance with European regulations: steel scrap is recycled or land-
filled, plastics are incinerated, and waste oil is burned as hazardous waste.

The result of this stage is a set of five complete heliostats, each featuring a welded and bolted
steel frame, reflective mirror modules, drive and actuator assemblies, and lubricated moving
parts, fully prepared for transport and installation on site.

V. Transportation & Installation

Five fully assembled heliostats (approximately 174.32 kg each after accounting for losses, total
0.871 t) are transported from the fabrication site to the solar field. Assuming a delivery distance
of 100 km using a EUROG lorry (16-32 t capacity), this results in 87.16 t-km of freight transport.

For installation, a small electric crane or mobile hoist is used to lift and position each helio-
stat. Crane electricity demand was estimated using an engineering power X time approach.
Typical small hoists and site cranes draw 5—15 kW during lifting, with active hoist durations of
20-60 seconds per lift. This corresponds to 0.03—-0.25 kWh per lift. With 2-3 lifts per heliostat
and 5 heliostats in total, the installation requires approximately 0.4—2.3 kWh, with a midpoint of
1.2 kWh reported in the LCA. These estimates are consistent with crane energy studies [S6, 57]
and manufacturer data for small electric cranes|[58]].

VI. Commissioning & Calibration

Following installation, each heliostat undergoes a one-time commissioning and calibration pro-
cedure to ensure correct motor alignment, tracking functionality, and control system reliability.
This is considered part of the installation stage, not regular operation.

The electricity demand is estimated as:

* Motor calibration: approximately 1.5 kWh per actuator. With 2 actuators per heliostat
and 5 heliostats, this equals 15 kWh.

* Controls, testing, and recalibration: approximately 2-3 kWh per heliostat, giving an
additional 22.5 kWh.

The total commissioning load is therefore 37.5 kWh for all 5 heliostats. This value represents
a one-time startup requirement, not ongoing operational energy.

Table 4.2] provides a detailed overview of the materials, energy inputs, and transport processes
involved in manufacturing the Synhelion DAWN heliostats currently operating at the Jiilich
solar tower. It covers the main construction materials—concrete, steel, aluminium, copper,
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plastics, glass, lubricants, and electronic components—as well as the detailed composition of
the electric motor subassemblies. The table also reports associated waste fractions, capturing
typical industrial losses such as cutting offcuts, machining residues, handling inefficiencies, and
assembly spillages.

The values presented are assumed in this thesis, based on scaling from reference designs and
literature-based estimates, due to the lack of detailed site-specific data. As such, the quantities
may not exactly reflect actual material or energy use but provide a conservative and transparent
basis for life cycle assessment modeling.



Table 4.2: Materials, Energy Inputs, Transport, and Waste in Heliostat Manufacturing (5 units, Synhelion DAWN design, Jiilich).

Material / Flow Process Step Input Unit Waste / Waste Notes/ References
Amount Losses %
Concrete (30 MPa) Foundation & Support 960 kg 29.0 3.0% Foundations; waste due to over-
Structure ordering/spillage
Steel, low-alloyed Foundation & Support 220 kg 6.6 3.0% Pylons/supports; cutting/rebar
Structure losses

Electricity, medium Foundation & Support 31.15 kWh - - Cutting/welding steel and concrete

voltage Structure prepration energy

Freight, lorry 16-32 t Foundation & Support 52 tkm - - Steel + concrete delivery

(EU6) Structure

Output:Support Foundation & Support 5 item - - Prepared concrete bases + steel sup-

Structures Structure ports.

Aluminium, wrought Drive& Control System 2 kg 0.04 2.0%  Gearbox-Casing material, if sepa-

alloy rate from motor body; Machining
losses

Steel, low-alloyed Drive & Control System 40 kg 1.2 3.0% Motor mounts, actuator supports,
frames and Gearbox Components-
Small gear housings and mechani-
cal mounts; Machining scrap

Copper, cathode Drive & Control System 3 kg 0.06 2.0% Cabling & Electronics-Wiring for
motors and control systems;Wiring
offcuts

Nylon 6 Drive & Control System 2.5 kg 0.125 5.0% Cabling & Electronics-Bushings

and fasteners; Electronics casing

Continued on next page
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Table 4.2 continued

Material / Flow Process Step Input Unit  Waste Waste Notes / References
Amount Losses %
PVC (susp. polymer- Drive & Control System 1.5 kg 0.075 5.0%  Cabling & Electronics-Cable insu-
ized) lation and supports; Cabling insula-
tion scrap
Lubricating oil Drive & Control System 0.5 kg 0.025 5.0%  Gearbox-Lubricating oil (gear lu-
(gearbox) brication; Handling/filling losses
Printed wiring boards Drive & Control System 2.0 kg 0.04 2.0% Cabling & Electronics-PCBs for
(Pb-free) heliostat controllers; Reject/rework
Electronic components, Drive & Control System 1.5 kg 0.03 2.0% Cabling & Electronics-Sensors,
passive chips, and control elements ;Small
reject fraction
Electric motors, assem- Drive & Control System 10 items — - 2 per heliostat; materials counted in
bled Table@
Electricity, medium Drive & Control System  19.4 kWh - - Assembly energy
voltage
Freight, lorry 16-32 t Drive & Control system  27.2 tkm - - Electronics + casings transport
(EU6)
Output: Drive Assem- Drive & Control system 5 item - - Complete motor-drive systems with
blies controls
Steel, low-alloyed Mirror Module Fabrica- 125 kg 3.75 3.0%  Mirror frame and canting structure;
tion Frame waste
Flat glass, uncoated Mirror Module Fabrica- 410 kg 12.0 3.0% Mirror surfaces for 5 heliostats;
tion Cutting/breakage
Silver Mirror Module Fabrica- 0.00615 kg - - Reflective layer,0.15 g/m? x 41 m2.

tion

Source: DOE/NREL and Flabeg
typical solar mirrors

Continued on next page
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Table 4.2 continued

Material / Flow Process Step Input Unit  Waste Waste Notes / References
Amount Losses %

PVC (susp. polymer- Mirror Module Fabrica- 2.0 kg 0.1 5.0% Frames and supports; Moulding

ized) tion losses

Electricity, medium Mirror Module Fabrica- 263.3 kWh - - Glass cutting, silvering

voltage-DE tion

Freight, lorry 16-32 t Mirror Module Fabrica- 161 tkm - - Delivery of glass and backing mate-

(EU6) tion rials,Glass supply (Flabeg)

Output: Mirror Mod- Mirror Module Fabrica- 5 item - - Fully assembled mirror panels

ules tion

Support Structures Frame & Heliostat As- 5 item - - Prepared concrete bases + steel sup-
sembly ports.

Drive Assemblies Frame & Heliostat As- 5 item - - Complete motor-drive systems with
sembly controls

Mirror Modules Frame & Heliostat As- 5 item - - Fully assembled mirror panels
sembly

Steel, low-alloyed Frame & Heliostat As- 15 kg 0.45 3.0% Fasteners & Adhesives-Additional
sembly frame and bracket parts; Offcuts

Nylon 6 Frame & Heliostat As- 1.0 kg 0.05 5.0% Frame Assembly(joint bushings);
sembly Bushings/insulation

Lubricating oil Frame & Heliostat As- 2.5 kg 0.125 5.0%  Gear lubrication during assembly;
sembly Spillage

Electricity, medium Frame & Heliostat As- 25.0 kWh - - Welding/bolting energy

voltage-DE sembly

Continued on next page
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Table 4.2 continued

Material / Flow Process Step Input Unit Waste / Waste Notes/ References

Amount Losses %
Freight, lorry 16-32 t Frame & Heliostat As- 16 tkm - - Delivery of heliostats
(EU6) sembly
Output: Assembled Frame & Heliostat As- 5 item - - Complete heliostats ready for trans-
Heliostats sembly port
Output: Assembled Transportation & Instal- $§ item - - Complete heliostats ready for trans-
Heliostats lation port
Electricity, medium Transportation & Instal- 1.2 kWh - - cranes and positioning energy
voltage-DE lation
Freight, lorry 16-32 t Transportation & Instal- 87.16 tkm - - Delivery of heliostats to solar field
(EU6) lation
Output: Installed He- Transportation & Instal- 5 item - - Heliostats mounted and aligned on
liostats lation site
Output: Installed He- Commissioning & Cali- S item - - Heliostats mounted and aligned on
liostats bration site
Electricity, medium Commissioning & Cali- 37.5 kWh - - Running motors for calibration and
voltage-DE bration testing
Output: Heliostats Commissioning & Cali- 5§ item - - Fully operational heliostats, cali-

bration

brated and functional

ADOTOAOHLAN VO'1 v d4LdVHO
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Transportation in Heliostat Construction

Transportation plays an important role in the life cycle of heliostats, as materials and compo-
nents need to be moved from suppliers to fabrication sites and then to the installation location.
In this study, transportation is considered at two levels. First, the movement of raw materials
and components to fabrication and assembly sites, which is included within each process step.
Second, the transport of fully assembled heliostats from the assembly location to the installation
site is accounted for separately, using the total weight and an average distance of 100 km. This
approach avoids double-counting while capturing both upstream and downstream transport im-
pacts in the life cycle assessment.

The following table provides detailed information on the transportation distances, process steps,
and source locations for various materials and components involved in the heliostat manufac-
turing process.

Table 4.3: Transport Details of Materials and Components in Heliostat Manufacturing.

Material / Component

Process Step

Transport Distance Source Location

Concrete Foundation & Sup- port 20 km Local batching, Jiilich
Structure

Steel (structural) Foundation & Sup- port 550 km Kraftanlagen Miinchen, Ger-
Structure many

Cabling and Electronics Drive & Control Sys- 400 km Device Logic, Frankfurt area,
tem Germany

Steel Supports and Housing ~ Drive & Control Sys- 550 km Kraftanlagen Miinchen, Ger-
tem many

Small Electric Motors Drive & Control Sys- 300 km Regional European suppliers
tem

Aluminium Mirror and Frame As- 300 km Nearby EU plants
sembly

Nylon 6 Mirror and Frame As- 150 km Chemical plants, Germany /
sembly Belgium

Lubricating Oil Mirror and Frame As- 100 km Local refinery
sembly

Flat Glass (mirrors) Mirror and Frame As- 300 km FLABEG Automotive, Furth
sembly im Wald, Germany

Subassemblies Frame and Heliostat 20 km From fabrication steps to final
Assembly assembly site

Fully Assembled Heliostats Transport to Solar Field 100 km Assembly site to installation

site, Jiilich
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4.6.2 Heliostat Operation and Maintenance

The total primary energy input from solar sources required over the 15-year operational lifetime
of the heliostat system is assumed to be approximately 219,000 kWh. As detailed in Section 3
(System Overview), this calculation incorporates an assumed optical efficiency of 60%, mean-
ing that only 60% of incident solar radiation is effectively converted into thermal energy at the
kiln. The useful thermal energy delivered to the kiln over 15 years is assumed to be 98,550 kWh.
Adjusting for the kiln’s thermal efficiency of 75% increases this to an aperture energy require-
ment of about 131,400 kWh. When further adjusted for heliostat field optical efficiency, the
total incident solar energy aligns with the previously calculated 219,000 kWh.

Maintenance requirements over the system lifetime are estimated and include the replacement
and repair of mechanical, electronic, and structural components. Passive electronic components
(e.g., sensors, control units) are assumed to require 4.5 kg of replacement materials, based on
a 30% replacement rate applied twice (years 7 and 14) to the baseline on-site stock of 7.5 kg
across the five heliostats. Lubrication oil usage is projected at 1.5 kg over 15 years, assuming
0.02 kg per heliostat annually for the five operating units. Nylon 6 components used in bushings
and fittings are expected to total 0.75 kg, accounting for periodic UV- and heat-related degra-
dation. Steel structures, including actuator parts, are assumed to require approximately 53.3 kg
of low-alloy steel, accounting for scheduled replacements and corrosion-related repairs.

Water consumption for mirror cleaning is estimated at 900 kg over 15 years, assuming monthly
cleaning with 1 liter per heliostat. Transport logistics for maintenance materials are assumed at
273 tonne-kilometers (t-km), based on expected material volumes and supplier distances.

The system’s electrical energy consumption, primarily from heliostat motor tracking, is as-
sumed at 1,095 kWh over 15 years (five heliostats, each consuming 0.05 kWh per day across
292 operational days annually).

Planned component replacements are also assumed for mirror glass ((replaced in two events,
20.5 kg at year 7 and 20.5 kg at year 14, approximately 10% of the mirror mass) and electri-
cal wiring (2 kg every decade). Over the full operational lifetime, the resulting waste streams
are projected to include 53.3 kg of steel scrap, 41 kg of waste glass, 2.75 kg of plastic waste
(including nylon and wiring insulation), 1.5 kg of used mineral oil, 900 kg of wastewater from
cleaning, and 6 kg of electronic waste.

Table [4.4] summarizes the assumed energy inputs, material requirements, and waste outputs
associated with heliostat operation and maintenance over the 15-year system lifetime.



CHAPTER 4. LCA METHODOLOGY

48

Table 4.4: Comprehensive breakdown of material and energy transfers, maintenance procedures, and
waste outputs associated with the heliostat operation system throughout a 15-year lifespan.

Material / Energy Process Step Allocated Notes
Amount

Energy, primary, from Input 219,000 kWh  Total solar input over 15 years, ac-

solar energy counting for optical and kiln efficien-
cies. Incident solar required (assuming
optical n = 0.60) = 219,000 kWh.

Electronic component, Maintenance / replacement 4.5kg Waste electric and electronic equip-

passive, unspecified ment; baseline electronics mass =
1.5 kg per heliostat x 5 heliostats =
7.5 kg; replaced 30% every 7 years
(Year 7 and Year 14). Total replaced
=4.5kg.

Lubrication oil Actuator maintenance 1.5kg Waste mineral oil; approximately
0.02 kg per heliostat per year over 15
years.

Nylon 6 Bushings & fittings replace- 0.75 kg Waste plastic, due to aging under UV

ment and thermal stress.

Steel low alloyed Actuator & structural com- 53.3 kg Steel scrap from replacements and re-

ponents pairs over 15 years.

water, deionised, from Mirror cleaning 900 kg Estimated from monthly cleaning, ap-

tap water, at user proximately 1 L per heliostat.

transport, freight, lorry Material delivery 273 t-km Transportation of replacement materi-

16-32  metric  ton, als over 15 years.

EURO6

Electricity, medium Tracking motors operation 1,095 kWh  0.05 kWh/day per heliostat, 292

voltage-DE days/year, 5 heliostats, over 15 years.

flat glass, uncoated Mirror replacement 41 kg Waste glass; replaced in two events

(20.5 kg at Year 7 and Year 14).
polyvinylchloride, sus- Wiring replacement 2kg Plastic waste; replaced every 10 years
pension polymerised (20% of wiring mass).

Energy entering the Output 131,400 kWh  Useful thermal energy delivered to par-

aperture (lifetime) ticle bed (lifetime). Aperture input
required (assuming kiln n = 0.75) =
131,400 kWh.

Waste plastic, mixture =~ Waste output 2.75 kg From wiring insulation and packag-
ing(Nylon 6+ PVC)

Waste mineral oil Waste output 7.5 kg Oil from replaced lubrication over 15
years.

Wastewater, average Waste output 900 kg From mirror cleaning activities.

Waste electric and elec- Waste output 6 kg E-waste from electronics replacements.

tronic equipment

Steel scrap Waste output 53.3 kg Steel scrap from replaced steel actua-
tors and frame parts.

Waste glass Waste output 41 kg Waste from broken or replaced mirror

glass.
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4.6.3 Heliostat End-of-Life

Once heliostats reach end-of-life, they are dismantled and their material fractions are separated
into recyclable and non-recyclable streams.

Metals

From the heliostat structure, 440 kg of steel is recovered, of which 90% (396 kg) is recycled[59].
Recycling is assumed to occur in a German Electric Arc Furnace (EAF), requiring approxi-
mately 380 kWh per tonne of steel, with best practice at 360 kWh per tonne [60]. Scaling to
0.396 t, this corresponds to approximately 144 kWh (518 MJ) of electricity demand, with a
sensitivity range of 136—151 kWh. For comparison, if total energy inputs (electricity + fuels)
are considered, the BREF benchmark of 690 kWh per tonne yields approximately 273.2 kWh
(983.6 MJ) for 396 kg. The recovered steel (396 kg) is modeled as a credit, displacing primary
steel production, while 44 kg (10%) is landfilled.

The heliostat aluminium mass is estimated at 32 kg, of which 95% (30.4 kg) is remelted, con-
sistent with European recycling rates for structural aluminium([61, |62]]. The energy demand
1s approximately 10.4 MJ/kg (2.89 kWh/kg), resulting in 316 MJ (87.8 kWh) for the recycled
scrap. The remaining 1.6 kg of aluminium is landfilled.

For 28 kg of copper, the end-of-life recycling rate is 40%, so approximately 11.2 kg is recy-
cled, with 16.8 kg landfilled. Recycling is modeled with an electricity demand of 1.44 kWh/kg,
yielding approximately 16.13 kWh (58 MJ) for electrolytic refining[l63, 64, |65]].

Non-recyclable materials and waste flows

Electronic components (3.15 kg, i.e., 90% of 3.5 kg total) are sent to WEEE treatment. Mirror
glass, amounting to 410 kg, is considered non-recyclable due to its silver backing and is sent to
inert landfill.

Plastics (PVC and nylon, 12 kg total) are incinerated using a custom flow (plastic incineration)
created for this inventory. The plastics have a lower heating value (LHV) of 28 MJ/kg, resulting
in a total LHV:

Total LHV = 12kg x 28 MJ/kg = 336 MJ (4.1)
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Energy recovery and auxiliary inputs (per 12 kg):

¢ Heat recovered (credit): 35% of LHV =0.35 x 336 = 117.6 MJ = 32.67kWh, credited
to heat (district/industrial).

* Electricity generated (credit): 15% of LHV =0.15 x 336 = 50.4 MJ ~ 14kWHh, credited
to the electricity market (medium voltage, Germany).

* Auxiliary electricity (burden): approximately 5 kWh ~ 17.82 MJ, used for fans, pumps,
controls, shredding;
scaled as 0.2517kWh/kg + 0.161 kWh/kg.

* External heat input (burden): 0.18 kWh ~ 0.648MJ,
corresponding to 54 MJ/t ~ 0.054 MJ/kg x 12kg.

Residues and emissions (per 12 kg):

Bottom/fly ash: approximately 10% of input mass — 1.2kg.

CO (fossil): 0.00198 kg (derived as 0.165 x 0.012kg).

NOx: 0.0066 kg (from 0.550 x 0.012kg).

HCI: 0.000336 kg (from 0.028 x 0.012kg).

HEF: 0.000066 kg (from 0.0055 x 0.012kg).

Energy recovery fractions and auxiliary inputs are based on Gracia-Gutierrez et al., “Envi-
ronmental and economic assessment of plastic waste recycling,” citing CEWEP averages for
electricity share (15% of LHV). The ash ratio (100 kg/t) is from “Chemical Recycling of Mixed
Plastic Wastes by Pyrolysis — Pilot Scale Investigations”.[66]].

Concrete: The concrete foundations contribute 960 kg of inert waste, assumed to be disposed
of entirely in inert landfills (192kg per heliostat x5 units).

Site dismantling consumes 5 kWh of electricity for crane operation, cutting, and sorting. Trans-
port to recycling/disposal facilities is modeled as 100 t-km of freight by 16-32 t EUROG lorries.

The material flows at the end-of-life of heliostat systems, including inputs, recycled fractions,
and waste outputs, are summarized in the table below.(Table .
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Table 4.5: Material flows at end-of-life for heliostat systems, including inputs, recycling, and waste
outputs.

Flow Amount Unit Type Description / Justification

Inputs

Electricity, 273.2 kWh Input Energy demand for recycling 396 kg of steel in an

medium voltage Electric Arc Furnace (EAF).

(Steel recycling) (M1J: 983.6 MIJ; based on 690 kWh/t benchmark)

Heat, natural gas 87.8 kWh Input  Energy required to remelt 30.4 kg of aluminium

(Al recycling) scrap.
(M1J: 316.2 MJ; based on 10.4 MJ/kg)

Electricity, 16.13 kWh Input Electricity required to recycle 11.2 kg of copper

medium voltage scrap.

(Cu refining) (M1J: 58 M1J; based on 5.2 MJ per 0.4 kg)

Dismantling 5 kWh Input  On-site dismantling activities (crane, cutting,

electricity sorting).

Transport, lorry 100 tkm  Input  Transport of recovered and waste materials to

16-32 t recycling or disposal facilities.

Recycled Materi-

als (Dismantled

heliostat)

Steel scrap 396 kg Output  90% of steel (440 kg) recovered and credited
against primary steel production.

Aluminium scrap 30.4 kg Output  95% of aluminium (32 kg) recovered, credited
against primary aluminium production.

Copper scrap 11.2 kg Output 40% of copper (28 kg) recovered, credited against
primary copper production.

Wastes

Waste 3.15 kg Output  90% of 3.5 kg electronics treated as WEEE.

electric/electronic

equipment

Waste glass 410 kg Output Mirror glass (100%) sent to inert landfill due to
silver coating.

Waste plastic (PVC 12 kg Output Incinerated or landfilled.

+ Nylon) (LHV: 196 MJ; energy recovery: 35% heat [68.6
MJ], 15% electricity [29.4 MJ])

Waste mineral oil 3.1 kg Output Treated as hazardous waste incineration.

Waste aluminium 1.6 kg Output Sent to landfill.

(non-recovered)

Waste copper 16.8 kg Output  Sent to landfill.

(non-recovered)

Waste steel 44 kg Output  Sent to landfill.

(non-recovered)

Waste concrete 960 kg Output Concrete foundation disposed of in inert landfill.




CHAPTER 4. LCA METHODOLOGY 52

4.6.4 Rotary kiln Construction

A laboratory-scale rotary kiln receiver-reactor is currently being built at the German Aerospace
Center (DLR). Its design is informed by numerical simulations, thermal and mechanical mod-
eling, and lessons learned from previous experimental campaigns. The objective is to achieve
reliable operation under concentrated solar flux while maintaining the potential for scale-up to
larger reactor configurations. Material selection has therefore focused on thermal resistance,
mechanical strength, and compatibility with intense solar irradiation(Figure [4.2)).

%,

Crucible (orange): Constructed
from Inconel 600, it has an inner
diameter of 240 mm, an outer
diameter of 260 mm, and a
length of 725 mm.

Housing / Shell (red):
Made of S355 steel, with
an inner diameter of

550 mm, an outer diameter
of 560 mm, and a length of
625 mm.

The crucible extends 100 mm
beyond the housing on the
particle outlet side (refer to
figure 2.5).

Figure 4.2: Cutaway view illustrating the rotary component

Rotary Kiln Component Masses

The total mass of the laboratory-scale rotary kiln was estimated at approximately 113.14 kg,
based on detailed geometric modeling and material density calculations. Each component was
dimensioned according to its functional role in the reactor design, and its mass was obtained by
multiplying calculated volumes with material densities, followed by conservative adjustments
to account for fasteners, connectors, and construction tolerances. The results are summarized
below.

* Inconel 600 Crucible: Modeled as a hollow cylinder with inner diameter 0.24 m, outer
diameter 0.25 m, and length 0.725 m. With a wall thickness of 5 mm, the volume is
0.0028 m3. Using a density of 8,430 kg/m3, the mass is calculated as:

m = 8,430 kg/m> x 0.0028 m®> = 23.6 kg

* Outer Housing: Formed from S355 low-alloy steel, modeled as a hollow cylinder with
inner radius 0.275 m, outer radius 0.28 m, and length 0.625 m, resulting in a volume of
0.00545 m3. With a density of 7,850 kg/m3, the mass is:

m = 7,850 kg/m> x 0.00545 m® = 43 kg
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* Insulation (Superwool Fiber Blanket): Assumed annular volume of approximately
0.1178 m3 with a low-density value of 64 kg/m3, leading to a mass of:

m=64kg/m’ x0.1178 m® ~ 7.54 kg

Higher densities would increase this value; however, the low-density option was selected
for a conservative baseline.

¢ Vacuum-formed Insulation Bricks: Effective volume assumed between 0.03—-0.05 m3;
at a density of 300 kg/m3, the mass is approximately 12.5 kg.

* Internal Support Structure: Consisting of three stainless steel rings and four axial rods
from V4A steel, with combined volume 0.00139 m3. At a density of 7,900 kg/m3, this
corresponds to:

m=17,900 kg/m> x 0.00139 m®> ~ 11 kg

* Sealing (Ceramic Fiber Rope): Total length 4 m, with a specific mass of 0.5-1.0 kg/m;
the total estimate is approximately 3 kg.

* External Support Frame: Modeled using 40x40 mm aluminum square tubing with
2 mm wall thickness and 3 m length, volume 0.000912 m3. At a density of 2,700 kg/m3,
the mass is:

m =12,700 kg/m> x 0.000912 m> ~ 2.5 kg

Including connectors, fasteners, and base plates, the mass was conservatively estimated
at 12.5 kg.

Summing all components yields a total kiln mass of approximately 113.14 kg, aligning with
independent estimates ranging from 107 to 119 kg. This detailed balance of materials—high-
performance alloys, structural steel, lightweight aluminum, and advanced insulation—ensures
the kiln’s mechanical robustness and thermal stability during operation.

The construction process is divided into four stages: material preparation and cutting, rolling
and forming, machining, and welding and assembly. Each stage involves specific energy
requirements and material losses, which have been quantified in this study to provide a com-
plete and accurate life cycle inventory of the rotary kiln.

1. Material Preparation and Cutting

The preparation of raw materials for the rotary kiln prototype involves machining, cutting, and
shaping of metallic and ceramic components, as well as trimming of insulation materials. These
operations contribute to both the energy demand and material waste of the kiln life cycle. In
order to quantify these impacts, material-specific cutting intensities were assigned based on lit-
erature values, complemented by proxy estimates where direct data were not available.

1. Energy

For metallic components (S355 steel, stainless steel V4A/1.4841, Inconel 600, and aluminium),
machining energy intensities were derived from Pervaiz et al. [67], who report typical ranges
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of 0.34—4.3 MJ/kg (0.09-1.2 kWh/kg) for steel, 0.32—4.0 MJ/kg (0.09-1.1 kWh/kg) for alu-
minium, and 0.56-7.0 MJ/kg for cast iron across various industrial case studies. These values
were applied uniformly to the steel- and nickel-based alloys of the kiln, with the upper range
considered representative for more demanding alloys such as Inconel.

For ceramic vacuum insulation bricks, literature on machining of technical ceramics reports
very high energy intensities for laser and EDM cutting, in the order of 10-50 MJ/kg (2.8-
14 kWh/kg) 68, 169]. Since the bricks used in the kiln are cut mechanically rather than with
high-precision methods, the intensity was conservatively scaled down by a factor of five, result-
ing in an estimated range of 2—-10 MJ/kg (0.6-2.8 kWh/kg).

For fibrous insulation materials (Superwool blanket and ceramic sealing rope), no direct values
were identified in the literature. In line with ISO 14044 and EC ILCD Handbook recommenda-
tions for proxy data, a fraction of the material’s embodied energy was adopted as a conservative
estimate. By analogy with textile and glass wool processing, cutting energy was assumed to
represent approximately 1-5% of embodied energy, yielding a range of 0.1-0.5 MJ/kg (0.03—
0.14 kWh/kg).

Multiplying these specific values with the respective material masses of the kiln yielded component-
level energy requirements. For example, machining the 43 kg S355 steel housing corresponds

to 14.6-184.9 MJ (4.1-51.4 kWh), while cutting the 12.5 kg ceramic vacuum bricks requires
approximately 25-125 MJ (6.9-34.7 kWh). The fibrous insulation contributes negligibly by
comparison (< 4 MJ in total). Summing across all materials, the cutting stage consumes be-
tween 56 MJ and 514 MJ, corresponding to approximately 16—-143 kWh.

2. Waste

In addition to electricity consumption, machining also results in material waste. Based on
Ecoinvent v3.10 datasets [70], metallic machining losses were assumed at 2-5% of the pro-
cessed mass, while ceramics and insulation materials were assigned a 3% cutting or handling
loss. Across all kiln components, this results in approximately 3.9 kg of waste material gener-
ated in the cutting stage.

Overall, the material preparation and cutting of the 113.14 kg kiln components are thus esti-
mated to require between 16 and 143 kWh,considering a midpoint of 79.5 kWh of electricity
and to generate approximately 3.9 kg of waste. The large variation is mainly due to uncertain-
ties in machining intensity for high-alloy metals and ceramics.

3. Transportation

To account for upstream logistics, transportation was modeled as lorry freight (1632 t, EUROG6)
over regional distances. Suppliers were assumed within Germany, reflecting typical industrial
distribution patterns and aiming to avoid unrealistic global supply chains.

The total transport amounts to approximately 9.2 tonne-kilometers (t-km).Table [4.6| details the
assumed sourcing distances.
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Table 4.6: Material transport assumptions (to DLR Cologne).

Component Supplier (assumed) Distance (km) Mass (t) Transport (t-km)
S355 Steel UnionStahl, Duisburg 50 0.043 2.15
Stainless Steel Metallstore24.de 100 0.011 1.1
Inconel 600 Kalikund Steel, German distributor 120 0.024 2.83
Aluminium Speira, Germany 80 0.013 1.0
Superwool Blanket Isotec Isolierungen 90 0.0075 0.68
Vacuum Bricks Isotec Isolierungen 90 0.0125 1.13
Ceramic Rope CeraMaterials 100 0.003 0.3
Total — — 0.113 9.2

Sources [71)721173,[741[75]

2. Rolling and Forming

After the initial cutting and preparation, several kiln components are bent and formed to obtain
their cylindrical or structural shapes. Since this is a laboratory-scale build, the work is carried
out using small presses and manual tools rather than industrial hot-rolling mills or automated
stamping lines. Consequently, the energy demand is considerably lower than what is typically
reported for large-scale sheet-metal production.

Given the lack of specific industrial data for forming prototype-scale kiln parts, a conservative
estimate of 0.02 kWh/kg was applied. This figure aligns with values reported for small-scale
operations such as manual bending and light press work (0.018—0.025 kWh/kg), as summarized
in the Forming Handbook ([76]) and supported by steel plate rolling data in Ecoinvent. For
comparison, industrial sheet-forming and deep-drawing processes average around 0.21 kWh/kg,
roughly an order of magnitude higher, but not representative of the laboratory context at DLR.
Using the specific energy of 0.02 kWh/kg and the total component mass of 113.14 kg, the
estimated demand for the rolling and forming stage is:

Energy = 0.02 kWh/kg x 113.14 kg = 2.26 kWh

This covers the shaping of the main structural parts, including the cylindrical steel housing and
aluminum frame sections, before they proceed to machining and assembly.

In summary, forming contributes only a small fraction of the total energy use compared to
cutting, which reflects both the limited scale of the prototype and the relatively light mechanical
work needed to shape its parts.

3. Machining

After rolling and forming, the kiln components undergo machining to achieve their final ge-
ometries, tolerances, and surface finishes. This stage primarily involves CNC milling, turning,
and drilling of metallic parts, with minor adjustments to insulation components to ensure pre-
cise fitting. Since most of the rotary kiln mass consists of steels and nickel alloys, machining
energy intensities for steel cutting (0.34—4.3 MJ/kg) were applied, supplemented by values for
aluminum and ceramic/fibrous materials where relevant [67, [77]].

Based on these ranges, the total machining electricity demand was estimated to be between 31.6
and 446 MJ (8.8—-124 kWh). Taking the midpoint yields approximately 66.4 kWh, aligning well
with reported values for mixed-metal laboratory assemblies of comparable scale. Consequently,
a practical estimate of 66—70 kWh was adopted as representative for the DLR kiln.
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In addition to energy consumption, machining produces material losses in the form of swarf
and fine cutting residues. For this system, approximately 1.8 kg of mixed-metal waste is gen-
erated, including stainless steel, Inconel, and aluminum chips, along with minor ceramic and
fiber insulation residues. These waste streams were modeled using standard Ecoinvent flows
for metal swarf (unsorted) and insulation waste, ensuring that material recycling and disposal
pathways are appropriately represented in the life cycle inventory. The machining stage is one
of the more energy-intensive steps in the kiln’s construction sequence but is also critical for
ensuring the precision and mechanical robustness of the final assembly.

4. Welding and Assembly

The final stage of construction consists of welding and mechanical fastening to assemble the
machined parts into a complete rotary kiln system. These joining processes provide the struc-
tural strength required to withstand concentrated solar flux and prepare the unit for laboratory
operation.

Welding energy was estimated using small-batch industrial data from the IEA Industrial Weld-
ing Dataset, supported by Ecoinvent flows. A specific intensity of 0.028 kWh/kg was applied,
representative of MIG/arc welding processes at this scale [[/8]. For the total kiln mass of 113.14
kg, this results in an electricity demand of about 3.16 kWh, covering arc welding, grinding, and
auxiliary hand-tool use.

In addition to electricity, small amounts of consumables were included. Welding rods were
represented by 0.6 kg of drawn steel wire, serving as a proxy due to their similar production
energy and form. Mechanical fastening was modeled as 0.3 kg of low-alloyed steel bolts, nuts,
and washers, corresponding to roughly 10-15 joints. This value is conservative, as some con-
nections are welded directly or reused from standard laboratory hardware.

The process also generates minor solid residues such as slag, spatter, and sparks, approximated
as 0.2 kg of welding waste. While negligible compared to the kiln’s total mass, these residues
were included for completeness in the life-cycle inventory.

At the end of this stage, the prototype is fully assembled: a laboratory-scale rotary kiln re-
ceiver—reactor integrating all structural, thermal, and support components into a single opera-
tional unit.

The Table summarizes the material composition of the rotary kiln, highlighting the main
construction components and their corresponding masses.
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Table 4.7: Detailed Material, Process Inputs, Waste, and Outputs for Rotary Kiln Construction and
Assembly (using Ecoinvent flows).

Stage Flow/Dataset (Ecoin- Input Amount Description/Notes Waste/Losses waste amount
vent v3.100) /Output and %
(1) Material Preparation & Cutting
steel production, elec- Input 43 kg Housing / shell structure scrap steel — in-  2.15 kg (5%)
tric, low-alloyed ert material land-
fill
market  for  steel, Input 11 kg Internal supports (V4A, heat- scrap steel— in- 0.55 kg (5%)
chromium steel 18/8, resistant) ert material land-
hot rolled fill
market for iron-nickel- Input 23.6 kg Crucible  (Inconel  600) metal waste, un- 1.18 kg (5%)
chromium alloy Proxy: no Inconel dataset, sorted
approximated with market
for iron-nickel- chromium
alloy
market for aluminium, Input 12.5kg External frame, brackets scrap aluminium 0.63 kg (5%)
wrought alloy — municipal in-
cineration
market for glass wool Input 7.54 kg Fiber insulation waste mineral 0.23 kg (3%)
mat Proxy: used glass wool wool, collection
as substitute for Superwool for final disposal
blanket
market for refractory, Input 12.5kg Vacuum insulation bricks inert waste, inert 0.38 kg (3%)
basic, packed Proxy: Ca-Si bricks approx- material landfill
imated by “basic refractory,
packed”
market for glass wool Input 3.0kg Ceramic sealing rope waste  mineral 0.09 kg (3%)
mat Proxy: ceramic rope substi- wool, collection
tuted with glass wool mat for final disposal
market for electricity, Process 79.5 kWh Cutting processes - -
medium voltage
transport, freight, lorry Process 9.2 tkm Regional material delivery - -
16-32 t, EURO6 (200 km)
Cut and  prepped Output 1 unit Ready for forming - -
components
(2) Rolling & Forming
Cut and prepped com- Input 1 unit From cutting stage - -
ponents
market for electricity, Process 2.26 kWh Small-scale rolling/forming - -
medium voltage
Rolled components Output 1 unit Bent and formed parts - -
(3) Machining
Rolled components Input 1 unit Bent/rolled parts ready for - -
machining
market for electricity, Process 66.4 kWh CNC machining - -
medium voltage
Machined components  Output 1 unit Final-sized parts - -
metal waste, swarf (un- Waste 1.8kg Machining residues - -
sorted)
(4) Welding & Assembly
Machined components  Input 1 unit Prepared for assembly - -
wire drawing, steel Input 0.6 kg Welding rod Proxy: welding 0.02 kg (3%)
wire approxi-
mated with “steel
wire”
market for steel, low- Input 0.3kg Bolts, nuts, washers Proxy: no fas- —
alloyed (fasteners tener dataset, ap-
proxy) proximated with
low-alloy steel
market for electricity, Process 2.3 kWh Welding, grinding, hand-tool — -
medium voltage use
Assembled Rotary Kiln ~ Output 1 unit Fully integrated rotary kiln - -
metal waste (slag, Waste 0.2 kg Minor welding residues - -

sparks)
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4.6.5 Rotary kiln Operation

n the PYSOLO project, the rotary kiln is operated using particle heat carriers (PHCs), which
are continuously circulated through the kiln and heated by concentrated solar radiation reflected
from heliostats. The main purpose is to transfer solar energy into the particles, which then de-
liver usable thermal energy to the process. In this setup, the kiln functions as the core energy

conversion unit, transforming intermittent solar flux into a stable stream of thermal energy via
the PHCs.

For the Life Cycle Assessment (LCA), the functional unit (FU) is defined as 1 kWh of useful
thermal energy delivered to the particle bed in the rotary kiln. This FU represents the net heat
available for downstream processes (such as pyrolysis) and serves as the basis for normalizing
all material, energy, and emission flows.

4.6.6 Process Representation and Custom PHC Flows

The Ecoinvent v3.10 database does not provide specific waste flows for “spent PHC” materi-
als, such as kiln-cycled olivine, sand, or non-refined bauxite grains. To accurately reflect the
mass inventory and replacement dynamics of these primary raw materials (PHCs) in the kiln
process,processed PHC and initial PHC stock processes are created.

1. Processed PHCs processes

The three solid heat carrier candidates investigated in this study—bauxite, olivine, and silica
sand—follow distinct supply and processing chains before reaching the DLR research facilities
in Cologne. To ensure realism, sourcing was aligned with actual industrial suppliers and their
documented operations. Since raw minerals cannot be directly applied, custom PHC flows were
modeled to represent processed and sieved materials with suitable particle sizes (Table[4.8)). The
required PHC mass per functional unit (FU) was calculated in the PHC Scenarios|section.Each
pathway considers from the location of processing (drying, crushing, sieving), and the delivery
of conditioned particles to Cologne.It is assumed that the suppliers are responsible for carrying
out the processing steps.

Electricity demand for processing

Across all materials, a specific electricity demand of 1.9 kWh per tonne (0.0019 kWh per kilo-
gram) was applied for preprocessing (drying, crushing, sieving). This value reflects motor-
driven operations such as crushers, sieves, and auxiliary fans. The chosen figure is supported
by literature values.

* USGS reports 1-2 kWh/t for crushing,

* ACEEE (2013) indicates approximately 2.1 kWh/t for combined crushing, screening, and
conveying,

* Broader surveys (UK Aggregate Energy Guide) suggest 3—28 kWh/t depending on inclu-
sion of washing and pumping.
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Since the PYSOLO system employs dry operations, the lower-bound value of 1.9 kWh/t was
selected as a conservative yet realistic baseline. [79} 80, 81].

Silica Sand

Material sourcing:

Silica sand is the most locally available PHC option. Quarzwerke GmbH operates a facility in
Frechen, North Rhine-Westphalia, approximately 20 km from Cologne. The sand mined at this
site is high-purity quartz, suitable for PHC applications([82].

Processing:

Once extracted, the sand undergoes drying, crushing, and sieving. These processes require 1.9
kWh per tonne, equivalent to 0.0019 kWh per kilogram of processed material. This electric-
ity covers motor-driven operations such as crushers, sieves, and auxiliary fan systems. After
processing, a custom PHC flow is defined per 1 kg of sand, representing the mass of material
delivered to the rotary kiln.

Transport:

The processed sand is transported by truck over 20 km to DLR Cologne. For the 1 kg PHC unit,
this corresponds to 0.020 t-km per kg. The transport flow reflects the use of a 16-32 t EURO6
truck, appropriate for short domestic deliveries.

Bauxite

Material sourcing:

Bauxite is not mined in Germany. For this study, the reference source is EKC AG in Wiirzburg,
Germany, which is considered responsible for processing the raw bauxite into particle heat car-
rier (PHC)-grade material[[83].

Processing:

Bauxite is dried, crushed, and sieved, requiring 1.9kWh per tonne (0.0019 kWh/kg). The pro-
cessed bauxite is represented by a custom PHC flow per 1 kg, which includes the embodied
impacts of the supplier’s operations.

Transport:

Only the transport from EKC AG in Wiirzburg to DLR Cologne is considered.For 1 kg of PHC:

* Wiirzburg — Cologne: 0.30 t-km (truck, EURO6)

Upstream transport from the mine to the supplier is excluded, as it is assumed to be part of the
supplier’s responsibility.

Olivine

Material sourcing:
Olivine is supplied by EKC AG in Wiirzburg, Germany, which is responsible for providing
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PHC-grade particles. The material is assumed to have been pre-processed (crushed, sieved, and
dried) by the supplier[83]].

Processing:

Processing electricity is identical to the other PHCs: 1.9 kWh/t, or 0.0019 kWh/kg. The PHC-
grade olivine is represented as a custom 1 kg flow for the LCA, including all processing impacts
at the supplier.

Transport:
Only the transport from EKC AG in Wiirzburg to DLR Cologne is considered. For 1 kg of PHC:

* Wiirzburg — Cologne: 0.30 t-km (truck, EURO6)

Upstream transport from the mine is excluded, assuming it is handled within the supplier’s
operations.

2. Initial PHCs stock processes

The total circulating inventory of Particle Heat Carriers (PHCs) over their operational lifespan is
modeled as an Initial stock process for each type of particle. This Initial stock process produces
one unit of the corresponding custom PHC flow, which is utilized as an input for the rotary kiln
operation. This modeling approach is essential as it separates the one-time embodied impacts
of the inventory from the ongoing operational impacts associated with the functional unit (FU).

Due to the absence of explicit flows for “waste olivine” or “waste bauxite (non-Bayer)” in
the Ecoinvent v3.10 database, the spent or attrited PHC output is mapped to the “waste mixed
aggregates” flow available in the database. This mapping is justified by the fact that the sand,
olivine, and non-refined bauxite grains lost through wear and attrition behave as inert granu-
lar mineral fragments rather than chemically transformed industrial residues. As such, “waste
mixed aggregates” serves as the closest available inert mineral waste category in database and
is commonly used as a proxy for granular mineral residues like sand, gravel, and crushed stone
when no more specific waste stream exists (Table {.9).

Rotary Kiln Operation: Numerical Inputs and Electricity Demand

The operation of the rotary kiln in the PYSOLO system is modeled by combining solar thermal
input, electricity demand for rotation and control, and the circulation of particle heat carriers
(PHCs) with their associated attrition and waste flows. Over its lifetime, the kiln receives ap-
proximately 131,400 kWh of concentrated solar energy, corrected for heliostat and receiver
efficiencies, which results in 98,550 kWh of useful thermal output. This useful energy serves
as the basis for normalization to the functional unit of 1 kWh.

The electricity required to rotate the kiln and power its control system is comparatively mi-
nor due to the small scale of the laboratory device: with a mass of roughly 113 kg and a rotation
speed of 2-3 rpm, the mechanical load is modest, and specifications for comparable kilns in-
dicate motor powers of 40-50 W, while sensors, programmable logic controllers (PLCs), and
interfaces consume an additional 5-35 W. On this basis, the lifetime electricity demand is esti-
mated in the range of 13—44 kWh, representing about 0.3—1% of the total solar thermal input. A
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midpoint value of 30 kWh is adopted, equivalent to 0.00685 kWh per 1 kWh of useful thermal
output[22, [84] 85].

In the kiln model, the particle heat carriers (PHCs) are represented in two distinct steps. First,
the initial circulating inventory is defined as a one-time stock, modeled in separate processes
for each material: 213.16 kg of sand, 192.86 kg of bauxite, and 162.00 kg of olivine. These
stocks are linked to the kiln operation as unit inputs, representing the recirculating particle bed
that remains in use throughout the system’s lifetime. Because the particles are continuously
reused, these bulk inventories are only included once at the beginning of the system and are not
repeatedly counted over the entire operating period.

To account for material losses, additional make-up flows are added to the rotary kiln opera-
tion. Over the 15-year reference period, these amount to 31.97 kg of sand, 14.46 kg of bauxite,
and 7.29 kg of olivine. These inputs represent the fresh material required to compensate for at-
trition and maintain the circulating bed. The same quantities are reported as outputs and linked
to the ecoinvent flow “waste mixed aggregates,” which is used here as a conservative proxy for
inert mineral disposal. This approach ensures that both the need for replacement and the cor-
responding end-of-life treatment of degraded particles are consistently represented within the
system boundaries.

In OpenL.CA, the initial circulating inventories are implemented as one-time processes (sand:
213.16 kg; bauxite: 192.86 kg; olivine: 162.00 kg). Attrition is modeled as recurring inputs
to the kiln operation, equivalent to 31.97 kg of sand (0.000324 kg/FU), 14.46 kg of bauxite
(0.000147 kg/FU), and 7.29 kg of olivine (0.000074 kg/FU) over the lifetime. For clarity, the
cumulative particle throughput (e.g., 933,269 kg of sand) is reported separately, but it is not
modeled as additional inputs, as these flows represent recirculation rather than new material
demand.
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Table 4.8: Processed Particle Heat Carriers (PHCs) — Custom Flows.

Raw Input Supporting Inputs Output (Custom Flow) Notes
(Ecoinvent)
Bauxite, bauxite Bauxite, processed for PHC Represents bauxite that has
mine operation — « Electricity, medium voltage use [custom] — 1.0 kg been mined, dried, crushed, and
bauxite — Cutoft, S (GLO}: g’ 0019 kWh sieved for use in the rotary kiln.
-GLO o Transport considered from
* Market for transport, freight, lorry supplier to site.
16-32 t, EURO6 {RoW}: 0.30
t-km
Olivine, in ground Olivine, processed for PHC ~ Represents olivine after
« Electricity, medium voltage use [custom] — 1.0 kg pfeproces;mg (drying, cglsmgg,
{GLO}: 0.0019 kWh sieving). Transport considere

from supplier to site.
* Market for transport, freight, lorry
16-32 t, EURO6 {RoW}: 0.30

t-km
Silica sand , market Sand, processed for PHC use  Represents sand that has been
for m}flfcas sag(t o « Electricity, medium voltage [custom] — 1.0 kg f:on}(lhtloned 1‘;)11 PI:IFC apphcaAnon
cut-off, S - (GLO}: 0.0019 kWh in the rotary kiln. Transport is a

short domestic truck leg.
* Market for transport, freight, lorry
16-32 t, EURO6 {DE}: 0.020 t-km

Table 4.9: Initial Stock Processes for Processed Particle Heat Carriers (PHCs) — Custom Flows.

Initial-stock process Inputs (custom Inventory mass in process Output (to rotary  Notes

name PHC flow) (kg) kiln operation)

Initial-stock — Sand ~ Sand, processed 213.16 kg 1 unit (Initial-stock  This process represents the one-time
for PHC use — Sand) embodied inventory to establish the
[custom] circulating sand bed, including

upstream mining, supplier
preprocessing (0.0019 kWh/kg), and
transport from supplier to DLR
Cologne. Impacts are counted once,
separate from recurring operational

flows.
Initial-stock — Bauxite, processed  192.86 kg 1 unit (Initial-stock ~Represents the one-time embodied
Bauxite for PHC use — Bauxite) inventory required to establish the
[custom] circulating bauxite bed.The process

should include upstream impacts for
192.86 kg (processing + transport).

Initial-stock — Olivine, processed  162.0 kg 1 unit (Initial-stock  Represents the one-time embodied
Olivine for PHC use — Olivine) inventory required to establish the
[custom] circulating olivine bed.The process

should include upstream impacts for
162.0 kg (processing + transport).
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Table 4. 10] presents the operation data per lifetime totals for the three PHC scenarios.

Table 4.10: Rotary kiln operation (lifetime totals; per PHC scenario; normalized to FU in results).

Flow / item Bauxite Olivine Sand Notes

Solar thermal energy 131,400 kWh 131,400 kWh 131,400 kWh Corrected for heliostat & receiver

input (lifetime) efficiencies.

Useful thermal output 98,550 kWh 98,550 kWh 98,550 kWh Normalized to FU = 1 kWh useful thermal
(lifetime) energy in results.

Assembled Rotary 1 unit 1 unit 1 unit Final complete kiln product.

kiln(input)

Rotary motor & control 30 kWh 30 kWh 30 kWh Adopted midpoint (13-44 kWh range); =

electricity (lifetime)

PHC initial-stock input
(to kiln operation)

Lifetime make-up inputs
(attrition — total over 15
¥yr)

Waste output (waste
mixed aggregates)

Initial-stock —
Bauxite (1 unit;
represents 192.86
kg)

14.46 kg

14.46 kg

Initial-stock —
Olivine (1 unit;
162.0 kg)

729 kg

7.29 kg

Initial-stock —
Sand (1 unit;
213.16 kg)

31.97 kg

31.97 kg

0.000304 / FU.

Initial-stock processes (one-time embodied
inventory) are entered as 1 unit inputs in the
kiln operation.

Entered as repeated make-up inputs (custom
PHC flow per kg); each replenishment
carries upstream impacts.

Same mass as lifetime make-up; mapped to
waste mixed aggregates (ecoinvent v3.10) as
conservative inert-mineral proxy.
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4.6.7 Rotary kiln End-of-Life

At the end of its 15-year lifespan, the rotary kiln is dismantled into recyclable metals, inert
insulation, and non-recyclable mineral wool. Construction machining losses is excluded, as it
was accounted for in the manufacturing stage.

Metals

The metallic fractions consist of 43 kg of S355 structural steel, 11kg of stainless steel V4A
(1.4841), 12.5 kg of aluminum, and 23.6 kg of Inconel 600. High recovery rates are assumed,
reflecting European industrial practice: 90% for steel and stainless steel[S9, |60, [72, [86], 95%
for aluminum[61} 162], and 85% for Inconel. This results in the recovery of 38.7 kg of steel,
9.9 kg of stainless steel, 11.9kg of aluminum, and 20.1 kg of Inconel, while the remainder is
lost as slag, residues, or dismantling inefficiencies.

Recycling is modeled via process-specific routes:

1. Steel is recycled via Electric Arc Furnace (EAF) technology, with an energy consumption
of approximately 380 kWh per tonne. Scaling to 38.7 kg yields approximately 14.7 kWh[60].

2. Stainless steel requires EAF with Argon Oxygen Decarburization (AOD) refining, con-
suming about 0.694 kWh/kg, giving approximately 6.9 kWh for 9.9kg. The combined
ferrous recycling demand totals approximately 21.6 kWh (78 MJ). Including fuels, the
total energy input rises to roughly 103 MJ[87]].

3. Inconel 600 recycling is conservatively modeled using literature data for nickel-based al-
loys, with an energy requirement of approximately 13 MJ/kg. Recycling 20.1 kg requires
about 261 MJ (72.4 kWh), with sensitivity bounds of 1020 MJ/kg[88]].

4. Aluminum scrap is remelted, consuming roughly 10.4 MJ/kg. For 11.9kg, this corre-
sponds to about 124 MJ (34.5 kWh), with variability in the range of 5-15 MJ/kg, resulting
in a sensitivity range of 60—179 MJ[61,162].

Insulation and Residual Waste

The kiln’s insulation materials do not enter the recycling stream. Specifically, 12.5 kg of calcium
silicate bricks and 10.5 kg of ceramic fiber insulation (including blanket and sealing rope) are
classified as non-recyclable and sent to inert or mineral waste disposal. Additional metallic
residues, approximately 5.3 kg, arise from fasteners, welding slag, and dismantling losses.

Dismantling and Transport

he 113 kg kiln is dismantled manually using hand tools and a light hoist. Energy demand is
estimated at around 0.017 kWh per kilogram, giving a total of roughly 2.0 kWh (7.2 MJ). This
value falls within the documented range for light manual dismantling (0.015-0.025 kWh/kg).
Following dismantling, all material fractions are transported about 150 km to recycling or dis-
posal sites. For a kiln mass of 0.113 t, this equates to approximately 17 t-km of lorry transport
(EUROG). (Table
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Table 4.11: End-of-Life Flows for Rotary Kiln.

Flow Name (Ecoinvent / Amount Type Description / Assumptions
Custom)
electricity, medium voltage 28.6 kWh Input Power for cutting and processing steel and
(market for electricity, stainless steel. Includes recycling of 38.7 kg
medium voltage S355 steel and 9.9 kg stainless steel V4A (90%
|Cutof f,S-DE) recycling). Based on Electric Arc Furnace
(EAF) with 103 MJ total energy demand (28.6
kWh). Sensitivity: 19.4-25.1 kWh.
electricity, medium voltage 72.4 kWh Input Energy for Inconel 600 recycling. 23.6 kg with
(market for electricity, 85% recovery (20.06 kg). Recycling energy
medium voltage proxy: 13 MJ/kg — 261 MJ (72.4 kWh).
||Cutof f,S-DE) Sensitivity: 10-20 MJ/kg (201-401 M]J total).
heat, district or industrial, 34.5 kWh Input Energy for aluminum remelting. 12.5 kg Al with
natural gas (market for heat 95% recovery (11.9 kg). Energy demand 10.4
||Cutof f,S—EuropewithoutSwitzerland) MIJ/kg — 124 MJ (34.5 kWh). Sensitivity: 5-15
MJ/kg (16.7-49.7 kWh).
transport, lorry 16-32t, 17 tkm Input Transport to dismantling site. 113 kg (0.113 t)
EURO6-GLO transported 150 km.
electricity, medium voltage 2.0 kWh Input Electricity for dismantling, cutting, and sorting.
(market for electricity, Assumed 0.017 kWh/kg for 115 kg equipment.
medium voltage Based on Fraunhofer ISE (2020).
||Cutoff,S-DE)
Output
inert waste, for final disposal  12.5 kg Output From calcium silicate insulation bricks
(market for inert waste (non-recyclable).
||Cutoff,S—RoW)
waste mineral wool (market ~ 10.54 kg Output From ceramic fiber blanket (7.54 kg) and
for waste mineral wool ceramic sealing rope (3.0 kg). Not recyclable.
||Cutof f,S—EuropewithoutSwitzerland)
Dismantled Rotary kiln (custom flow)
81.3 kg Output Consolidated recycled metals from dismantled
kiln:
* Steel scrap: 38.7 kg (90% recovery from 43 kg
S355)
e Aluminum scrap: 12.0 kg (95% recovery from
12.5 kg)
* Stainless steel scrap: 10.0 kg (90% recovery
from 11 kg V4A)
* Inconel scrap: 20.6 kg (85% recovery from
23.6 kg Inconel 600).
Metal waste (custom flow)
5.3 kg Output Consolidated non-recycled metallic residues:
* Welding rod input: 0.6 kg
* Fasteners: 0.3 kg
* Slag residue: 0.2 kg
* Inconel unrecovered fraction: 3.0 kg (15% loss
from 23.6 kg)
* Disassembly/cutting losses: 1.2 kg.
Total: 5.3 kg.
Steel waste (waste flow)
5.3 kg Output Steel losses: 43 kg —38.7 kg =4.3 kg + 1.0 kg
disassembly losses = 5.3 kg.
Aluminum waste (waste flow)
0.5 kg Output Losses: 12.5 kg — 12.0 kg = 0.5 kg.




S5 Results

5.1 Impact Analysis

The environmental evaluation of the solar-driven rotary kiln system was carried out through
a Life Cycle Impact Assessment (LCIA), in accordance with ISO 14040/44 standards. LCIA
translates the inventory of material and energy flows into potential environmental impacts, en-
abling comparison of different processes and design choices. Six midpoint impact categories
were selected to represent the main environmental concerns:

Climate change (kg CO;-eq)

* Energy resources: non-renewable, fossil (kg oil-eq)

Material resources:metals/minerals (kg Cu-eq)

Land use (m?a crop-eq)

Water use (m?)

Human toxicity (kg 1,4-DCB-eq)

The LCIA results were first calculated for the entire system lifetime, corresponding to the de-
livery of 98,550 kWh of useful thermal energy. The results were then normalized per functional
unit of 1 kWh of useful heat delivered, allowing meaningful comparisons across systems(See
Tables [5.Tand [5.2)).

Across all PHC scenarios (Bauxite, Sand, Olivine), the largest contributions were observed in
human toxicity and climate change, with minor but measurable impacts in energy, materials,
land, and water.

Table 5.1: Pre-Normalization Environmental Impact Assessment of Various Processes.

Processes Climate Energy resources:  Material resources: Land use (m”a Water use Human
change (kg non-renewable, metals/minerals crop-eq) (m?) toxicity (kg
CO»-eq) fossil (kg oil-eq) (kg Cu-eq) 1,4-DCB-eq)
Heliostat construction 2842.04 674.63 116.19 94.39 20.06 14968.45
Heliostat operation 1257.18 291.07 39.41 37.89 8.59 2130.71
Rotary construction 591.47 141.33 77.60 13.15 15.83 2290.62
Only Rotary with 31.31 8.80 8.98 0.78 0.18 4.93
Bauxite
Only Rotary with Sand 24.15 6.70 0.26 0.67 0.08 3.58
Only Rotary with 22.89 6.39 0.26 0.65 0.08 3.58
Olivine
Heliostat EoL 194.46 55.01 1.22 5.21 0.60 29.09
Rotary EoL 54.89 14.91 0.35 1.10 0.22 6.99
Entire system including 4971.36 1185.75 243.75 152.53 45.48 19430.80
EoL (with Bauxite)
Entire system including 4965.15 1183.35 234.86 152.27 45.36 19428.10
EoL (with Sand)
Entire system including 4962.93 1183.34 235.03 152.40 45.38 19429.44
EoL (with Olivine)

66
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Table 5.2: Normalized Results of Environmental Impact Assessment.

Processes Climate change (kg  Energy resources: Material resources: Land use (m*a Water use (m>) Human toxicity (kg
CO2-eq) fossil (kg oil-eq) metals/minerals crop-eq) 1,4-DCB-eq)
(kg Cu-eq)
Heliostat construction 0.02884 0.00685 0.00118 0.00096 0.00020 0.15189
Heliostat operation 0.01276 0.00295 0.00040 0.00038 8.72e-05 0.02162
Rotary construction 0.00600 0.00143 0.00079 0.00013 0.00016 0.02324
Only Rotary with Bauxite 0.000032 8.93e-05 9.11e-05 7.93e-06 1.82e-06 5.00e-05
Only Rotary with Sand 0.000245 6.80e-05 2.64e-05 6.79¢-06 7.63e-07 3.63e-05
Only Rotary with Olivine 0.000232 6.49¢-05 2.68e-05 6.58e-06 7.64e-07 3.63e-05
Helio EoL 0.00197 0.000558 1.23e-05 5.29¢e-05 6.11e-06 0.000295
Rotary EoL 0.000556 1.51e-04 3.53e-06 1.12e-05 2.21e-06 7.09e-05
Entire system incl. EoL 0.05044 0.01203 0.00247 0.00155 0.00046 0.19717
(with Bauxite)
Entire system incl. EoL 0.05038 0.01201 0.00238 0.00155 0.00046 0.19715
(with Sand)
Entire system incl. EoL 0.05035 0.01200 0.00238 0.00155 0.00046 0.19714
(with Olivine)

5.1.1 Total Impacts before Normalization

The total life cycle impacts for the different PHC scenarios—bauxite, sand, and olivine—reveal
that human toxicity and climate change are the dominant categories. The human toxicity im-
pacts are particularly pronounced, with the system producing approximately 19,430 kg 1,4-
DCB-Eq over its lifetime. This is nearly an order of magnitude higher than the other impact
categories, indicating that the potential harm to human health from the extraction and process-
ing of metals and electronic components is a critical concern. Climate change impacts are also
substantial, ranging from 4,963 to 4,971 kg CO,-Eq, depending on the PHC material selected.

Other categories contribute smaller but still relevant burdens. Non-renewable fossil energy
use ranges from 1,183 to 1,186 kg oil-eq, while metals and minerals depletion lies between
235 and 244 kg Cu-eq. Land use is consistent across scenarios, at approximately 152.3-152.5
m?a crop-eq, and water use is around 45.4 m>. These values reflect the combined environ-

mental load of constructing, operating, and decommissioning the heliostat field and rotary kiln

system(Table [5.T)).

5.1.2 Normalized Results per Functional Unit

When expressed per unit of useful heat, the normalized impacts provide a clearer perspective on
the efficiency and environmental intensity of the system. Non-renewable fossil energy demand
amounts to 0.012 kg oil-eq/kWh,climate change impacts amount to approximately 0.0504 kg
CO,-eq per kWh of useful heat, while metals and minerals depletion ranges from 0.00238 to
0.00247 kg Cu-eq/kWh. Land use and water use remain relatively low, at 0.00155 m?a crop-
eq/kWh and 0.00046 m3/kWh, respectively.

The human toxicity category remains the most striking, reaching 0.197 kg 1,4-DCB-Eq/kWh.
This highlights that the environmental profile of the system is heavily influenced by the toxi-
cological impacts associated with mining and processing metals, as well as the production of
electronics and other components. The high human toxicity per functional unit underscores
the importance of material selection, component efficiency, and supply chain management in
reducing potential harm to human health(Table[5.2).
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5.1.3 Comparison Across PHC Materials

The differences between the three PHC options—bauxite, sand, and olivine—are relatively
small when considering the total environmental impacts. The largest variation is observed in
the metals and minerals depletion category, where bauxite exhibits a slightly higher burden than
sand and olivine. For all other impact categories, the results are nearly identical, suggesting that
the choice of PHC material has a limited effect on the overall system performance, except for
minor differences in material-intensive categories(see Figure [5.1).

Overall, these results indicate that the environmental profile of the solar-driven rotary kiln
system is dominated by human toxicity and climate change, with smaller but non-negligible
contributions from energy, land, water, and resource depletion. The normalized results per
functional unit emphasize that, on a per-kWh basis, human toxicity remains the critical impact,
highlighting the need for strategies focused on reducing metal-intensive components, optimiz-
ing assembly, and sourcing low-impact electricity to minimize the environmental burden of the
system.

Impact Amounts for whole system with three different PHCs

Impact Quantities
° ° ° ° ° ° ° °
o o =3 o o - = = =
° 2 2 8 3 2 B S 5 5

Land use (m2a crop-eq) Water use (m3) Human toxicity (kg 1,4-DCB-eq)

Climate change (kg CO2-eq)

= with Bauxite 5.045E-02 1.203€-02 2.473€-03 1.548€-03 4.615E-04 1.972E-01
= with Sand 5.038E-02 1.201E-02 2.383€-03 1.545€-03 4.603E-04 1.971E-01
= with Olivine 5.036E-02 1.201E-02 2.385E-03 1.546E-03 4.605E-04 1.972€-01

Environmental Impact Categories

M with Bauxite ® with Sand  ® with Olivine

Figure 5.1: Impact Amounts for Different PHCs.

5.2 Contribution Analysis of Subsystem

5.2.1 Contribution Analysis of the Whole System with Bauxite as the Par-
ticle

The contribution analysis of the heliostat system with bauxite as the particle highlights that the
construction phases dominate environmental impacts across the examined categories. Heliostat
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construction emerges as the single most significant contributor, accounting for approximately
57% of the total climate change impact, 48% of material resource depletion, and 77% of human
toxicity. This underscores that the upstream production and assembly of the heliostat compo-
nents are the primary drivers of these environmental burdens.

Heliostat operation follows as the second most important contributor, with 25% of climate
change, 16% of material resources, and a minor contribution to human toxicity. Rotary con-
struction contributes substantially to material resources (32%) and human toxicity (12%), but
has a lower influence on climate change (approximately 12%).

The operational phase of the rotary subsystem contributes negligibly across all categories, rang-
ing from 1% for climate change to 4% for material resources, reflecting its low energy and
material demands during operation. End-of-life phases of both heliostat and rotary subsystems
are minor contributors, with heliostat end-of-life representing roughly 4% of climate change
impacts and less than 1% for material and human toxicity categories, while rotary end-of-life
contributes only around 1% for climate change and near-zero impacts in other categories.

To support visual interpretation, three pie charts were created illustrating the proportional con-
tributions of the subsystems for climate change, human toxicity, and material resource deple-
tion. These visualizations reinforce the quantitative analysis, clearly showing that the con-
struction of the heliostat subsystem dominates environmental impacts, while operational and
end-of-life phases play comparatively minor roles(Figures [5.2] [5.3] [5.4).

Overall, the data indicate that mitigation strategies should focus on material efficiency, sustain-
able sourcing, and energy optimization during the heliostat construction phase to achieve the
most significant reductions in environmental impacts.

Contributions of Each Process in Bauxite-Based PYSOLO System
Operation Regarding Human toxicity (kg 1,4-DCB-eq) Impact

B Heliostat EoL

Rotary Operation
0.000295231

5.00043E-05

0% 0%

B Rotary EoL
7.09196E-05
0%

B Rotary construction
0.023243256

12% /

B Heliostat operation
0.021620571 B Heliostat construction

11% 0.151886908
77%

H Heliostat construction M Heliostat operation  H Rotary construction

Rotary Operation M Heliostat EolL H Rotary EoL

Figure 5.2: Contribution of Each Process to Human Toxicity in the Bauxite-Based System Operation.
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Contributions of Each Process in Bauxite-Based PYSOLO System
Operation Regarding Climate change (kg CO2-eq) Impact

B Heliostat EoL

& Rotary Operation 0'001490/73218 B Rotary EoL
(]

0.000317757 0.000556945
1% 1%

H Rotary construction
0.006001719
12%

B Heliostat construction

B Heliostat operation 0.028838575
0.012756791 57%
25%

M Heliostat construction m Heliostat operation M Rotary construction

[ Rotary Operation M Heliostat EoL M Rotary EoL

Figure 5.3: Contribution of Each Process to Climate Change in the Bauxite-Based System Operation.

Contributions of Each Process in Bauxite-Based PYSOLO System
Operation Regarding Material resources (kg Cu-eq) Impact

& Rotary Operation B Heliostat Eol
9-111(;85'05 1.23314E-05 B Rotary Eol
° 0% 3.52843E-06

0%

l Rotary construction
0.000787465
32%

B Heliostat construction

0.001178965
B Heliostat operation 48%
0.000399895 !
16% .

M Heliostat construction M Heliostat operation ~ ® Rotary construction

1 Rotary Operation M Heliostat EoL M Rotary EoL

Figure 5.4: Contribution of Each Process to Material Resources in the Bauxite-Based System Operation.
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5.2.2 Contribution Analysis of the Whole System with Sand as the Parti-
cle

When sand is used as the particulate material, the overall pattern of contributions from differ-
ent subsystems remains similar to the bauxite case, but with some slight shifts worth noting.
The largest share of environmental impact still originates from heliostat construction, which
accounts for approximately 57% of climate change, 77% of human toxicity, and 62% of land
use. This confirms that building the heliostat structures remains the most resource- and energy-
intensive stage of the system.

A notable difference in the sand scenario is the land use footprint, which, although still rela-
tively small in absolute terms, is slightly higher compared to the bauxite case. This indicates
that even materials often considered low-impact, such as sand, can exert measurable environ-
mental pressure when used in large volumes.

The second most significant stage is heliostat operation, contributing around 25% to climate
change impacts, 11% to human toxicity, and 25% to land use. These results reflect the ongoing
energy demand associated with system operation, which accumulates over time. Rotary con-
struction also plays a non-negligible role, contributing about 12% to climate change, 12% to
human toxicity, and 9% to land use. In contrast, the operation of the rotary subsystem itself has
only a minimal impact, remaining well below 1% across all categories.

Finally, the end-of-life phases contribute only marginally. Heliostat end-of-life accounts for
roughly 4% of climate change and 3% of land use, with its contribution to human toxicity being
negligible. Rotary end-of-life contributes even less, with impacts staying consistently under 1%
across all categories.

To visually illustrate these findings, three pie charts were prepared for climate change, human
toxicity, and land use. These visualizations demonstrate that, although using sand does not
drastically alter the overall contribution structure compared to bauxite, its impact is most evi-
dent in land use. This suggests that strategies aimed at reducing environmental impacts should
continue to prioritize heliostat construction. However, it is also important to recognize that even
“low-impact” materials like sand can generate measurable pressures, particularly regarding land

occupation(Figures [5.5][5.6]
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Contributions of Each Process in Sand-Based PYSOLO System
Operation Regarding Human toxicity (kg 1,4-DCB-eq) Impact
B Heliostat EoL
0.000295231
0% B Rotary EoL
7.09196E-05
0%

& Rotary Operation
2.26873E-05
0%

l Rotary construction
0.023243256
12%

B Heliostat operation
0.021620571
11%

B Heliostat construction
0.151886908
77%

M Heliostat construction m Heliostat operation  m Rotary construction

[ Rotary Operation M Heliostat EolL B Rotary EolL

Figure 5.5: Contribution of Each Process to Human Toxicity in the Sand-Based System Operation.

Contributions of Each Process in Sand-Based PYSOLO System
Operation Regarding Climate Change (kg CO2-eq) Impact

B Heliostat EoL

1 Rotary Operation 0.001973218
0.0002547382 4%

1%

B Rotary EoL
0.000556945

1%

B Rotary construction

0.006001719
12%

B Heliostat operation
0.012756791
25%

B Heliostat construction
0.028838575
57%

B Heliostat construction M Heliostat operation M Rotary construction

[ Rotary Operation M Heliostat EoL H Rotary EolL

Figure 5.6: Contribution of Each Process to Climate Change in the Sand-Based System Operation.
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Contributions of Each Process in Sand-Based PYSOLO System
Operation Regarding Land use (m2a crop-eq) Impact

& Rotary Operation B Heliostat EoL
5.2884E-06 5.28618E-05
) 0 B Rotary EolL
| ROtary construction 0% 3% 1.1197E-05

0.00013346
9%

1%

B Heliostat operation
0.000384518
25%

B Heliostat construction
0.000957769
62%

M Heliostat construction m Heliostat operation  m Rotary construction

[ Rotary Operation M Heliostat EolL B Rotary EolL

Figure 5.7: Contribution of Each Process to Land use in the Sand-Based System Operation.
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5.2.3 Contribution Analysis of the Whole System with Olivine as the Par-
ticle

When olivine is considered as the particulate material, the contribution analysis again reveals
a very similar distribution of environmental burdens to those observed in the bauxite and sand
scenarios. The construction of the heliostat dominates the results, contributing approximately
57% of the total climate change impact and up to 77% of the human toxicity impact. This con-
firms the consistent finding across all three particulate types: the heliostat construction stage is
the most critical subsystem driving overall environmental performance.

The operation of the heliostat follows, accounting for around 25% of climate change impacts
and 11% of human toxicity. Rotary construction also emerges as a notable contributor, adding
about 12% to both categories, indicating that although smaller in scale than the heliostat, the
rotary system still carries a measurable footprint. In contrast, the direct operation of the rotary
system contributes negligibly, with values below 1% for climate change and essentially zero for
human toxicity.

End-of-life phases for both heliostat and rotary subsystems again play only a minor role, with
heliostat end-of-life accounting for approximately 4% of climate change impacts and near-zero
in human toxicity, while rotary end-of-life contributes roughly 1% to climate change and re-
mains negligible otherwise.

To illustrate these findings, two pie charts were generated for the climate change and human tox-
icity categories. They confirm that the heliostat construction phase overwhelmingly dominates
both categories, with other subsystems playing comparatively smaller roles(see Figures [5.8]
[5.9). Overall, the olivine scenario reinforces the broader conclusion that the choice of partic-
ulate material has little effect on the proportional contribution of subsystems. Instead, efforts
to improve the sustainability of the system should remain focused on reducing the material and
energy demands of heliostat construction, as this stage consistently shapes the environmental
performance across all impact categories.
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Contributions of Each Process in Olivine-Based PYSOLO System
Operation Regarding Human toxicity (kg 1,4-DCB-eq) Impact
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Figure 5.8: Contribution of Each Process to Human Toxicity in the Olivine-Based System Operation.

Contributions of Each Process in Olivine-Based PYSOLO System
Operation Regarding Climate Change (kg CO2-eq) Impact
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Figure 5.9: Contribution of Each Process to Climate Change in the Olivine-Based System Operation.
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5.3 Process and Flow Contribution Analysis in the Entire Sys-
tem

Climate Change (kg CO-eq)

In the climate change category, the normalized total impact contributions were examined for
the three modeled scenarios: Whole system with Bauxite, Whole system with Sand, and Whole
system with Olivine. The analysis focused on the eleven most influential processes, selected
because they account for the majority of greenhouse gas (GHG) emissions across the product
system and were used to construct the diagram showin in Figure It is important to note
that other flows were also included in the inventory, but their individual contributions were rel-
atively low and did not substantially affect the overall profile.

Comparison of Normalized Total Impact Contributions for the Climate Change Category Among Three PHCs
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Figure 5.10: Comparison of Normalized Total Impact Contributions for the Climate Change Category
Among Three PHCs.

Across all three scenarios, a clear and consistent pattern emerges. The market for electricity,
medium voltage represents the single most dominant contributor, with a normalized impact of
approximately 0.0118 in each case. This underscores the significance of electricity consumption
as a driver of climate-related impacts, highlighting its overarching influence regardless of the
particle type considered. Following electricity, the market for printed wiring boards (surface-
mounted, Pb-free, unspecified) consistently appears as the second most impactful process, while
aluminium (wrought alloy) and flat glass (uncoated) also demonstrate high levels of contribu-
tion. Collectively, these processes represent core material- and energy-intensive stages of the
system, reflecting the environmental burden associated with electronics and structural materials.

Processes such as the market for passive electronic components, steel production (low-alloyed,
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electric), and the treatment of wastewater (average) emerge as intermediate contributors. Al-
though their normalized values are smaller than those of the top four contributors, their con-
sistent presence across all scenarios indicates their role as secondary hotspots. Metals such as
copper cathodes and iron-nickel-chromium alloys contribute at lower levels but remain relevant
to the total system burden. At the bottom end of the top eleven, the market for transport (freight,
lorry 16-32 metric ton, EURO6) and nylon 6 or concrete (30 MPa) make relatively small con-
tributions.

When comparing across particle scenarios, the overall magnitude of normalized contributions
is nearly identical. The normalized values for electricity supply in each system are very close
(0.011809396 for Bauxite, 0.011809707 for Sand, and 0.011809084 for Olivine), showing that
the choice of particle has negligible influence on the climate change profile. The variation is
most noticeable in the lower-ranked contributors: while the Bauxite scenario includes nylon 6
within the top eleven, both the Sand and Olivine scenarios instead feature concrete (30 MPa).
Additionally, the contribution of transport (freight, lorry, EURO®) is slightly lower in the Sand
system, which can be attributed to the shorter distance between the supplier and the site, thereby
reducing transport-related emissions.

From an interpretive perspective, the findings demonstrate that the main environmental hotspots
are not directly linked to the particle substitution itself, but rather to system-level processes such
as electricity consumption, material production, and electronics manufacturing. This has im-
portant implications: first, it indicates that decarbonization of the electricity grid would offer
the most significant potential to reduce climate change impacts across all systems. Second,
the prominence of printed wiring boards, aluminium, and flat glass suggests that material ef-
ficiency, recycling, and substitution strategies are critical levers for impact reduction. Finally,
transport-related emissions, while comparatively small, reveal how supply chain logistics (e.g.,
shorter transport distances as in the Sand system) can still contribute to incremental reductions
in climate change impacts.

In summary, the comparative analysis shows that the substitution of bauxite, sand, or olivine
particles does not significantly alter the relative distribution of impacts in the climate change
category. Instead, the results highlight the dominance of electricity and material-intensive pro-
cesses as key drivers, while also pointing to the role of supply chain optimization (shorter trans-
port distances) as a potential secondary lever for reducing emissions.

Energy resources: non-renewable, fossil (kg oil-eq)

The category of non-renewable fossil energy resources reflects the cumulative consumption of
oil-equivalents across the product systems. Figure[S.T1|presents the results for the three scenar-
ios—Whole system with Bauxite, Whole system with Sand, and Whole system with Olivine—highlighting
the twelve processes with the largest contributions.

The results show a clear dominance of electricity supply, with the process market for electric-

ity, medium voltage (Germany) contributing approximately 0.00298 kg oil-eq in all scenarios.

This makes electricity the single most significant driver of fossil energy use. This finding aligns

with the well-documented dependence of electricity generation in Europe on fossil-based en-

ergy carriers, particularly natural gas and coal, despite ongoing increases in renewable energy
integration.
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The second-largest contribution stems from printed wiring boards, surface mounted, Pb-free
(0.00162 kg oil-eq), followed by aluminium (wrought alloy, 0.00135 kg oil-eq), flat glass
(0.00115 kg oil-eq), and passive electronic components (0.00105 kg oil-eq). Collectively, these
processes underline the energy intensity of electronic and alloy material production, which re-
mains strongly linked to fossil energy due to their electricity- and heat-intensive nature.
Additional but smaller contributions arise from steel production (low-alloyed, 0.00066 kg oil-
eq), wastewater treatment (0.00055 kg oil-eq), iron-nickel-chromium alloy (0.00053 kg oil-eq),
and copper cathode (0.00050 kg oil-eq). In the lower range, freight transport with EUROG6 lor-
ries, nylon 6 production, and concrete (30 MPa) contribute between 0.00018 and 0.00046 kg oil-
eq, indicating the broad but relatively modest fossil energy dependence of supporting supply-
chain activities.

When comparing the three scenarios, the profiles are nearly indistinguishable, with only marginal
variations in the contribution from freight transport. Specifically, the Bauxite system registers

0.00046 kg oil-eq, the Sand system 0.00042 kg oil-eq, and the Olivine system 0.00045 kg oil-

eq. These small deviations are linked to logistical differences in particle sourcing and delivery,

with Sand showing the lowest transport contribution due to the shorter distance between local

supply points and the site. All other major contributors remain constant across scenarios, indi-

cating that the choice of particle (bauxite, sand, or olivine) exerts negligible influence on fossil

energy demand.

From an interpretive perspective, the analysis highlights two main conclusions. First, the elec-
tricity system is the dominant hotspot in fossil energy consumption, vastly outweighing con-
tributions from other processes. This suggests that transitioning electricity generation toward
renewable sources is the most effective lever for reducing fossil energy demand in the studied
systems. Second, material production (aluminium, electronics, glass, and steel) constitutes a
cluster of secondary but still significant hotspots, reflecting the persistent fossil dependency of
energy-intensive industries.

Overall, the fossil energy demand of the studied systems is largely determined by electricity
generation and industrial materials production, with transport and concrete playing minor roles.
Importantly, the substitution between bauxite, sand, and olivine has minimal effect on this im-
pact category, reinforcing that system-level reductions in fossil energy use must primarily target
energy supply decarbonization and efficiency improvements within materials industries, rather
than the choice of particle inputs.
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Comparison of Normalized Total Impact Contributions for the Energy resources: non-renewable, fossil
Category Among Three PHCs
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Figure 5.11: Comparison of Normalized Total Impact Contributions for theEnergy resources: non-
renewable, fossil Category Among Three PHCs.

Material resources (kg Cu-eq)

The assessment of material resource depletion, measured in kilograms of copper equivalents (kg
Cu-eq), provides insights into the extent to which the studied systems rely on scarce raw ma-
terials. Figure [5.12]illustrates the relative contribution of each process under the three mineral
input scenarios: Whole system + Bauxite, Whole system + Sand, and Whole system + Olivine.
Across all three systems, the dominant contributions arise from metal production and electronics-
related processes. The most significant hotspots include copper cathode production (5.02 x
10~* kg Cu-eq), iron-nickel-chromium alloy production (4.57 x 10~* kg Cu-eq), and passive
electronic components (3.73 x 10~* kg Cu-eq). Collectively, these account for the majority
of the material resource impact, reflecting the high criticality of copper, nickel, and specialty
alloys in modern manufacturing.

Additional important contributors are printed wiring boards, Pb-free (2.74 x 10~* kg Cu-eq),
and refractory materials (2.18 x 10~* kg Cu-eq). Bulk construction and structural materials
such as low-alloyed steel (1.81 x 10~% kg Cu-eq) and aluminium wrought alloys (1.04 x 10~*
kg Cu-eq) also play notable roles. Meanwhile, electricity generation, chromium steel (18/8, hot
rolled), wastewater treatment, and flat glass production contribute at intermediate levels (6 x
1072 to 3 x 107> kg Cu-eq).

The inclusion of mineral feedstock differentiates the three scenarios. In the Bauxite scenario, a
direct contribution from bauxite market inputs is observed (8.8 x 107> kg Cu-eq), representing
a non-negligible fraction of the total material resource burden. This additional load reflects the
relatively high depletion potential of bauxite mining due to its link with aluminium produc-
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tion. In contrast, in both the Sand and Olivine scenarios, this contribution is effectively zero,
indicating that the extraction of these mineral inputs is not associated with substantial copper-
equivalent burdens in the inventory model.

Apart from this distinction, the overall impact profiles are nearly identical across scenarios, as
the hotspots remain linked to copper, alloys, and electronic components. Minor deviations are
visible in background processes such as flat glass and transport (EURO6 freight lorry), where
values shift slightly depending on the mineral scenario, but these remain at the lower order of
magnitude and do not significantly affect the overall interpretation.

From an interpretive perspective, two main findings emerge. First, the dominance of copper
cathode and nickel-chromium alloys underscores the systemic dependency on critical raw ma-
terials. This aligns with broader trends in resource criticality, where copper and nickel are
highlighted as strategic due to their demand in electronics, renewable energy, and infrastructure
applications. Second, the choice of mineral feedstock only significantly affects the result in the
case of bauxite, where a measurable additional burden appears. Conversely, sand and olivine
exert negligible influence on material resource depletion.

To sum up, material resource depletion is overwhelmingly driven by metal extraction and elec-
tronics manufacturing, while the selection of sand or olivine as aggregate alternatives has no
meaningful effect. Only bauxite introduces an additional burden, linked to its critical role in
the aluminium supply chain. Therefore, mitigation strategies should focus on metal recycling,
alloy substitution, and circular economy approaches in electronics, rather than on aggregate
replacement.
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Comparison of Normalized Total Impact Contributions for the Material resources Category Among Three PHCs
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Figure 5.12: Comparison of Normalized Total Impact Contributions for the Material resources Category
Among Three PHCs.

Land use (m?a crop-eq)

The land use assessment, expressed in square meters per annum of crop-equivalent (m?a crop-
eq), highlights the extent to which the studied systems depend on land occupation for biomass
provision and agricultural equivalence. Figure [5.13] presents the comparative results for the
three mineral input scenarios: Whole system with Bauxite, Whole system with Sand, and Whole
system with Olivine.

Across all scenarios, the most significant contributors are associated with copper production,
electricity supply, and electronic components. Copper cathode production emerges as the dom-
inant hotspot with a contribution of 3.16 x 10~* m?a crop-eq, followed by electricity, medium
voltage (DE mix) (2.51 x 10~* m?a crop-eq), and passive electronic components (2.11 x 10~* m?a
crop-eq). Additionally, printed wiring boards (Pb-free) (2.10 x 10~* m?a crop-eq) and flat
glass production (9.88 x 10~ m?a crop-eq) also represent notable contributors. Structural
materials such as low-alloyed steel (9.26 x 107> m?a crop-eq) and aluminium wrought alloys
(7.17 x 107> m?a crop-eq) provide secondary but non-negligible impacts.

Lower-order contributions are observed for wastewater treatment (8.33 x 10> m”a crop-eq)
and waste mixed aggregates from demolition, which exhibit very small values across all sce-
narios (1078 to 10~7 m?a crop-eq). Although marginal in absolute terms, these processes are
relevant as indicators of waste handling within the system boundary.

2
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The differences between the three mineral input scenarios stem from the treatment of baux-
ite, silica sand, and olivine. In the Bauxite scenario, an additional land occupation of 4.75 x
10~7 m?a crop-eq is recorded, reflecting land use associated with bauxite mining. In the Sand
scenario, this contribution is slightly higher at 2.05 x 10~® m?a crop-eq, indicating that although
sand extraction is perceived as low-impact, it carries a measurable land occupation footprint.
Conversely, in the Olivine scenario, no land use burden is allocated to mineral extraction, and the
only additional effect is the negligible contribution of waste mixed aggregates (1.47 x 1078 m?a
crop-eq).

Overall, the land use profile remains largely invariant across the three scenarios, with dominant
hotspots consistently linked to copper production, electricity, and electronics manufacturing.
The introduction of bauxite or sand marginally increases land use burdens by approximately
0.1-0.6% relative to total results, whereas olivine substitution exerts virtually no additional ef-
fect.

From a systems perspective, these results suggest that land occupation impacts in this study are
primarily driven by energy and metals supply chains rather than the choice of mineral input for
aggregate substitution. Therefore, strategies aimed at reducing land use burdens should focus
on improving copper supply, increasing renewable electricity integration, and adopting circular
approaches for electronics, rather than on aggregate material substitution.

Comparison of Normalized Total Impact Contributions for the Land use Category Among Three PHCs
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Figure 5.13: Comparison of Normalized Total Impact Contributions for the Land use Category Among
Three PHCs.
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Water use (m3)

The water use assessment, expressed in cubic meters, evaluates the total freshwater consump-
tion associated with the production and life cycle of the studied systems, including both direct
and upstream processes. Figure [5.14] presents the comparative results for the three scenarios:
Whole system with Bauxite, Whole system with Sand, and Whole system with Olivine.

Across all scenarios, the largest contributions to water use originate from the production of iron-
nickel-chromium alloy (1.37 X 10~* m?) and electricity supply (DE mix) (5.54 x 107 m?).
These findings underscore that metal extraction and energy generation remain the primary
drivers of freshwater consumption within the system. Secondary contributors include printed
wiring boards (Pb-free) (4.76 x 107> md), low-alloyed steel production (3.75 x 107> m3), and
copper cathode production (3.71 x 107> m?).

Other components, such as aluminium wrought alloys, wastewater treatment, and passive elec-
tronic components, contribute moderately to the overall water footprint, ranging from 2.98 x
1075 m3 to 2.45 x 107> m3. Minor contributions are associated with nylon 6, steel 18/8,
concrete, glass wool mat, and transport, with values in the order of 107° to 1072 m3. The
inclusion of bauxite extraction in the Bauxite scenario adds only a negligible contribution
(1.60 x 1072 m?), reflecting the relatively minor water demand linked to bauxite mining within
the system boundary.

When comparing the three mineral scenarios, the water use profiles are notably consistent, with
only slight variations introduced by the specific mineral added. For example, in the Sand sce-
nario, water use from bauxite is absent, and a very small contribution arises from sand supply
chain (3.54 x 1072 m3). Similarly, in the Olivine scenario, minimal contributions from mineral-
specific flows (8.08 x 1071 m3) indicate that olivine extraction is effectively water-neutral in
this context.

Overall, the dominant factors influencing water use across all systems are metal production and
electricity supply. The choice of mineral additive—bauxite, sand, or olivine—has a negligible
impact on total freshwater consumption. These results suggest that mitigation strategies should
primarily target reducing water intensity in metal processing and electricity generation rather
than altering mineral input choices.
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Comparison of Normalized Total Impact Contributions for the Water use Category Among Three PHCs
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Figure 5.14: Comparison of Normalized Total Impact Contributions for the Water use Category Among
Three PHCs.

Human toxicity (kg 1,4-DCB-eq)

In the human toxicity category, the normalized total impact contributions were examined for the
three scenarios: Whole system with Bauxite, Whole system with Sand, and Whole system with
Olivine. The analysis considered the eleven processes with the highest contributions, which
together account for the majority of toxicological impacts across the system. The results are
presented in Figure [5.15]

Across all scenarios, the results are dominated by a single process: steel production, elec-
tric, low-alloyed (Europe without Switzerland and Austria), with a normalized contribution of
0.1745. This value is markedly higher than that of all other processes, making steel produc-
tion the clear hotspot for human toxicity. This strong influence reflects the intensive resource
extraction, metallurgical processing, and associated emissions of heavy metals and other toxic
substances that occur during steelmaking.

Following steel production, the next most important contributors—though at much smaller
magnitudes—are the market for iron-nickel-chromium alloys (0.00425), aluminium produc-
tion (wrought alloy, 0.00413), passive electronic components (0.00355), and steel chromium
18/8 hot rolled (0.00346). Together, these processes highlight the central role of metal extrac-
tion and processing in shaping the toxicity profile. The copper cathode market (0.00265) also
contributes noticeably, further reinforcing the influence of base and alloy metals.

Other contributors include electricity supply (medium voltage, 0.00159), printed wiring boards
(0.00104), wastewater treatment (0.00082), flat glass production (0.00038), and freight trans-
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port (lorry, 16-32 metric tons, EURO6), which appears as the lowest-ranking process within
the top eleven. Although these contributions are relatively minor compared to steelmaking,
they demonstrate that the toxicity burden is spread across a wide range of supply-chain activi-
ties, from energy provision to infrastructure materials.

When comparing across the three particle scenarios, the overall profile remains nearly iden-
tical. The normalized contributions for the dominant steel production process are exactly the
same across Bauxite, Sand, and Olivine systems, while values for the other processes vary only
in the third or fourth decimal place. This indicates that the choice of particle (bauxite, sand,
or olivine) has no meaningful effect on the human toxicity results. Instead, the toxicological
profile is determined almost entirely by upstream material- and metal-intensive processes that
are common to all systems.

From an interpretive perspective, the findings clearly demonstrate that human toxicity impacts
are driven overwhelmingly by the steel sector, with additional but smaller contributions from
alloy, aluminium, and copper production. This outcome suggests that effective strategies to
reduce toxicity impacts should focus on:

* Decarbonizing and detoxifying metallurgical processes, through improved emission con-
trol technologies in steelmaking and alloy production.

* Enhancing material circularity, particularly by increasing the use of recycled metals,
which would reduce the toxic emissions associated with primary extraction and refining.

* Optimizing supply chains and product design, to minimize the need for high-toxicity
materials without compromising product functionality.

In summary, the human toxicity results indicate that while particle substitution (bauxite, sand, or
olivine) does not materially change the impact distribution, metallurgical processes—especially
steel production—are the primary drivers of toxicological burdens. As such, system-level im-
provements in the sourcing and processing of metals offer far greater potential for reducing
human toxicity than the selection of alternative particles.
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Comparison of Normalized Total Impact Contributions for the Human Toxicity Category Among Three PHCs
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Figure 5.15: Comparison of Normalized Total Impact Contributions for the Human Toxicity Category
Among Three PHCs.

5.4 Hotspot Analysis with Sankey Diagrams

To gain a deeper understanding of the processes driving environmental impacts, Sankey di-
agrams were developed for both the Human Toxicity and Climate Change categories across
the three PHC scenarios. These diagrams provide a visual breakdown of burdens across life
cycle stages, where the thickness of each flow corresponds to the relative contribution of a
process or material. It is important to note that the amounts shown in the diagrams represent
pre-normalization values. The raw LCIA results were initially calculated for the entire sys-
tem lifetime, corresponding to the delivery of 98,550 kWh of useful thermal energy. Since the
functional unit of this study is defined as 1 kWh of useful heat delivered to the kiln bed, the
total impacts were normalized by dividing these values by 98,550. By doing so, the Sankey
diagrams complement the quantitative tables presented earlier by illustrating how impacts ac-
cumulate throughout the supply chains and infrastructure, rather than arising directly from kiln
operation.

5.4.1 Bauxite

I. Bauxite: Human Toxicity Hotspot Analysis with Sankey Diagram

As shown in Figure [5.16]the life cycle assessment of the Bauxite-PHC system reveals that
human toxicity emissions are heavily concentrated in upstream processes, with total impacts
reaching 1.943 x 10* kg 1,4-DCB-eq. This figure represents the full burden of the system, and
the analysis makes clear that heliostat operation is the dominant contributor. With 1.710 x 10*
kg 1,4-DCB-eq (around 88% of the total), the heliostat subsystem reflects the intensive mate-
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rial and energy demands associated with commissioning, installation, and operational support.
Closely linked to this is steel production—particularly low-alloy electric steel—which con-
tributes a nearly equivalent burden of 1.719 x 10* kg 1,4-DCB-eq (approximately 88.5%). The
overlap between these two hotspots highlights how deeply the heliostat system is tied to steel
inputs.

Breaking the heliostat subsystem down further, the greatest shares of toxicity are tied to the early
lifecycle stages. Commissioning, transportation, installation, and frame assembly each register
around 1.497 x 10* kg (approximately 77%), showing how resource-intensive the deployment
phase is. Substantial, though comparatively smaller, burdens arise from foundation and sup-
port structures (7.065 x 10° kg, approximately 36.4%), mirror module fabrication (4.062 x 103
kg, approximately 20.9%), and the drive and control systems (3.352 x 10® kg, approximately
17.3%). These figures emphasize that toxicity impacts are not just embedded in raw materials,
but also in the processes that enable large-scale installation and operation.

At the material level, certain components emerge as notable hotspots. Small electric mo-
tors contribute 1.830 x 10% kg (approximately 9.42%), making them one of the single largest
material-level sources. Other significant contributors include iron—nickel-chromium alloys
(4.184 x 10% kg, approximately 2.15%), aluminium wrought alloys (4.067 x 10? kg, approx-
imately 2.09%), and copper cathodes (2.607 x 10? kg, approximately 1.34%). Printed wiring
boards (1.027 x 10? kg, approximately 0.53%) and flat uncoated glass (37.322 kg, approxi-
mately 0.19%) contribute smaller fractions, but nonetheless illustrate the wide range of ma-
terials that feed into the overall toxicity profile. Even more marginal are flows such as glass
wool mats (15.482 kg, approximately 0.08%) and concrete (12.881 kg, approximately 0.066%),
which play only a minor role.

Rotary kiln construction also represents an important source of toxicity emissions. Contri-
butions from material preparation, rolling/forming, machining, and welding/assembly are all in
a similar range—between 2.276 x 103 and 2.291 x 10° kg (approximately 11.7-11.8%). While
less dominant than heliostat operation, these stages reflect the persistent influence of energy-
and resource-intensive industrial processes on the overall system profile.

Beyond these major contributors, several smaller flows collectively add to the picture. These
include electronic components (3.501 x 10% kg, approximately 1.80%), wastewater treatment
(80.706 kg, approximately 0.42%), freight transport (26.483 kg, approximately 0.14%), munic-
ipal waste glass treatment (12.357 kg, approximately 0.064%), rotary kiln end-of-life treatment
(6.989 kg, approximately 0.036%), and medium-voltage electricity (1.565 x 10> kg, approxi-
mately 0.805%). Interestingly, the direct contribution of bauxite itself is minimal. Processed
bauxite adds only 3.196 kg (approximately 0.016%), while the initial bauxite stock contributes
2.973 kg (approximately 0.015%).

Taken together, these results show that the human toxicity profile of the Bauxite-PHC system
is strongly skewed toward heliostat operation and steel production, which together account for
nearly 88% of total emissions. Additional burdens from rotary kiln construction and specific
materials—such as motors, aluminium, and specialty alloys—are also significant, whereas the
contribution of raw bauxite is negligible. This highlights the importance of adopting a com-
prehensive life cycle perspective: while bauxite is central to the system conceptually, its direct
toxicity footprint is minor compared to the infrastructure and supporting materials. From a mit-
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igation perspective, the most effective strategies will likely involve reducing the material and
energy intensity of heliostat logistics, improving the efficiency of steel and component manu-
facturing, and optimizing construction processes for the rotary kiln.
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Figure 5.16: Human Toxicity Hotspot Analysis with Sankey Diagram Using Bauxite as the PHC.

II. Bauxite: Climate Change Hotspot Analysis with Sankey Diagram

The climate change impacts of the Bauxite-based PHC system amount to 4.971 x 103 kg CO,-
equivalents (CO»-Eq), representing the full upstream greenhouse gas emissions associated with
material production, component manufacturing, assembly, transport, operation, and end-of-life
management. At the system level, heliostat operation emerges as the dominant contributor,
responsible for 4.099 x 10> kg CO,-Eq, or approximately 82% of the total footprint. This
concentration reflects the energy- and material-intensive requirements of deploying, commis-
sioning, and managing heliostat systems.

As illustrated in Figure m below, Within the heliostat chain, the largest contributions stem
from commissioning and control (2.842 x 103 kg CO,-Eq, approximately 57%), followed closely
by transportation and installation (2.826 x 10° kg CO,-Eq, approximately 57%) and frame as-
sembly (2.808 x 10° kg CO,-Eq, approximately 56%). The similarity in these values under-
scores that emissions are heavily clustered in logistics, assembly, and early operational stages
rather than during disposal. Other relevant subsystems include the drive and control system
(1.841 x 10° kg CO,-Eq, approximately 37%), mirror module fabrication (6.640 x 10% kg CO,-
Eq, approximately 13%), and foundation and support structures (2.667 x 10> kg CO,-Eq, ap-
proximately 5%). End-of-life treatment of heliostats, represented as a notional flow, accounts
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for only 1.945 x 10% kg CO,-Eq (approximately 4%), confirming that climate burdens are over-
whelmingly front-loaded in the heliostat lifecycle.

The rotary kiln fabrication and assembly chain also contributes significantly to the overall
emissions profile. Each stage contributes in a fairly uniform manner: material preparation
(5.608 x 10? kg CO,-Eq, approximately 11.3%), rolling and forming (5.618 x 10> kg CO»-
Eq, approximately 11.3%), machining (5.901 x 10> kg CO,-Eq, approximately 11.9%), and
welding and assembly (5.915 x 10> kg CO,-Eq, approximately 11.9%). This even distribu-
tion suggests no single stage dominates, and improvements in any part of the kiln construction
process could yield meaningful reductions in emissions. Conversely, end-of-life treatment of
the rotary kiln contributes only 5.489 x 10! kg CO,-Eq (approximately 1.1%). The processed
bauxite input used within the kiln adds just 1.846 x 10! kg CO,-Eq (approximately 0.37%),
reinforcing that raw feedstock itself plays a minor role in climate impacts.

Material- and component-level analysis further clarifies key drivers of emissions. Medium-
voltage electricity is the single largest contributor, responsible for 1.164 x 10° kg CO,-Eq (ap-
proximately 23%). Small electric motors follow closely with 9.806 x 10? kg CO,-Eq (approxi-
mately 20%). Other significant contributors include printed wiring boards (6.464 x 10? kg CO»-
Eq, approximately 13%), aluminium wrought alloy (6.345 x 10> kg CO,-Eq, approximately
13%), and flat uncoated glass (4.875 x 102 kg CO,-Eq, approximately 10%). Passive electronic
components add 3.912 x 10? kg CO,-Eq (around 8%), while steel production, particularly low-
alloy electric steel, accounts for 2.928 x 10? kg CO,-Eq (about 6%). Other contributors include
copper cathodes (2.002 x 10? kg CO,-Eq, approximately 4%) and iron—nickel-chromium alloys
(1.945 x 10% kg CO,-Eq, approximately 4%). Smaller yet measurable flows arise from concrete
(1.230 x 10? kg CO,-Eq, about 2.5%), nylon-6 (91.444 kg, approximately 1.8%), chromium
steel (60.499 kg, approximately 1.2%), refractory materials (35.595 kg, approximately 0.7%),
and glass wool mats (32.790 kg, approximately 0.7%).

Additional flows, though individually modest, collectively reinforce the importance of a full
lifecycle perspective. Wastewater treatment contributes 3.228 x 10 kg CO,-Eq (approximately
6.5%), lorry transport adds 1.437 x 10> kg CO,-Eq (approximately 2.9%), hazardous waste
mineral oil treatment accounts for 30.626 kg CO,-Eq (about 0.6%), and heat production from
natural gas furnaces adds 23.806 kg CO,-Eq (about 0.5%).

In summary, the climate change profile of the Bauxite-PHC system is highly skewed toward
heliostat-related processes, with the majority of upstream emissions arising during commission-
ing, transportation, and assembly stages. Large-scale material and component flows—particularly
electricity consumption, small motors, aluminium, and wiring—are significant contributors. In
contrast, bauxite-specific contributions are negligible, supporting the earlier conclusion that raw
material impacts are minor compared to infrastructure deployment, manufacturing, and energy
use. From a mitigation standpoint, strategies should focus on reducing the carbon intensity of
electricity across the supply chain, improving material efficiency in high-impact components,
and streamlining heliostat deployment processes to substantially lower the system’s overall cli-
mate burden.
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Figure 5.17: Climate Change Hotspot Analysis with Sankey Diagram Using Bauxite as the PHC.

5.4.2 Sand

I. Sand: Human Toxicity Hotspot Analysis with Sankey Diagram

The human toxicity assessment of the sand-based solar system, visualized through a Sankey di-
agram[5.18] reveals a clear pattern: the rotary kiln itself contributes nothing directly to toxicity
impacts. The central node, Rotary Kiln Operation (Sand), shows a 0.000% direct contribution,
while its upstream share reaches 100%. This demonstrates that all toxicity burdens are inherited
from the broader supply chain and infrastructure requirements, rather than from the kiln’s direct
operation.

Within this upstream profile, the heliostat infrastructure dominates. Heliostat operation alone
is responsible for 88.0% of the total burden, underlining the material- and energy-intensive na-
ture of commissioning, installing, and maintaining a heliostat field. Deployment stages further
amplify this impact: commissioning and construction contribute 77.0%, transportation and in-
stallation 77.0%, and frame assembly 77.0%. Even secondary subsystems such as foundations
(36.4%) and drive and control systems (17.3%) add significant shares. At the component level,
small electric motors stand out, contributing 9.4% of total toxicity, despite their modest scale
within the overall system.

Tracing the Sankey flows upstream highlights the material and industrial origins of these bur-
dens. Flat uncoated glass contributes 0.19%, reflecting the emissions embedded in mirror pro-
duction. Electronics also play a role, with copper cathodes accounting for 1.34% and printed
wiring boards for 0.59%, linked to refining and semiconductor manufacturing. Even seemingly

marginal inputs, such as polyvinyl chloride (0.017%), reveal the influence of plastics in wiring
and insulation.
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The strongest signal, however, comes from metals. Steel production, particularly low-alloy
electric arc furnace steel, accounts for 88.5% of total human toxicity—a single overwhelming
hotspot. Aluminium wrought alloys add 2.1%, while chromium steel contributes 1.75%. Elec-
tricity use is comparatively minor, with medium-voltage electricity accounting for only 0.8%.
These results suggest that metallurgy and large-scale material processing, rather than direct en-
ergy consumption, define the system’s toxicity profile.

Other flows, though small, provide a more complete picture. The welding and assembly stage of
the rotary kiln contributes 11.8%, while end-of-life processes remain negligible: rotary kiln dis-
posal adds just 0.036%, waste glass treatment 0.064%, and concrete (30 MPa) 0.066%. Freight
transport makes only a modest contribution at 0.13%. Most importantly, the contribution of the
heat carrier itself—processed sand—is virtually zero, at just 0.0025%.

In summary, the human toxicity burden of the sand-based solar system is driven almost entirely
by materials and infrastructure, particularly steel, aluminium, glass, and electronic components.
The sand itself plays no meaningful role. Mitigation strategies should focus on developing
cleaner steelmaking routes, improving glass and aluminium production processes, promoting
more sustainable electronics and copper supply chains, and streamlining installation logistics.
This analysis reinforces the conclusion that toxicity impacts are predominantly infrastructure-
driven rather than fuel-driven.
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Figure 5.18: Human Toxicity Hotspot Analysis with Sankey Diagram Using sand as the PHC.
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II. Sand:Climate Change Hotspot Analysis with Sankey Diagram

The climate change analysis of the sand-based solar system further reinforces the finding that
impacts are rooted in infrastructure rather than in the kiln itself. The Sankey diagram in Fig-
ure [5.19] shows that Rotary Kiln Operation (Sand) contributes 0.000% directly, with the entire
100% burden inherited upstream. This indicates that greenhouse gas emissions arise entirely
from the processes enabling system operation—material production, heliostat assembly, elec-
tronics manufacturing, and associated logistics.

The heliostat subsystem again emerges as the primary hotspot, responsible for 82.6% of up-
stream emissions. Within this, commissioning and construction contribute 57.2%, transporta-
tion and installation 56.9%, and frame assembly 56.6%. The drive and control system adds a
further 37.1%, highlighting the embodied carbon in precision actuators and electronics. Mirror
module fabrication contributes 13.4%, while foundations and supports add 5.4%. In contrast,
end-of-life treatment of heliostats accounts for only 3.9%, confirming that operational phases
dominate over disposal.

Electricity supply is another major driver, with medium-voltage electricity responsible for 23.4%
of the total footprint. This underscores the system’s strong dependence on the carbon intensity
of grid electricity: adopting renewable or low-carbon electricity sources would directly lower
emissions.

Materials and electronics also make significant contributions: printed wiring boards account
for 13.0%, aluminium wrought alloy 12.8%, flat uncoated glass 9.8%, and passive electronic
components 7.9%. Steel, via low-alloy electric arc furnace routes, contributes 5.9%, while
copper cathodes (4.0%) and iron—nickel-chromium alloys (3.9%) are notable hotspots. At the
subsystem level, small electric motors contribute 19.8%—a striking figure given their small
size, but one that reflects the energy- and material-intensive nature of their manufacturing.
Supporting flows such as logistics and conventional construction materials add further, though
smaller, contributions: freight transport by lorry contributes 2.7%, concrete (30 MPa) 2.5%,
nylon-6 1.8%, and PVC 0.3%. End-of-life treatment of the rotary kiln adds 1.1%, while sand
itself contributes just 0.2%. Residual flows include wastewater treatment (6.5%), hazardous
mineral oil treatment (0.6%), waste glass incineration (0.3%), and upstream natural gas use
(0.5%).

Overall, the climate footprint of the sand-based system is overwhelmingly infrastructure-driven,
with heliostat operation, materials production, electricity supply, and electronic components
defining the majority of emissions. The sand itself contributes negligibly. Mitigation strategies
should therefore focus on decarbonizing steel, aluminium, and glass production, expanding
recycling in metals, transitioning to low-carbon electricity, and optimizing electronics and lo-
gistics. In short, reducing the climate burden depends less on the choice of heat carrier and
more on improving the sustainability of the infrastructure that enables solar concentration.
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Figure 5.19: Climate Change Hotspot Analysis with Sankey Diagram Using sand as the PHC.

Olivine
I. Olivine: Human Toxicity Hotspot Analysis with Sankey Diagram

The human toxicity profile of the system using olivine as the primary heat carrier (PHC)
amounts to 1.94 x 10* kg 1,4-DCB-Eq. As with other PHC systems, this burden is overwhelm-
ingly shaped by upstream processes rather than direct kiln operation. The Sankey diagram
(Figure [5.20)) clearly illustrates that steel production and heliostat infrastructure dominate the
overall profile.

Steel production, particularly low-alloy electric steel, emerges as the single largest hotspot,
contributing 1.72 x 10* kg 1,4-DCB-Eq—equivalent to 88.5% of the system total. Steel is
integral both to rotary kiln construction (welding, machining, rolling, and material prepara-
tion) and to heliostat subsystems such as frames, foundations, and support structures. Conse-
quently, all downstream processes relying on steel inherit substantial indirect toxicity burdens.
For example, each of the four kiln construction stages contributes approximately 2.28 x 10° kg
(= 11.7%), while the heliostat foundation alone adds 7.07 x 103 kg (=~ 36.4%).

Within the heliostat subsystem, mirror module fabrication accounts for 4.06 x 103 kg (=20.9%),
and the drive and control system contributes 3.35 x 103 kg (= 17.3%). Other lifecycle phases,
such as transportation, commissioning, and frame assembly, each contribute around 1.50 x 103
kg (= 7.7%). In contrast, end-of-life stages are negligible: heliostat disposal adds only 29.1 kg
(=~ 0.15%), and kiln end-of-life just 6.99 kg (=~ 0.04%).

Secondary material inputs, though smaller, are still notable: aluminium wrought alloy con-
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tributes 4.07 x 10? kg (= 2.1%), iron—nickel-chromium alloys 4.18 x 10? kg (=~ 2.2%), and
copper cathodes 2.61 x 10? kg (=~ 1.3%). Electronics add further to the toxicity burden: printed
wiring boards contribute 1.03 x 102 kg (= 0.53%), and other electronic components contribute
3.50 x 102 kg (= 1.8%). Glass-based materials, both flat and wool, contribute less than 0.2%,
while cement and concrete inputs are around 0.07%. Waste management processes, such as
municipal glass incineration (12.4 kg; ~ 0.06%) and wastewater treatment (80.7 kg; ~ 0.42%),
are similarly minor.

Most strikingly, the contribution of olivine itself is negligible. The processed olivine used as
PHC (1.85 kg; ~ 0.01%) and the initial stock (1.77 kg; ~ 0.01%) together account for less than
0.02% of the total impact. Although olivine is central to the kiln’s function, its direct role in
human toxicity is insignificant.

The human toxicity (cancer) category, measured in kg 1,4-DCB-Eq, reflects the potential risks
to human health from toxic emissions linked to industrial processes. High values indicate emis-
sions of carcinogenic substances such as heavy metals (chromium, nickel, arsenic), persistent
organic pollutants, or by-products from smelting and energy-intensive manufacturing.

The results clearly identify structural materials—steel, aluminium, and specialty alloys—as the
main drivers of toxicity, along with electronics. This aligns with the environmental record of
metallurgical and electronic industries, where mining, smelting, and chemical processing fre-
quently release carcinogenic pollutants. Conversely, kiln operation and the olivine material
itself make no meaningful contribution to the toxicity profile.

The system’s human health footprint is overwhelmingly determined by infrastructure and mate-
rial supply chains rather than the choice of heat carrier, indicating that mitigation efforts should
focus on reducing toxicity in steel and electronics manufacturing, improving supply chain sus-
tainability, and minimizing upstream emissions.
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Figure 5.20: Human Toxicity Hotspot Analysis with Sankey Diagram Using Olivine as the PHC.

I1. Olivine :Climate Change Hotspot Analysis with Sankey Diagram

The climate change assessment of the olivine-based PHC system quantifies upstream green-
house gas emissions at 4.963 x 10% kg CO,-equivalents, encompassing all stages from material
extraction and manufacturing to assembly, transportation, operation, and end-of-life treatment
(Figure [5.21). This comprehensive approach allows identification of the most significant con-
tributors to the system’s carbon footprint.

At the system level, the operation of the five heliostats dominates emissions, contributing
4.099 x 103 kg CO,-Eq, or approximately 82.6%. This highlights that heliostat deployment,
commissioning, and ongoing operation are highly energy-intensive processes. Within the he-
liostat subsystem, commissioning activities, transportation, and frame assembly account for the
largest shares, suggesting that improvements in these stages—through design optimization or
efficiency measures—could substantially reduce emissions.

Electricity consumption at the medium-voltage level contributes 1.164 x 10° kg CO,-Eq (=
23.4%), underscoring the system’s sensitivity to energy sourcing. Transitioning to low-carbon
electricity or enhancing operational energy efficiency could therefore significantly lower the
overall footprint. Smaller but relevant contributors include heliostat end-of-life treatment (1.945 x
102 kg, ~ 3.9%), rotary kiln end-of-life (5.489 x 10! kg, ~ 1.1%), industrial heat from natural
gas (2.381 x 10! kg, ~ 0.48%), and freight transport by lorry (1.686 x 10! kg, ~ 0.34%). Col-
lectively, these minor flows emphasize the importance of a full lifecycle perspective.

The rotary kiln manufacturing process is divided into four stages, each contributing nearly
equally: material preparation (5.608 x 10> kg, ~ 11.3%), rolling and forming (5.618 x 10?
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kg, ~ 11.3%), machining (5.901 x 102 kg, ~ 11.9%), and welding/assembly (5.915 x 102 kg,
~ 11.9%). This uniform distribution suggests that incremental efficiency gains across any stage
could cumulatively reduce emissions, rather than focusing solely on one process.

Material-level contributions within the heliostat subsystem further clarify the dominant sources

of emissions. Small electric motors contribute 9.806 x 10? kg CO,-Eq (=~ 19.8%), printed
wiring boards 6.464 x10% kg (=~ 13.0%), and aluminium wrought alloys 6.345 x10? kg (=
12.8%). Copper cathodes add 2.002 x 10? kg (~ 4.0%), and flat uncoated glass 4.875 x 10? kg
(=~ 9.8%). Secondary materials—chromium steel (6.050 x 10! kg, ~ 1.2%), iron—nickel-chromium
alloys (1.945 x 10% kg, ~ 3.9%), Nylon-6 (9.144 x 10! kg, ~ 1.8%), glass wool mats (3.279 x
10! kg, ~ 0.66%), and concrete (1.230 x 102 kg, ~ 2.5%)—also contribute modestly. Addi-
tional flows such as freight transport (1.415 x 10? kg, ~ 2.85%), wastewater treatment (3.228 x
102 kg, ~ 6.5%), and hazardous mineral oil treatment (3.063 X 10! kg, ~ 0.6%) demonstrate
the importance of auxiliary processes.

Collectively, these results indicate that emissions are concentrated in a few key components
and processes. Heliostat assembly, commissioning, drive systems, and electricity use dominate
the carbon footprint, while other materials and lifecycle stages, though smaller individually,
cumulatively shape the total impact. Improving the largest contributors is likely to yield the
most significant reductions, with additional benefits achievable through incremental gains in
kiln manufacturing and end-of-life management.

The olivine-based PHC system exhibits a highly concentrated climate impact profile, with a
small set of processes and materials responsible for the majority of upstream emissions. Miti-
gation opportunities primarily involve optimizing heliostat-related operations, enhancing com-
ponent efficiency, and transitioning to low-carbon electricity sources, rather than modifications
to the olivine heat carrier itself.
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5.5 Summary of Results

Comparing the three particle heat carriers—bauxite, sand, and olivine—gives clear insight into
the environmental impacts of the PYSOLO system. Across categories like climate change,
human toxicity, material and energy use, land use, and water consumption, the heliostat sub-
system—especially during construction—stands out as the largest contributor. No matter which
particle is used, the heliostat field produces more than half of the greenhouse gas emissions
and over three-quarters of the human toxicity impacts. This shows how material-intensive the
heliostat is, due to steel, aluminum, copper, and electronic components.

The choice of particle has only a small effect on overall environmental impacts. Bauxite shows
the largest differences in material use because it is mined directly, while sand and olivine
mainly affect land use and water consumption slightly. Interestingly, sand, often considered
low-impact, actually has a notable land-use footprint because of aggregate extraction. Olivine
is similar to bauxite but does not change the overall impact distribution much.

Pie charts for each scenario—bauxite (climate change, human toxicity, material use), sand (cli-
mate change, human toxicity, land use), and olivine (climate change, human toxicity)—show
very similar patterns. In all cases, heliostat construction is the main contributor, followed by
heliostat operation and rotary construction. End-of-life impacts are smaller but still significant,
pointing to opportunities for recycling and material recovery.

In summary, changing the particle alone does little to improve the system’s life-cycle perfor-
mance. The best way to reduce environmental impacts is through design improvements and
using materials more efficiently in the heliostat subsystem.



6 Discussion and Optimization

This study points to several ways the PYSOLO system could lower its environmental impacts.
It is important to note that many numbers are based on scaled assumptions, so the exact values
are uncertain. Still, the trends are clear. Heliostat materials were estimated from literature and
reference systems, kiln materials from engineering equations, and energy use and PHC losses
from earlier studies and technical judgment.

6.1 Material and Design Efficiency

Reducing material use is one of the best ways to lower impacts. Using lighter heliostat supports,
replacing primary alloys with recycled ones, and choosing modular designs could reduce cli-
mate and toxicity impacts. A more efficient kiln design could also save materials, even though
the exact savings are not known.

6.2 Operational Improvements

Improving operation can also make a difference. Better heliostat tracking, reducing unnec-
essary electricity use, and relying on cleaner electricity sources would cut emissions. Even
though energy and PHC loss data were estimated, applying these improvements in practice
could strengthen the sustainability of the system.

6.3 End-of-Life and Circularity

Designing components for reuse and recycling can reduce the material footprint. Planning from
the start for disassembly and recovery of metals would make the system more circular. The
exact effect is uncertain, but this direction clearly offers benefits.

6.4 Net-Negative Emissions Potential

Beyond reducing impacts, PYSOLO has the potential to achieve net-negative emissions through
biochar production. This depends on the long-term stability of carbon in biochar and its ability
to replace fossil-based inputs like synthetic fertilizers or activated carbon. Optimizing the he-
liostat subsystem, along with material efficiency, operational improvements, and circular end-
of-life strategies, can minimize the solar subsystem’s material-related impacts relative to the
carbon sequestration and emissions avoided through biochar. Even with the uncertainties in-
herent in the scaled assumptions, PYSOLO shows strong promise as a scalable technology for
climate mitigation.

6.5 Interpretation (ISO 14044)

The results show that heliostat construction dominate most impact categories, particularly cli-
mate change and resource use. The choice of PHC makes only a minor difference.

The system model is considered complete within the defined boundaries. Very small flows
were excluded according to the cut-off rules described in Chapter 4. The same functional unit,
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boundaries, allocation procedure, and impact method (ReCiPe 2016 Midpoint H) were applied
consistently.

No sensitivity analysis was carried out, but key uncertainties such as PHC attrition, lifetimes,
and electricity demand are acknowledged. These may shift absolute values but do not change
the main conclusion that heliostat construction is the major contributor.



7 Conclusion and Future work

7.1 Summary of Contributions

This thesis presented the first life-cycle assessment of the PYSOLO solar subsystem, compar-
ing three PHCs: bauxite, sand, and olivine. The analysis shows that heliostat construction is the
dominant source of environmental impacts, followed by heliostat operation and kiln construc-
tion. PHC choice has only minor influence on overall results.

Material and energy values were estimated from literature, engineering calculations, and prior
technology data. Although these assumptions introduce uncertainty, the results provide a clear
picture of the relative contributions of different subsystems. The study highlights where design
improvements, operational changes, and circular end-of-life strategies could bring the largest
benefits.

7.2 Limitations of the Study

The main limitation of this study is that it relies on scaled data rather than measured opera-
tional values. Heliostat materials were estimated from reference designs, rotary kiln materials
and particle heat carrier (PHC) flows were calculated using engineering equations, and some
assumptions were based on previous studies. This means the results are indicative rather than
exact. The study also did not include the benefits of biochar use, such as carbon storage or soil
improvement, and it focused only on the solar subsystem, without considering interactions with
the rest of the plant.

7.3 Recommendations for Future Research

Future work should focus on replacing assumptions with real data, such as measured energy
use, detailed bills of materials, and actual PHC attrition rates. Studies in different regions would
help improve estimates for electricity mixes and supply chain impacts. Research on modular
and recyclable heliostat designs could further improve circularity. Most importantly, subsystem
results should be integrated into full plant assessments, including biochar carbon permanence
and avoided emissions. Finally, economic and policy studies are needed to evaluate the practical
feasibility of scaling up PYSOLO as a net-negative technology.

In conclusion, the PYSOLO solar subsystem shows clear ways to reduce environmental impacts
through improvements in design, operation, and circularity. Heliostat construction is the main
driver of impacts, while the choice of particle heat carrier has only a minor effect. Although this
study relied on assumptions rather than measured data, it provides a solid foundation for future
validation and optimization. Combining these subsystem results with whole-plant assessments,
including biochar carbon storage, will be important to determine PYSOLO’s potential as a scal-
able net-negative technology. Overall, the findings offer a roadmap for developing sustainable,
low-impact solar thermochemical processes.
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