Carl von Ossietzk

Bt iy |

Universitat
Oldenburg

Carl von Ossietzky Universitat Oldenburg

Fakultat Il 7 Informatik, Wirtschafts- und Rechtswissenschaften
Department fur Informatik

Analysis of Interactions between Raw Material
and Energy Demands for Data Centers

Dissertation zur Erlangung des Grades eines

Doktors der Ingenieurwissenschaften

vorgelegt von

Fernando Andres Pefiaherrera Vaca

ErsterGutachterProf. Dr.-Ing. Wolfgang Nebel

Zweiter GutachterProf. Dr.-Ing. habil. Jorge Marx Gomez

BetreuungDr.-Ing. Alexandra Pehlken

Tag der DisputatiorD7. Marz 2024






Acknowledgements

This work was made possible with the unwavering support and guidance of several members of the

research community.

A special acknowledgment goes to drg. Alexandra Pehlken, who provided the principal guidance

for the development of this work, and who at the time of the formulation of this dissertation was the

|l eader of the fACascade Utgd Oldenbarg. drmough her Igngstanding at t
and continuous support, constructive criticism, and feedback, the several advancements found during

this research project were obtained. Her vast professional network and expertise in the field of
sustainability ad material efficiency was of prime importance for the execution of the tasks undertaken

for the achievement of the research goals.

Sincere thanks are also expressed to the members of the review committee, Prof. Dr. Wolfgang Nebel
and Prof. DrIng. Jorge Marx Gémez, for their contributions during the review process, their input
during the several discussions held, and their suppodrfesadback. Their valuable insights were pivotal

for the assurance of the quality of this research.

Several thanks are also given to the different project partners of the TEMPRO project, with whom
various steps of this research were completed, and whose collaboration was crucial in the formulation

and implementation of the models and artifacts utilizettis study.

For the continuous support and comprehension, deep gratitude is expressddgo $ren Rosinger,
group manager-efofi aihentd EQyeargty Citi esodo research g
members of this group. The continuous and insightful intierectand multiple topical discussions

greatly enhanced the quality of this work and of the multiple presentations held during this research.

Lastly, a note of thanks to Juan Camilo Gémez for generously dedicating his time to provide corrections

and valuable feedback to the final document.

To all of them my everlasting gratitude.






To my beloved parents,
whose invaluable understanding knows
neitherbounds distances, odoubts



Vi




Vi

Abstract

The amount oprofessional data centers in Germany is continuously increasing. This results in a growing
demand for ICT components, such as servers and storage units. This, in addition to their short service
times and high intensity of critical raw material contentultesn a higher demand for valuable raw
materials and primary energy for their production. The evaluation of the energy and material demands
comes with challenges regarding poor data quality, a focus on operational phases, and lack of proper
information o Endof-Life strategies. Recovery of valuable materials from high grade electronic
components is considered strategic because of their high concentration of critical metals but at the same

time represents a knowledge gap.

The goal of this dissertation is to analyze the raw material and primary energy demands for the cradle
to-grave lifecycle of professional data centers and its equipment, outside of the operational phase, and
to analyze possible resource savings that comoen fdifferent EneOf-Life strategies. The
interdependencies of these resource demands within several scenarios is to be analyzed. To achieve this,
Life Cycle Assessment of different data center systems and their components is conducted, with

consideratiorof the infrastructure and inventorial composition of such facilities.

This requires gathering and updating data on raw material content and on devices composition,
preparation of models for analysis, and evaluation of results through appropriate Life Cycle Impact
Assessmentlethods that reflect the use of material and energy resources, as current indicators consider
mostly the operational phase, and omit the importance of different materials to the economy. Different
scenarios for technologies applied for EofelLife treatmem and recycling are evaluated. Due to the
number of models required and the volume of input and output data, automation of model building,
calculations, and of results evaluation is required. An assessment of input data quality allows evaluating
the resuls quality and validity, which serves to provide an overview of the data improvements. The
information system used to calculate resource consumption is evaluated within the scope of this

research. This provides a validated methodological basis for hoisbarce consumption evaluation.
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Zusammenfassung

Die Anzahl professioneller Rechenzentren in Deutschland nimmt kontinuierlich zu. Daraus resultiert
ein wachsender Bedarf an IKRomponenten wie Servern und Speichereinheiten. Dies fuhrt neben ihren
kurzen Standzeiten und der hohen Intensitat an kritisRbéstoffgehalten zu einem héheren Bedarf an
wertvollen Rohstoffen und Priméarenergie fur ihre Herstellung. Die Bewertung des Enandie
Materialbedarfs ist mit Herausforderungen in Bezug auf schlechte Datenqualitat, Fokus auf
Betriebsphasen und Mangel angemessenen Informationen Uber Bhdlife-Strategien verbunden.

Die Ruckgewinnung wertvoller Materialien aus hochwertigen elektronischen Komponenten wird
aufgrund ihrer hohen Konzentration an kritischen Metallen als strategisch angesehen, stellt aber

gleichzeitig eine Wissenslicke dar.

Ziel dieser Dissertation ist es, den Rohstafhid Primarenergiebedarf fir den CratileGrave
Lebenszyklus professioneller Rechenzentren und ihrer Gerate aufRerhalb der Betriebsphase zu
analysieren und mdgliche Ressourceneinsparungen zu analysierenchdi@usi verschiedenen
Strategien ergeben. Die Interdependenzen dieser Ressourcenanforderungen innerhalb meferer End
Life Szenarien sollen analysiert werden. Um dies zu erreichen, werden Lebenszyklusanalysen
verschiedener Rechenzentrumssysteme und ilemponenten unter Berlicksichtigung der

Infrastruktur und Bestandszusammensetzung solcher Einrichtungen durchgefihrt.

Dies erfordert das Sammeln und Aktualisieren von Daten zum Rohstoffgehalt und zur
Geratezusammensetzung, die Erstellung von Modellen fir die Analyse und die Bewertung der
Ergebnisse durch geeignete Methoden zur Bewertung der Auswirkungen auf den Lebendieyklie
Nutzung von Materialund Energieressourcen widerspiegeln, da aktuelle Indikatoren hauptsachlich die
Betriebsphase bericksichtigen und die Bedeutung verschiedener Materialien fur die Wirtschaft aul3er
Acht lassen. Es werden verschiedene SzeméiiieTechnologien bewertet, die fir die Behandlung und

das Recycling von Endf-Life angewendet werden. Aufgrund der Anzahl der benétigten Modelle und
der Menge an Eiund Ausgabedaten ist eine Automatisierung der Modellbildung, der Berechnungen
und derErgebnisauswertung erforderlich. Eine Bewertung der Eingangsdatenqualitat erméglicht die
Bewertung der Ergebnisqualitdt unevaliditat, was dazu dient, einen Uberblick tber die
Datenverbesserungen zu geben. Im Rahmen dieser Untersuchung wird das Infesysteon zur
Berechnung des Ressourcenverbrauchs evaluiert. Damit steht eine validierte methodische Grundlage fur

eine ganzheitliche Ressourcenverbrauchsbewertung zur Verfiigung.
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1.Introduction

1.1. Motivation

Data centers have become an integral part of everyday life. Streaming services, automatietimer real
analysis such as traffic density are just a few of the many topics that are taken for granted today. The
data centers run in the background and aneasingly struggling with their energy demands due to the

high computing power. Data centers have thus an important role in the implementation of the EU climate
protection goals and on the achievement of the efficiency goals of the German Federal Gdvernmen
[HH18]. More than 14 TWh/a are consumed yearly by around 53 000 Data Centers in Germany,
representing 2.5% of the countryods electricity
to 21 TWh/a by 203(QHi21, Hi20b]. This despite an overall increment in energy efficiency of data
center infrastructure of about 2%i20a, HH20, BSBO8]Energy use indicators, such as Power Usage
Efficiency, improved from 1.98 to 1.70 between 2010 and 2018. The increasing energy consumption
has been documented in several studies not only for Germany, but also for Europe and the rest of the
world [Hi14, Prl14, Col4]

The increasing energy demand of data centers poses a challenge when it comes to achieving climate
protection goals and implementing the energy transition. This challenge is reinforced by two aspects.
On the one hand, particularly in the area of IT produdtis their very short life cycles, not only the

energy requirement in the operation phase is rel¢@ait2] The secalled grey energy, i.e., the energy

that is required for the manufacture, transport, storage, and disposal of the components, can also make
up a considerable proportion of the total energy requirement, especially when operation lifetime can be

asshort as two yeafsH14].

Between 2003 and 2013, the IT surface area of German professional data centers grew by 42% to 1.8
million m? [HC14], with over 2.3 million servers in operation by 2014. These trends result in an
increasing demand for raw materials for these applications. One reason for this is the rapidly increasing
need to store and process substantial amounts of data. In 2020, theregairements of the storage
systems accounted for around 33% of the energy requirements of data (o9% For the data

center operators involved in the consortium of the project TEMRR@al Energy Management for
Professional Data Centers), a German project, the energy requirement of the storage systems is currently

around 30% of the total electricity requiremgpe20]

htt ps: / Fotlednepnrbou.rugn.id e /
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In addition to eveincreasing energy consumption, however, the demand for material resources for
manufacturing data center components is coming to the forefront. Even before a data center has used a
kwh for data processing or storage, the structure dcdita denter contains an important amount of

embedded energy.

This aspect is becoming increasingly important as the material intensity of data centers increases.
Associated with a clear trend towards larger data centers, there has been a significant increase in IT
(Information Technology) infrastructures such as eeyyvstorage, and network components. The
number of servers alone increased by 15% between 2010 and 2018 and will continue to increase until
2025[Mo020]. This leads to an ewéncreasing demand for raw materials, some of them considered
critical due to their scarcity and economic importance. However, quantifying the amount of energy and
raw material demands presents challenges regarding the methodtoggsess these values, and the

limited amount of information available from manufacturers.

The high specific content of valuable materials makes data center equipment attractive for recycling,
since the material content of the E@fl-Life (EoL) products makes them be categorized as High Grade
Waste Electrical and Electronical Equipment (WEEEBC12]. The possible material recovery is thus

only considered from an economic point of view, and normally aspects such as recovery of critical
materials with sustainability considerations are overlooked. Moreover, the benefits that proper EoL

strategies can ka on the overall primary energy demand are to be studied.

1.2. Related research and research gaps

The topic of resource depletion and environmental impacts of data centers has been widely researched,
although most of the research focuses on operational energy effif&Mtg, JN16]Jand assessment
and improvement of carbon footprint of operational energy Lk&¥14] Recent is the discussion of
material use and incorporating concepts such as material supply risks has gained attention, mostly when

considering production and recycling of WEEE.

1.2.1. Energy efficiency in data centers

The energy use during operation of a data center has been thoroughly studied due to economic and
ecological issues. Due to the considerable amounts of electricity and the additional requirement to cool
the IT devices, data centers present opportunitiesifergy saving which directly represent savings for

the operators. This generates great interest in the development of indicators and metrics that reflect the
performance of a data center that can help to keep track of a data center energy performanise. The
abundant research on reducing data center operational energy consumption, such as the work presented
in [Sc16] which developed operation indicators dependent on IT load. Consolidation and virtualization

provide solutions for optimization of resource use while considering operational s{dbili#; Bo21]
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Measurements for operational energy efficiency and for reducing the environmental impacts of data

centers operations are focused on the supply of power and cooling energy into datdlaexer$

1.2.2. Data center material composition

Data Centers structure can be divided into: IT, Energy Supply, Climatization, and Infrastructure systems
[BI13]. IT components consist of equipment such as servers, storage units, and netwoil ainita
centers use | T equi pmewtent arambrhageidals.eTlesentongponenys f r o n
contain high concentrations of valuable materials, such as precious metals, which make them a potential
source from recovery. Some of these raw materi al
Union due to iteconomic importance and supply r{§iC14, EC17, Bul2, Os13There is however a

lack of information regarding material composition of data centers, so no proper information on material
demands or contents is available, and consequently no certain information on material availability for
recovery exists|FHS10] conducted a study for an assessment the material content of data centers in
Germany, where the amounts of valuable metals such as copper, iron, gold, silver, and palladium present

in data centers, were evaluated. This study already concluded that atbridpevincreasing energy

demand for operation, the demand for raw materials for the manufacturing of these components was
rising, and therefore these materials are accumulating in the installed or in the decommissioned IT
equipment, creating the potentiat urban mining. The number of servers grew by 28% for the period
20102014, with the trend to build bigger faciliti¢sli1l5]. This is accompanied by the increasing

material intensity in data centers, so the material demand for these applications keeps rising in parallel

1.2.3. Life cycle assessment for data centers and embodied energy

Increasing the overall energy efficiency of a data center is part of the Sustainable Development Goals.
Additionally, the topic of raw material efficiency gains importance as increasing circularity of materials
has also benefits on reduction of energy oomstion. Studies on IT devices during its life cycle prove

that as the equipment becomes more operationally efficient, the specific material demands increase, the

embodied stage will play a larger role in the full life cyj{/MAS15].

The average lifespan of central processing units in computers has decrease® fyeargtin 1997 to

2 years in 200Bal4, RPAO7]which has been reduced even furitiégure 1-1). IT products used in

data centers have a comparatively short lifetim® §2ars)[Gal2] [FBK18] conducted a study for
assessing the lifetime of different consumer electronics, considering IT for data centers as one single
category with a maximum probability of lifetime at 4.6 years. The result of this technology driven
paradigm is thaElectrical and Electronic Equipment (EHEecomes obsolete at an early stage in their
product life cycle, sometimes within only a few months of their release indicating that the energy
consumption outside of the service phase is also of relevance. The contributions to the embodied energy

demandscomes in part from the required efforts for mining and processing of raw minerals into
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materialsfor manufacturing. The assessment of this energy is required to evaluate potential benefits that
recovery and recycling of these materials can have on the overall life cycle of data center equipment.

Consequently, indicators need to be developed that didpag dependencies.
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1.2.4. Data center resource use indicators

Indictors for evaluation of environmental impacts for data centers have been developed for the operation
phase, with a focus on the greenhouse emissions from energy use for the services and for the cooling of
facilities. Widely known are indicators such Rewer Usage Effectiveness (PUE) and Data Center
Infrastructure Efficiency (DCIE)Rel7a, Be08]Some indicators are linked with a reference unit that
quantifies theuseful work done by a data center, although a unified indicator is difficult to stablish
[WDD12]. [Ar15] introduced metrics for the assessment of flexibility and sustainability of data

centers, which consider the inputs of renewable energy sources and account for avoided emissions.

Metrics to assess the circularity of materials are so far bounded to the operational aspects of a data
center, with a focus on the amount in weight of data center components sent for recovery, such as the
Electronics Disposal Efficiency (EDfRel7a, Br13]Most of the metrics regarding material recovery

stop at the operation phase and omit the posterior processes of recycling recovery, so no information on

EoL processes is included.

1.2.5. Life cycle impact resource indicators

The concept of embodied energy attached to the steps of raw parts production, manufacturing,
transporting, decommissioning, and recycling are often excluded when analyzing energy consumption

or improvements on energy efficiency, which focuses mostly oruskeephase, and overlooks the
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importance of the critical material content of IT applications. To study the relationship between material
requirements and total primary energy consumption for manufacturing is complex due to different data
center configurations, different material comiios of the devices, and in general a poor data quality
regarding high grade IT equipment. This analysis requires the execution of Life Cycle Assessments

(LCA), that consider the products lifecycle and its stages.

There are indicators that have been developed for evaluation of primary energy demand across the
lifecycle of a system, which can be applied to a data center and its components. Indicators such as the
cumulated energy demahdve been used for assessing total primary energy demand in distinct stages
of the lifecycle. Indicators such as th@enulated material demapdesent a methodology for evaluating

raw material demand consumption for product manufacty@igj2]. These indicators of material
resource use overlook aspects such as material importance or material supply risks, so they are unable
to include aspects such as material scarcity in their assessments.

1.2.6. Recycling and recovery

Electronic components have greater concentrations of precious metals than natural ores, which makes
their recycling as secondary sources significant for both economic and environmental motivations
[LZ12]. Components from data centers coming for recycling can be cataloged &Sndaggenerated

Waste Electrical and Electronic Equipment (WEBBBC12] . When discussing WEEE, there is
research regarding processes for recovering valuable matesiagds;ally copper and goliitom printed

circuit boardd | k Therg are several methodologies that yield each one different perforfhahde

MCB19]. Nevertheless, these studies focus in generic WEEE components, and do not reflect the
potential of recovering valuable metals frgminted circuit boardsRCB9 coming from data center
component$Anl6, Bal6] Recovering of scarce metals, such as rare earths, from WEEE hast gained
attention due to supply constraints, and there are several studies addressing the potential for recovery of
these material8i13, Ch20, Li19] A complementary analysis of the relation between material recovery
and energy gains for recovery from data center components is also often missing, although the
sustainability of recovery of materials from other sources has been analyzed, with faviags sf
greenhouse emissiofidn17, DCG18] However, since the information on recovery is mostly focused

on generic WEEE, the data quality is deficient.

1.2.7. Data quality and methods

A dedicated analysis of data quality specific IT components for data centers has not been conducted.
Moreover, commercial databases for LCA, such as GaBi and ecqideantt include product systems
representing the devices used in data centers. These databases include data quality assessments of the
included product$Ci21, Wel6] Most of the electronic components present on different studies are

limited to laptops, personal computers, and cellphones. Therefore, when performing modelling of IT



6

components from data centers, many assumptions are taken and proxy data is used, which diminishes
further the quality of the results. Methodologies for assessing data quality are based on a qualitative
evaluation of the datgAW16], with a relation of data quality and uncertainty of results being used in
LCA for results uncertainty evaluatig@MW12, GM12] This provides a guideline for assessing the

data quality of new data generated in this research, and to evHiaadteprovementsTable 1-1

provides a summary of the related research and an overview of the research gaps found.

1.3. Research questions

From the thematic problems described in Seclidnand with the overview of the current state of
research briefly described in Sectib, the following subsections detail the research questions defined

for analysis in this dissertation:

1.3.1. Main research question (MRQ)

MRQ: How are the pri mary energy cons
professional data centers divided

outside of the operational phase?

From this main research question, the scope of this research lies on analyzing the various stages of data
center equipment, from raw material gathering, production, mounting, and all the stages related to life
after operational phase, including decommisisig, disposal, recycling, and recovery of materials. This
research focuses on energy consumption and material demands in data centers located in Germany. This
requires developing LCA model® analyze products used in datacenters, assess data centers
inventories, data center components material composition, and use of appropriate indicators to evaluate
these energy consumption and material demand imgRelations to the resource consumption on the

use phase, specially energy use, can be studied using the dimensioning of the datarceatatlel,

data quality and results quality need to be evaluated through this research.

The following three sulguestions result from the main research question, with consideration of the
various aspects related to the current state of the research, which specifically deepens various aspects of
the question. These three questions build or edber in terms of content and help to guide the

objectives of this research.



SPORIN

SpOTOTN

TeI8URD) Q
sponpold s o
=
10 Aend .W s
Lrend BB
ElRd
sjoedr
[eLIRIBIA] 10F =)
$10J821pUL m.
uondwnsuo) =
a¥H0 £Zeusg 101 =
ago £107B2TPUL
Eoﬂﬂ” Atanooey
ma.__;mz TenRYE m
w
swesiy uwonrsodwoy) g
Axoig TELIS)BIAL m,
SO L) =
Afroug m
PRI Perpoat m
SI0JED =h
hugusmm fousronya 3
E._uoa.m._ ~do reuonjeredg  TeumoneledQ AS1eug

"9 pquesobila|d d va/ pne Lepisso T ipplonfDe | 98 | X 9

JO M3 IAIBAQ




8

1.3.2. Secondary research questions (SRQ)

The seondary research questiopart from the main research question and are formulated to answer
specific issues related to the obtaining of research goals.

SRQ: IWhi ch dempen domentcweeesn t he values of
consumption and primary energy d
l'ifecycl e?

For this evaluation, LCA models representing the different components of data centers need to be
developed. The goal is to evaluate the different production chains and manufacturing process, so the
total amounts of energy required, and material demanduamstified. To evaluate these parameters,
indicators need to be applied or further developed, so they can also represent the materials demands not

only by their physical amount, but also by including aspects such as criticality.

SRQ: 2Wh a't are the benefits of di ffere

energy savings, greenhouse emi ssi

SRQ 2is related to the aspects of sustainable production, which shall include recovery of materials as
part of the production chains. Building up on the developed models, different scenarios for recycling are

to be further constructed. These scenarios allothidu experimentation on parameters such as recycling

rates and on the technologies used for recycling. Information on industrial recycling process for various
kinds of electronic equipment is therefore required, with the possibility of evaluatatgigised and
experimental technologies. This allows evaluating with a high degree of confidence the amount of
material present on these components, so a proper assessment may be conducted. Improvements on
energy consumption through appropriate recyclimgtegies are here evaluated, complementing the

aspects of the Secondary Research Question 1.

SRQ3 Whi ch have been the i mprovements

i mprovements on current data sour

Given the existing issues on data qudkkS10] and the requirement to use proxy data for developing
models for LCA, results with low data quality are obtained in general. This produces a problem when
assessing the potential of data center EoL equipment as a potential source for minerals. This issue i
replicated for electronic equipment when considering urban mines as a material [SBFdé]

Reliable data on waste production, treatment facilities and management are partial requirements for the

implementation of a community legislation and for the evaluation of the waste manaf@ds8itAs
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part of the measures to be taken by actors across the lifecycle of a product to facilitate the preparation
for reuse and correct treatment, for products in the category of Electrical and Electronic Equipment
(EEE) and the generated Waste Electrical aedtEdnic Equipment (WEEE), data and statistics on their
lifecycle are necessary to monitor the achievement of the objectives of the European Union Directive
[EC12]. This research attempts to improve the data quality on material content and on process for
manufacturing of data center equipment to present better data on material content and improve the
results on evaluation of energy demand and material demandssfapfilication, as specified on the
Secondary Research Questions 1 and 2.

1.4. Research objectives

The methodology for the analysis is based on LCA and includes the development of a new database for
performing impact assessments of IT equipment used in data centers, including a new analysis of
material composition. Results on raw material depletion,ethbodied energy and the cumulative
energy demands represent indicators for integration in a comprehensive lifecycle analysis. This is a first
time approach to include the EoL phase and laboratory results on material composition into the LCA of
professionkdata centers. Emphasis is placed on analyzing the dependencies of the results on embodied
energy in combination with the results on the evaluation of the quantities of materials required for the
production and operational phases.

Following the requirements of timeain research questialetailed inSectionl.3.1and of thesecondary

research questioms Sectionl.3.2 specific objectives are formulated for achieving the research goals.
These can be understood as specific tasks for the development of this research, and as requirements for
developing the models and executing the different calculations required foxpbengentation and

scenario evaluation. Following objectives can be therefore established, which will serve as a path for

the development of this dissertation.

1.4.1. Update of inventory and material composition data

The SRQ 3 indicates a requirement of an improvement of the data available for evaluation of material
and energy demands of data center components. As expresSedtionl1.2.2, the most common
databases do not possess information on data center compafef& th19] and proxy data used

(coming from other electronic products) may produce results with lower data quality. Using
decommissioned devices from data centers, an analysis of the parts and components of these devices is
to be executed. Inventories data centerare to be gathered from data center operators in Germany,
which will allow to construct models representing their infrastructure. To get precise information on
material composition of these components, laboratory analysis to quantify and determime iy

content is to be conducted. This information is to be systematized in databases built with the required

structure to access and store the information and to be used for model building and further calculations.



10

1.4.2. Building LCA models for data centers and their devices

To start the evaluation of resource consumption outlined in the MRQ, different models for the lifecycle
of devices and systems need to be built using the information gatharethe results required in the
objectivel.4.1. This with the objective of performing LCA of the various products and evaluating the
inputs/outputs of flows of resources during their lifecycle. These models will be basednih-tiie
materials BoM) and on the inventories of data centers. To allow escalation of the results, these

components need to be modular, so different data center configurations can be later evaluated.

1.4.3. Modelling material recovery

The SRQ 2 requires the development of models for processes of material recovery for data center
components to study tlemdof-life stages, where different scenarios of material recovery and recovery
processes can be analyzed. Information on recovery processes and their recovery factors, gathered also
in objectivel.4.1, is here to be used as input for modelling and further calculations. These models will

be based on the different recycling and recovery processes from literature sources and industrial
processedBBC12, All4, Lil9] and are to be developed with consideration of the particularities of the

high critical material content of data center components.

1.4.4. Evaluation of current resource assessment indicators and development of

critical material consumption indicators
To evaluate properly th#ependencieBetween raw material and energy use, as outlined in the SRQ 2,
an assessment of the existing indicators for evaluation of material and energy consumption through the
life cycle of a product is to be conducted. This with the goal of evaluatilegherthe current existing
indicators can reflect the issues that come with material use, such as material scarcity or economic value
of materials. Additionally, new indicators are to be proposed, implemented, and evaluatedwillhes
serve the purposes of this dissertation and reflect current issues with energy consumption and material
scarcity. The new indicators to be proposed will try to overcome the drawbacks and limitations of the

stateof-the-art indicators with regards energyconsumption and material scarcity

1.4.5. Results evaluation and analysis of dependencies

Following the requirements of the MRQ and of the SRGhe developed models frotime objectives

1.4.2 and 1.4.3, and the formulation of indicators developeabjiective1.4.4, calculations on total
resource demand for different systems under different scenarios can be evaluated, for whole data centers
or for a particular device. Life Cycle Impact Assessment (LCIA) for these systems allow evaluation of
these quantities arah evaluation of the results and their interactions. Given the amount of product
systems and parameters to evaluate, automation of the calculations is desiredirendrs automated

analysis of the results is also required.
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1.4.6. Data quality assessment and uncertainty modelling

SRQ3 requires simultaneously the developments previously explained and the evaluation of the quality
of the input data ilmbjectivel.4.1. This quality evaluation follows the methodologief€i21, Mul6]
Following the calculations inbjectivel1.4.5, the results quality also needs to be evaluated. To assess
improvements in data quality, comparisons with previous studies or previous databases need to be

conducted. Statistical parameters such as uncertainty of results are also evaluated.

1.4.7. Build an information system for energy and material demands evaluation

The information gathered frowbjectivel.4.1 is to be systematized in different databases of material
composition, devices BoM, and data center inventories. Similar systems for the development of
indicators are to be developed. The values used for creation of new indicatbjedtive1.4.4 also

need to be linked with the proper material they represent. Given the amount of data and results required,
the results of the calculations froabjective 1.4.5 andobjective1.4.6 need to be saved on proper
databaes for further evaluation of results. The models developée iobjectived.4.2and1.4.3 need

to be saved and exported to appropriate databases that include the models of the different devices, data
centers, and recovery processes in the appropriate formats. The algorithmic implementation of the
connections between these databases forctieation of models, execution of impact assessment
calculations, and saving and evaluation of results is to be developed to automate the calculations. The

specifics dthis information system are detailed in the following chapters.

1.5. Structure of the research

Following the relation outline of the research objectives in Section 1.4, the design of this research
follows broadly first the structure of a Life Cycle Assessment Study, which follows the steps of
[1SO14040] This also provides a framework for conducting and evaluating various aspects of this
research. The requirements also call for engineering methods to design and produce an information
system that allows a proper management of the information gathere@mardtgd. This requires the
development of a software solution that helps with the management of the information here included, as

required by objective 1.4.7.

Figure 1-2 details the general structure of this dissertation, with relations to the research questions here

detailed, the research objectives, and the distinct stages of LCA and Software Development.
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Life Cycle Assessment Study with an information system.

After this introduction,Chapter 2 provides an overvievof data centerstheir structure, and the
indicators used for resource consumption evaluation. Accordin@i, ds a scientific methodology is
describedChapter 3 details the specific targets for research and evaluates the existing methods for
resource consumption evaluation. material criticality and criticality assessment methods are introduced
here.Chapter 4 evaluates existing databases for LCAdata centeand its equipment, and attempts
closing gaps on data by presenting inventories of operational data centers, and on material content data
gathered from laboratory analysis performed. Improvements to data quality are first as3esgtt.

5 presents an overview dEoL processes for data center components, review on industrial and
experimental processes, and recovery potenGhlapter 6 summarizes the architecture of the
information system built to manage the information gathered and save and evaluate the results and the

calculated model€Chapter 7 gives an overview of the modelling and calculation, the scenarios and
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experiments performed, and the selection of the indicators for evaluation. The results are analyzed and
evaluated accordingly, and aspects like interdependency of indicators, scenario results, and results data
quality are evaluated. This dissertation cadels inChapter 8 with an overview of the most important

results, and a reflection on scientific contributions, limitations, and future work.

On the right side dFigure 1-2, the chapters of this dissertation and their relationship with the steps of
a LCA research study are detailed. The specification of these steps is deepéhaptér 2. On the

left side ofFigure 1-2 are the research questions formulate@éction 1.3 and the relation that the
chapters have with these questions. The content formulatédaipters 3and7 allow evaluating the
resource consumption indicators and their interdependei@hepters 5and7 also allow evaluation

of EoL scenariosChapters 3 7 and8 provide an outlook on data quality and on the improvements
achieved during this researd@hapter 6 has overlapping content with the objectives, as it is about the
development of artifacts to facilitate and improve data management regarding life cycle inventories,
material content, models, and results. Answers to the main research question arerdaritregriesults
evaluation and the conclusionsGhapters 7and8.
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2. Theoretical Foundations

This section details the fundamental concepts on data centers, existing indicators to evaluate data center
performance, and obCA as a tool to evaluate the environmental impacts of processes and products,
which are later used as methods to evaluate data center energy and material resource use. This has the
goal of providing a better overview of the technological and scientific xEnt® advance the
development of the scientific tools and models to achieve the objectives of this dissertation. These
foundaions are used as basis for the development of indicators for assessment of material and energy
demands for data center manufacturing, inventories for LCA of data centers at different stages of their

lifecycle, and for the evaluation of results qualfygire 2-1).

Life Cycle

— Data Centers
Assessment

o Structure —_— Definitions

LCA for
Data Centers

- Classification

Y

- Metrics ! Data Quality in LCA =

| Ind{camfb {L’T HeA I : ' ' I Results Quality |

| of Data Centers - H - . J Y

[ (Ch. 3) ! (Ch.7,8) |
/

PRI A

I Inventories for LCA

| of Data Centers

| (Ch. 4, 5) I
/

S

Figat€onceptual development for the theoretical framework ¢

2.1. Data centers

Data centers are the backbone of IT networks across the [@I8IEL3] A data center is space which
houses the central data processing technology for an organization. Data centers contain IT equipment
for the processing and storage of data, and for communications nef@m®3g]. Data centers house
servers, networking, and storage equipment. It must consist at least of a room of its own with a secure
electricity supply and climate contrjpdi1l5, HF10] Data Centers include the supporting infrastructures
required to power and cool the IT equipment, plus the required infrastructure for safety and hosting of
the devices. The computing capacities (server, storage, network) and the infrastructure éoatitsnop
(power supply, climatization, security) are centrally locdfeel7a, Sc16, KoO8JA more complete
definition states thdec08}

AA data center i s at | east one independent ,

air conditioning, a simpimenpmowebrsumgpling, tam

fire detection and protection devices, a
connection. o
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Data centers may fulfill one of the different functighgls, Wh14}

T The physical housing of I T equi pment, i nclu
devices, racks, and related equipment.

T The storage, management, processing, and exctlt

T The provision of application services O0r mana
i nternet, i ntranet , and telecommunicati on.

The size of the IT load capacity depends on the type and number of installed servers. This determines

the energetic dimensioning of the supporting devices and the infrastructure réiadrgd

2.2. Data center structure

A data center can be as simple as a single rack in a server closet or as complex as a large warehouse
with floor area reaching 150 0002mtypically having buikin redundancy for the avoidance of
downtime. Hardly any robust data and statistics on the structure of data centers is gilaldle
Therefore, studies on the impacts of use of data centers usually focus on analyzing individual data or
determining the total electricity consumption. Traditionally, the systems on a data center can be divided

into IT, power supply, climatization, and atiohal infrastructure.

2.2.1. IT hardware for data centers

Under IT are the devices responsible for executing the data center operations and processing tasks. The
applications and services run on seri€Fhere are various server types on the market, varying in terms

of capacity, size, and energy requirements. In addition to the usudahagvers for racks (sizes given

in units of height, e.g., 1U, 2U, 5U), there are also complete server cabinatfdmas), or compact

and exchangeable blade servers. This work considers diverse types of servers, their parts, and their
inventory for analysis of material resource demand. Servers have the characteristic that their electrical
power consumption is loadrsstive. In addition, IT includes storage devices that consist of hard disk

arrays for data storage and backups.

IT hardware also includes network devices such as switches and routers. These devices are usually also
located in the racks in the IT rooms. The network devices are often static consumers, since they have

the task of data transmission, which is not loatére[Sc16, Jal7]

2Server may also refer to a virtual server i s execurtasdt riunc tau rvei ratnud

their resource demands, the term server here refers to a physical
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The individual rack always forms the basis for secure installation of the IT sy$Bd®. refers to
these as server racks, network racks, or power supply and power distribution racks. Due to their

standardized size, they offer possibilities for scalability of the IT infrastructure.

2.2.2. Power supply

The power supply architecture in data centers includes power distributiomisstiution, and
infrastructure for emergency power supply and its redundancy. Newer architectures integrate
uninterruptible power supply systems (URI)ices into the racks or into the servigge12, Gol0]
Transformers and power converters are required for the power sufiy medium voltage is
transformed to 400 V in the transformer stations and routed to the data center via cables or bus bars via

the lowvoltage distribution board. The sulistribution lines also supply the UPS with poJi13].

Electricity suppliers are unable to guarantee an uninterrupted supply of electrical [@h&BjyUPSs

bridge the time until the emergency generator is active in the event of a power failure. The electricity
required for this is usually temporarily stored in accumuld®c46] UPSs also filter out disturbances,

such as voltage surges or voltage dips, and bridge interruptions in the network. This reduces transmission
errors, computer crashes and data [dks. energetic dimensioning of the UPS thus depends primarily

on the devices to be supplied. Due to redundancy requirements for the data center, several UPS systems
share the entire workload. This means that a sluBI® systenutilizationnormally lies beyond a certain

limit. Typical levels of utilization are below 50%, whidifiegts the operational efficiency.

There are two levels of emergency power supply for mains power failures: For short failures of a
maximum of a few minutes, battery units are kept available, which are switched on by UPS units. In the
event of longer failures, emergency power systems neusséd. In data centers, these are usually large
diesel generators located outside of the actual data center complex and can be started up in less than a

minute[Go12]. They enable further data center operation, sometimes from several hours to a few days.

UPS systems use various technologies. The most used is that of the static UPS. Rechargeable batteries
store electric energy. In the event of a power failure, a static converter (inverter) makes the storage
energy available at the output of the UPS sysiBypical bridging times are in the range of 10 to 30

min. Electrochemical storage used in conjunction with UPS systems includaciéadnd nickel

cadmium batteries. The use of lithition batteries has not yet established it$BIfL3]. The air
conditioning is supplied by the emergency power generator in the event of a power failure. Until the
emergency power generator starts, air conditioning is provided exclusively by the servErgiaires.

2-2 provides an overview of the energy flows idata center, witthe power supply systermcluded.
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2.2.3. Climatization

Data centers use cooling and air conditioning to dissipate the waste heat produced from the operation of
the IT devices. The air conditioning of IT systems is an essential criterion for their availability and
operational reliability[BI13]. The increasing heat density in IT rooms makes this task challenging
[HPF08, PBB03] Typical power densities can vary between-T15kW/n?, with the higher values
associated to the latest IT technolodieR1, Ra05] Since the energy input of the servers is dissipated

as heat and must be transported away to maintain the temperatures stable, the cooling must be adjusted
accordingly. Circulating air conditioning systems differ significantly in terms of their struatar¢he

system to be used must consider the expected heat loads, the climatic outside conditions, and the

structural possibilities of the IT room.

In larger data centers, a central air conditioning chain supplies cold air in the IT rooms through
circulating aircooling devicesKigure2-3). This cools down the warm air generated by the waste heat
from the servers in the IT room using heat exchangers and cooling water. A central water chiller or free
cooling unitprovide the energy required to cool down the thermal fluid, often cooling ifaite2] .

Pumps transport the cooling water from the chiller to the IT rooms. The cooling fluid (usually & water

glycol mixture) leaves the chiller at the set cold temperature. The coolant heats up after passing through
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air-liquid heat exchangers, which transfer the energy contained in the air and previously dissipated by

the IT equipment to the circulating cool fluid.

Outdoor Area IT Room IT Room ... other IT rooms

Free Cooling

Convection Convection
Cooler Cooler

L

water ¢
_ Heat
Chiller m

= J
t

(e}

water_h

Figag8Air conditioning chaAdnapitnefda altadotha Cent er. Source:

Compression chillers are usually used in data ceffe®9] which compress a gas and then expand it
within a heat exchanger. Free cooling can be used in data center locations where the outdoor temperature
is often relatively low during the year. Efficient air conditioning systems reduce the operating times of
the cooling generation to a minimum using free cooling. There are two different ofRIBBO3]:

T Direct use of external air as cold air in the
temperature required for[ Zhg2Pplpies arté owi rods teéehi
and humi d[iRBBXx]nt r ol

T Use of external air to cool down the cool ant
the indoor air climate. A free cooling unit f
of by the chillers.

Other functions of the air conditioning systems are filtering, reheating, humidifying, and dehumidifying.

2.2.4. Additional infrastructure

Several installations are required to guarantee the safe functioning of a data center. Complementary

services, such as lightning, security, and fire protection services are required.

Reliable and effective fire protection is an indispensable prerequisite for the safe operation of the data
center. For security purposes, fire detection and extinguishing technology is necessary. This includes
smoke detectors, which mostly use the scaltdéight principle. For fire protection, an oxygeoor
atmosphere is recommended to have an inert atmosphere in which fire is unlikely to occur. Means which
use fluids are considered dangerous. Other means include extinguishing systems with gaseous
extingushing agents.

Although the building may also be considered part of the infrastructure, for most analysis the impacts
of the construction of civil facilities are often set aside, as their-lemg impacts are negligible in

comparison.The housing of data center systems may be included, if not already shared by the
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organization infrastructur®egenerative architecture (e.g., vegetated roof, water management practices,
etc.) may be included if they are part of an energy management plan that includes the data center
operationNABD12].

2.3. Types of data centers

Given the previous description in Sectidr2 regarding the composition of data centers, it comes as a
result that configurations may vary widely from one system to another. Data centers are each planned
and built individually for the specific operator and the required applications. They are subgatitant

further development due to rapid technological development. Each data center is therefore unique.

There is no uniform system for classification or taxonomy of data centers, either nationally or
worldwide. Criteria for classification of data centers may include superficial area, number of racks,
number of servers, number of processors, IT power, ammexy consumption, operation capacity,

etc. Additionally, operative characteristics may be used, such as application, location, availability. Four

categories are presented here.

2.3.1. Classification by size

Size is used for classification for statistical purposes. These typologies have mainly been used to make
statements about the energy consumption of data c¢B®RO8]. [Ba07] provided a first example of
this categorization, with rather vague statements on IT and infrastructure equipif@0].expanded

on these criteria to build a classification system appropriate to the German rmalket1).

Tab2leCl assi fication of Daftki Z2ntHHFsOlby Type. Sources:

N A Average | T Po Are Number Year
Data Cen Serv Serv ( kW ( m2 in Ger grow
Type (20:
Server C 310 4, 1, 5 305 -8 %
Server F 110 19 6 20 181 0%
Smal | DC 10465 15 50 15 215 +23
Medi um O 458900 60 24 60 28 +27
Big DC >50! 600 250 600 70 +40

This approach is based on the number of servers in the data centers. The average connected load of the
IT and the size of the data center are given also as classification criteria. This approach benefits from its
simplicity, and on the availability of maekdatgHF12]. This typology is based on the inventory of IT
material and provides a base for extrapolation. The types selected are comparable with other approaches
and studiesfHi23] estimates that foGermany, there are more than 3 000 data centers with more than

40 kW of IT load, and around 50 000 smaller data centers for(Z0@2e 2-4).
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2.3.2. Classification by availability

Availability refers to the probability that a system can be used as planned at a given time. The demand
for continuous data center availability for organizations is increasing rapidly, with outages of merely
minutes being undesired. The availability has a direct impact on the composition of a data center.
Redundancies in the air conditioning and power supplybld feeds and uninterrupted maintenance of

the systems are the standard for highly available IT infrastructures.

Several authors define different degrees of availability of data céht€8, In10, BI0O9] In most cases,
these typologies are based on the maximum permissible downtime of a datalediée?-2 presents

a Tier classification based on availability.

Tab22Tier Classification of DRata CAmddr s HEY OAv Billla8i | i ty. S
CategAvail a DowntiDescription
per

Ti er 99. 6° 28 simple power supply path, si
components

Ti er 99. 7. 22 simple power supply path, si
components

Ti er 99. 9! 1h3multiple paths available, bui
components Maintenance posSSsi

Ti er 99. 9! Oh2multiple active power & chil
components fault tolerant

2.3.3. Classification by purpose

Data Centers can also be typologized regarding their application. This can be, for example, the type of
application or the underlying business mofki08]classifies the data centers as mplirpose or single
business purposé&igure 2-5).
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2.3.4. Classification by type of operator:

Data center and equipment suppliers often describe clients in terms of the type of operator. This can be,
for example, theindustry (banking, automotive, telecommunications, research) or the distinction
between authorities and companies. This is because the requirements, applications, and legal and other

framework conditions for data centers with similar operators are oftelasi

2.3.5. Categorization of data centers applied to LCA

The categorization according to size allows an easier typology, which agrees with the objectives of this
dissertation. The evaluation of material resources goes in hand with the inventory of a data center, which
can be coupled with its dimensioning. Thipdlogy is also geared towards the servers. Due to the high
proportion of electronics in a data center, it can be expected that IT equipment will present the greatest
environmental relevance in terms of resource consumption. This categorization catpais@iovide

an overview of the complete material availabilitydata centerdt is also useful for comparing the
primary energy consumption to the operational energy consunjptiei0]. Availability alsorefers to

the infrastructure of the data centers, and it is useful to define inventories based on their classification.

Classification by purpose or by type of operator of data centers is unsuited for the present study because
it has no direct relation to the material used or the embedded energy consumed for manufacturing. It
focuses very strongly on the information tectugyl used and on the software level and ignores the

existing infrastructure in the data center.

2.4. Metrics for evaluation of data center performance

An efficient and ecdriendly operation of data centers requires monitoring ahalr components. By
applying specific oriented metrics and making accurate measurements, it is possible to better utilize data
center infrastructure and reduce the recurring costs of IT and facility managBe&na] Most of the
metrics developed refer to individual systems in the data center, such as the cooling, power supply,

servers, or the type of energy use. Various systems can be aggregated in groups to provide metrics of
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the data center infrastructure. These key figures are often unsuited to provide overall assessment of the
energy efficiency of data centefldH18]. Another group of metrics has the purpose of defining a
performance measure for the of a data center. These metrics consider a defined output unit and are

suitable to evaluate the overall efficiency of a data center.

[Rel7a]presented an analysis of metrics that are commonly used in data centers, from the power grid
up to the service delivery. This work identifies various metrics relating to a data center and presents a
classification based on the different core dimensiomst center operations. Based on this taxonomy
schema, thdollowing dimensions are here considered as core: a) Efficiency (Energy Efficiency and
Greenness), b) Air Conditioning (Thermal Management and Cooling), c) Performance (Operation,
Network, StorageSecurity), and d) Financial Impact. The infrastructure of a data center is considered
as backgroundFigure 2-6), with the possible subdivisions regarding the system that these represent
(Section2.2). Figure 2-7 presents a visualization of the taxonomy of the metrics used to evaluate data
center operation. Annex A details the acronyms used.

/Data Center \

Infrastructure Electric Supply

() o]

Air Contitioning ICT

Rack
Thermal Exch. ac

[ Server ] [ Network ]
o )

\ /

Figae&opol ogy of a Data Center for Classification of KPI s.

2.4.1. Energy efficiency metrics

The energy efficiency of a system is defined as the ratio of useful work done by a system to the total
energy delivered to the system. For data centers, the energy efficiency translates into the useful work
performed by different subsysterfiRel7a] A variety of different Key Performance Indicators have

been developefa09, EDP13, Li09, SCI05, Az11, WK13, DDW12, St1Eyen if many of these key
figures consider the energy requirements of IT, few key figures pursue the approach to put the

performance of IT in a relationship to the energy requiref&rl8].

The most popular energy efficiency metric, PUE, relates the amount of power used by IT devices to the
total energy consumed by the faciljw12]. The Data Center Infrastructure Efficiency (DCIE) is the
inverse of PUHAV12]. Server Power Usage Efficien§yil4] and Partial PUBAv12] metrics are
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based on the same principles as the PUE metric. The Data Center PerfoparaBoergy[Grnl2]

metric is a combination of four other metrics: DCIE, Green Energy Coefficient (GEC), IT Equipment
Energy (ITEE), and IT Equipment Utilization (ITEU). PUE and DCIE help operators know the

efficiency of the data center, where partial PUE measures the afficggncy of a zone in a data center

[Rel7a]
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2.4.2. Green metrics

The carbon footprint has become subject to governmental regulations and taxes. As a result, the
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subjective categorization related to low greenhouse emission during operation. Green IT benefits the
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environment by improving energy efficiency, lowering greenhouse gas emissions, using renewable
resources, and by encouraging reuse and recy{din@8]. Green metrics measure the environmental
impact of a data center and its compon¢Resl7a] These can be used to decrease the environmental

impact of data centers.

Metrics such as Carbon Usage Effectiveness (C[#&£)0], Water Usage Effectiveness (WUE)
[ABP11], and Electronics Disposal Efficiency (EDBal2], measure the CO2 footprint, the water
consumption per year, and the disposal efficiency of the data centers, respfRtt&ly]

2.4.3. Thermal management metrics

Thermal and air management metrics measure environmental conditions of the data center. These
metrics are based on the relationship between air flow rate and ambient temperature. Measurements like
temperature (T), relative humidity (RH), dew point (DP) &eat flux are used to prevent the over
heating, maintain the humidity levels, or assess the cooling sySteii] Air management metrics

address air flow efficiency and separation of hot and cold air stri¢xetiga]

2.4.4. Cooling metrics

The complex interconnection béat, ventilation, and air conditioning{AC) systems ensures optimal
conditions for the computing environment in a data center, guaranteeing the life span, scalability, and
flexibility of the serverdKK15]. Cooling metrics are related to the efficiency of the cooling devices
(such as the Coefficient of Performance, C{#309] or of the whole infrastructure, such as Data
Center Cooling System Efficiency (DCCS®)a09].

2.4.5. Performance Metrics

The performance of a data center is the total effectiveness of the system, including throughput, response
time, and availabilityfWK13]. Measuring performance and productivity is crucial as-aatimal
performance has operational and financial implications for a data ¢®#&ra] Different metrics
consider the outputs of the data center as a functional unit that fits the purpose of the data center.
Indicators such as tHeata Center Energy Efficiency and Productivity IndeXeEP1) [BrO7] and the

Flops per Watt (flops/WBC10] directly relate output to direct energy consumption. These metrics can

also include subsections such as Network, Storage, and SeEigiiye(2-6).

2.4.6. Financial impact metrics

Most of the organizations depend on dmrancial, operational metrics except in setting up budgets and
measuring the projec{&P09]. Employing financial metrics cagnablethe operator$o put other key

metrics such as outage reports and service quality metrics in a financial perspective. Metrics such as



26

Total Cost of Ownership (TCORall] Capital expenditure (CapEx) and Operational expenditure
(OpEXx) keep tracks of the financial impacts of a Data CéRtl7a]

2.4.7. Applicability of data center metrics to this study

There is no single metric to cover all dimensions of the operation of a data center. Mapping the different
indicators according to their category allows an overview of their relations and of the area they cover.
While many differ on the inputs, these iraliors separately can serve to define operational goals and as
benchmarks with other data centefmme of these metrics also require seasonal benchmarking to

capture region and season chan@sen metrics are also dependent energy so[Reds a]

Regarding performance metrics, @ugHHL8lpgresentedap ut i ng
metric which considers environmental impacts based on server tasks and uses fhetf@2idt of

energy used. Financial metrics are difficult to present as benchmarks since confidentiality concerns
associated with revealing costs for a particular facility limit openness. Carbon Credits used for carbon

trading may vary based on local gowmental policies, requiring more disclosure.

While most of these indicators consider energy inputs, only a few consider related environmental
impacts of energy use, and none considers the impacts of production of the devices related to data center.
Impacts on material consumption are overlooked, @@y focus on the operational energy use.
Moreover, @ergy consumption data disaggregated by data centeosoponents may not be available,

S0 a granular comparison is often not possible.

2.5. Life Cycle Assessment

Life Cycle Assessment (LCA) is a structured, comprehensive, and internationally standardized method.

It quantifies all relevant emissions and resources consumed and the related environmental and health
impacts associated with any goods or services. LGAsgstematic and iterative proc¢g€10]. The
[1SO14040]and[ISO14044]standards provide the indispensable framework for HE&10], in their

publ i d attieomafii onal Reference Lif @pravideshemmoat a Sy
basis for consistent, robust, and quadigsured LCA. LCA is the scientific approach behind modern
environmental policies and business decision support related to Sustainable Consumption and
Production (SCP)EC10]. The main aim of LCA is to reduce the environmental impact of products

through guiding the decision making process towards more sustainable sgM&di$

A life cycle approach enables product designers, service providers, government agents, and individuals
to make choices for the longer tejva13]. LCA provides a framework for micrevel decision support,

answering questions related to specific products of an organization; and mesdéwelcoecision
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support, which is support at a strategic level, e.g., raw materials strategies, technology scenarios, policy
options, amongst othefgC10].

LCA considers a productés full life cycle: from
recycling, up to the disposal of remaining wagigre 2-8). The boundary of analysis is typically from

cradle to grave, considering extraction, production, distribution, consumption and djRed&ai]lt is

based on physical metrics of material and energy flows during the life cycle of a product or service
system[Re04, ISO14040]LCA thereby helps to avoid resolving one environmental problem while
creating others. LCA is always structured around a functional unit that defines what is eXaatiBéd

Due to its systemic approach, the methodology is considered suitable to provide a valuable support in
integrating sustainability of resources into design, innovation and evaluation of products and services
[KSB14, SFz13]
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[1SO14040]standardized the methodology into a framework of four interdependent phases: Goal and
Scope Definition, Life Cycle Inventory (LCI), Life Cycle Impact Assessment (LCIA), and
Interpretation]EC10] separates Goal and Scope Definition in two separate pltigese(2-9). The

most critical phase in an LCA study is the LCIA, where the inventory results of a system are transformed

into understandable impact categories that represent the impact on the envijtieiét

2.5.1. Goal Definition

During the goal definition the decisiamontext and intended application of the study are identified and
the targeted audience are to be named. This guides all the detailed aspects of the scope definition, which
in turn sets the frame for the LCI work an@IA work. The quality control of the work is performed in

view of the requirements derived from the goal. The interpretation is in close relation to the goal.
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Life Cycle Assessment Framework
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Goal definition shall consider intended application, limitations, reasons for carrying out the study, target
audience for the results, publication strategies, and stakehfidt8].

2.5.2. Scope definition

In the scope definition it is decided what to analyze and how. The object of the LCA study is identified
and defined. This shall be done in line with the goal. A main part is to derive the requirements on
methodology, quality, reporting, and review in aciamce with the gofEC10]. Main types and sources

of data and other information should be identified. Normalization data and weighting factors may be
required bumay hinder the transparency of the study.

The derivation of the scope of an LCA study from the goal includes: defining the types of the deliverable;
the system or process studied and its function; functional units and reference flows; modelling
framework; system boundaries, completeness requitsnaga cubff rules; impact categories to be

covered and selection of specific LCIA methods to be applied; types, quality and sources of required

data and information; and planning reporting of the re§a{@ 0].

The functional unit indicates the quantity of the product under consideration in the LCA. The
quantitative definition of a productds function
possiblgRel17c]

2.5.3. Life Cycle Inventory

The inventory phase involves the collection of the required data and modelling of the [B§Gth

This is to be done in line with the goal definition and meeting the requirements derived in the scope.



29

Types of required data comprise inventory information, statistical data, technical process and system
information, market information, allocatieelated information, and legal and other boundary

conditions. For process based LCA, the flow of materialeaedyy inputs and outputs is also involved.

Typically, theLife Cycle Inventory [Cl) phase requires the highest efforts and resources of an LCA

for data collection, acquisition, and modelling. Some missing data may be present. For all processes that
have been identified, the inventory data must be collected. Additional measuremengsrtiidhta,

or use of proxy data may be employed here. The quality requirements on inventory data can only be
identified after the first rough model of the life cycle has been established. It is then revisexh con

of the iterative improvement of the inventdgC10].

Unit process data are at the basis of all LCI work. This produces data for input and outputs of separated
processes, which combined represent the entire system. The specific kind of life cycle inventory include:

T I'dentifying tthdeestpe nictesstslesa nifes
T Pl anning, coll ection, and averaggegerifc tared
compl ementary dat a. Her e dat abases can be

measur ement as foreground dat a.

T Modelling the system in a framework by <conn
connecting the systFéemat®.the functional uni t
T Calcul ating LCI resul ts, i . e.., summing up al

processes within the system boundar(mainlf e

out pomd) el emeitmapyt § | ow@rmi matinr ed)he i nventory.
———>
Tier-2 Tier-1 Manufacturer Waste service Waste service
» supplier Aa supplier A 8 provider A provider Aa
— e
)
Tier-2 > Tierl
»| supplier Ab . supplier B .
Waste service
provider Ab
 EE—
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The LCI results are the input to the subsequent LCIA phase. The results of the LCI work also provide
feedback to the scope phase as initial scope settings often need adjustments. The quality of the LCI
depends on the data quality. Data quality is compadealccuracy, precision, with technological,
geographical, and timeslated representativeness, and with the completeness of the inventory. All of
these contribute to the overall quality and typically the weakest of them determines the overall data

quality. On a system's level, the inventory data must be representative of the processes, which actually
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relate to the life cycle of the systdEC10]. For specific unit process data measurements at the operated

processes are the as preferred option.

2.5.4. Life Cycle Impact Assessment

The inputs and outputs of elementary flows that collected and reported in the inventory are translated
into potential environmental impact indicator results related to human health, natural environment, and
resource depletion. The results of LCIA are cdeseéd impact potential indicators. LCIA is composed

of several steps:

T Based on c¢classification and characterization o

are <calcul ated by mul tiplying the individual
characterization factors. Thebentartei tosaodr ces|
T LCIA results can then be multiplied with nor ma
LCIA rEsaul $slection of i mpact <categories and n

consistent with the goal of the LCA study.

T The LCIA results can be multiplied by weightin
the different impact categoriecsp(mtdpbian (end
|l evel related weightingandnawehghteedBOBLCAGRN ni emgu Ini
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2.5.5. Interpretation

Theinterpretation phase of an LCA has two main purposes: tingetbve the Life Cycle Inventory to
meet the needs derived from the study goal; and to communicate results to the intended audience through
reporting. The interpretation phase serves then teelssbust conclusions and often recommendations.

Criteria for analysis and interpretation include accuracy, completeness and precision of the applied data,
and evaluation of the assumptions made throughout. The LCIA results are appraised to answer questions
posed in the goal definition. The interpretati@lates to the intended applications of the study and is

used to develop recommendations.

Reporting needs to consider and address the needs of different audiences when presenting or
disseminating the study. Target audiences can be internal, (defined) external, or public, and technical or
nontechnical. Good reporting of LCA studies providesrtdevant project details, the process followed,
approaches and methods applied, and results produced. This is essential to ensure reproducibility of the
results and to provide the required information to reviewers to judge the quality of the results and

appropriateness of conclusions and recommendations.

2.5.6. Applicability of LCA to the case of data centers

The [IS014040] and [ISO14044] standards provide the indispensable framework for LCA. This
framework, however, leaves a range of choices, which can affect the legitimacy of the results of an LCA
study [EC10]. When assessing data centers, the current state of LCA methodologies, the lack of
applicable primary and secondary data for assessing data center components and systems, and the
complexity of the data center create serious difficulties in performingaacgater LCA. Currently,

there is no LCA methodology developed specifically for data centers. There is a variety of software,
database, and secondary data tools available with which to perform an LCA, and the methodology which
best suits the study requirents is to be usgdBD12]. In the following chapters, the work focuses on
gathering information to construct databases for inventories of data centers and their components, and
to evaluate the current alternatives for Hrid.ife and the technologies available for recovering of

mderials that help to improve the material and primary energy efficiency of the lifecycle.

2.6. Key aspects for LCA in data centers

This section summarizes a framework for identifying and describing the elements necessary to assess a
data centerds complete I|ife cycle. This focuse:
environmental concerns. By using a comprehensive apptoacht encompasses the da

chain, the impacts and the consequences of changes in the process can bgAB§&k2ked
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Several organizations have published their methodologies for LCA applied to data ¢8bt&8$and
[1SO14067]focus on GHG but are not specific to data cen{&€10a]and[ET11] consider a data

center as part of an IT networkla09] focuses on data centers lwith emphasis on thenergy
management of the use phase and on metrics for sustain§ildilitg] focuses omdata centds energy
management systewith a consideration of life cycle impacts f ocused on best pract
data centefWh12] provided a methodology based on screening of inventght)9] presented an
LCA-based approach to estimate the sustainability impact of equipment in terms of its lifetime exergy
(available energy) consumption. This approach divides the life cycle into two phases: embedded phase,
involving impacts related to producesign decisions (material extraction, manufacturing and supply
chain impacts, and eraf-life); and operational phase, including impacts related to decisions during
product use (operation and maintenance). Following is a summary of the LCA Framewortt tpplie

data centers, as per Sectihb.

2.6.1. Goal definition

Thegoal of this dissertation is to evaluate the resource depletion and the primary energy demand for the
lifecycle of a data center. Since the focus is on critical material depletion, the study is framed around
the embedded phase and the EoL of a data cantkits components. This study is to be presented as
part of the ongoing research on material criticality and resource depletion, hence the target audience is
policy makers and researchers within the area. This study advances the work done in resetiare depl

assessment and on potentials of urban mining from high grade electronics.

This study is categorized as a stadne LCA[BTO04]. This is used to describe a specific product in an
exploratory way to get acquainted with the produ

Results are to be pesviewed as part of the publication strategies for this dissertation. This includes
workshops, conferences, and scientific journé&lenex 2 presents a complete list of the related
publications by the author. Additionally, databases developed are to be included as Life Cycle
Inventories for replication. Complementary, an information system based on the information gathered,
calculation methodogies applied for the obtainment of results, and on the evaluation and visualization

of said results is to be developed as a tool for modelling and results data analysis.

2.6.2. Data center scope definition

When considering the scope of the assessment of a data center, the distinct phases on the lifecycle need
to be considered. Additionally, for the establishment of a reference unit, the output of the data center,
being it a service, computations, or the afien of the data center itself, can be considered for this
qguantification.Figure 2-12 presents an extended view of the production system of an IT system, such

as a data center. This also considers the software development portion. For the intended application, the
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study focuses on the development of hardware and its decommissioning. Considered stages on the

lifecycle are:
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Outside the boundaries of a data center are impacts caused by ennplateg activities; impacts

caused by nowata center usage of the building; gedel electricity generation and distribution, IT

commodity systems; telecommunication equipment astesys connecting the data center to the rest

of the world, including satellites, submarine cables,[&B8D12].

The functional unit contributes by defining the scope of the system that will be evaluated by the LCA

methodology and quantifying the service delivered by the data center system. All data (inputs and

outputs of the system) should be linked to the functiond that is defined in the scope of the data

center LCA[ABD12]. An example of a functional unit can be the operation of a data center in a period

of a year (in units oQ® 3, or the whole lifecycle of the data center.
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2.6.3. Data center Life Cycle Inventory

There is a limited quantity of primary or secondary data available on the equipment and systems used
in a data center. An effective life cycle assessment is based on accurate data and considers the product
category rules, which is a set of specific rulesquirements, and guidelines for developing
environmental declaratiofdBD12].

As part of a data center, all the facilities and infrastructures for power distribution and environmental
control together with the necessary levels of resilience and security required to provide the desired
service availability are considered. Power gatien and delivery systems (UPS, transformers, switch
gear, backup generatongower distribution unitsbatteries, power cables), IT equipment (servers,
storage equipment, monitors, switches, routers, racks, network cables) and cooling system (chillers, a
conditioning units, heat exchangers pumps, cooling towers) are to be included in the analysis. Equipment

with impact contribution lower than 2% can be neglected in subsequent iterations.

Currently, there is no effective methodology by which equipment lifetimes can be factored or distributed
across an LCA analysis, and current standards and assessment methodologies are silent on how to
compare impacts and attributes with different perioélithough the benefits are not typically
guantifiable, the use of more robust and upgradable equipment will reduce the overall impact of the data
centefABD12]. For IT components, the average lifetime lies between 3 to 5 years, with high end servers
extending it to 8 years. Power supply equipment and air conditioning equipment have lifetimes of 20
years, with batteries needingplacemenévery 5 years.

The current state of LCA methodologies and the lack of reliable primary and secondary data for the
complex equipment and systems used in a data center will require several iterations to introduce a
significant degree of uncertainty and approximation imy #nal resultABD12]. Data sources are

limited, and the data must be extracted from various sources to construct a complete model of the data

center. The preferred hierarchy of data is:

T Primaryoddtex:ited data that is directly measur ec

T Secondair ydataa aderi ved from other sources such

T Proxy pdatmary or secondary data related to an i
not representative) to the one in the inventor

unavail abl e.

Most LCA of raw material gathering and metal production processes do not consider the mining and
mineral processing stages in any detail, largely due to a lack of publicly availab[elNat]. Since
this is the focusof this dissertation, this data needs to be updated or filled. This produces high

uncertainties in the resulting impacts. As an example, studies on IT equipment have shown uncertainties



35

of 20% to 30% in estimates of emissions impacts on a single;vbigme server systefdABD12].

Updating of the databases for raw material gathering and their results is shown in Chapter 7.

2.6.4. Life Cycle Impact Assessment

The environmental impacts under consideration must be clearly defined, in accordance with the goals
of the study. The LCIA can be disaggregated into the detder life cycle stages. There is no
standardized list of impact categories, so the choice of impacts needs to agree with the scope, in this
case critical resource depletiphBD12]. Midpoint indicatordGu06] and endpoint indicatof$099]

are commonly used for reporting. Chapter 3 covers an analysis of the existing impact categories, with
section 3.4 detailing the formulation of new categories suited for the evaluation of critical material

depletion.

Impacts normally incorporated in the LCIA include energy consumption during operation, raw material
depletion for construction of the data center structure, raw material depletion for manufacturing of IT
and facility equipment, land use and environmentadacts of the facility, mix of energyenerating

sources used to support operation, water consumption during operation; and reuse, recycling, and/or
disposal of IT and facility equipment and materials. Secondary impacts can also include hazardous
substanceontent of data center building and equipment, and air pollution during operation. Missing in
these categories are impacts that include the smmoomic relevance of materials within the area of

study, which is discussed further in Chapter 3.

The key areas of importance are energy consumption during the use phase (related to energy efficiency),
the embodied impact of materials in the data center (including IT equipment manufacturing and

maintenance) which show the importance of the energyestocall phasggETW17, Sh09, WAS15]

2.6.5. Interpretation and reporting

Organizations can use LCIA results to make more informed decisions regarding design and operational
activities that contribute to reducing a data ce
depletion and optimization of recovering strategi®sch activities include determining when to retire
equipment versus +@eploy it and identifying opportunities for virtualization and consolidation of
lower-performing systems onto a single platform to reduce overall energy use and improve system

utilization.

To facilitate clear communications, a single number representing the global environmental impact may
also be presented. The complexity of a data center and the lack of credible data and methodologies

hinder the creation of a single aggregate number dasgrithe environmental impacfABD12]
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recommends assessing metrics or use values for each of the impacts mentioned above and identifying

system or operational approaches to optimize the metric or reduce the use of the resources.

As given by the general low quality of data, several iterations for improving data and refining the models
are required. The uncertainty of the results and the further improvements in these is also to be reported.
This dissertation serves also as a casgystio evaluate the application of LCA use in a-gatld data

center scenario and determine what needs to be updated or added. Methodologies for evaluating data

quality are presented in the next section, and results on data quality are pres€htguten 7.

2.7. Methods for evaluation of data quality and uncertainty

Within the evaluation of Life Cycle Inventories, concerns arise regarding the quality and reliability data

used for the study. Issues such as uncertainty of the measurements taken and of the appropriateness of
the proxy data used and of the representagiserof the process analyzed must be considered when
reporting. [ISO14044]1 i st s under Afdata qualityd aspects S |
(precision), and other directly data quality related aspects, but also aspects such as methodological
consistency, data sources used, and reproducitiléta quality within LCA is a significant issue for

the future support and development of LCA as a decision support tool and its wider adoption within
industry[AW16].

2.7.1. Definition of data quality

[ISO14040]defines data quality @& c har act eri stics of data that rel
reqgui r erhus, the guality of a given LCI model, of datasets, or of a database, fully depends on
the fistated requirements. o0 For this r[@A]sThen, it i
data quality goals should explicitly define needs for representativeness, including temporal, geographic

and technological aspects, and completeriEd®14044]addresses the concept of data quality by two
approaches. First, on data quality in the stricter sense, which refers to aspects that determine the quality

of the inventory data and the related LCIA results. Second, to aspects that relate to data quality
documentation and review and to efforts of basic consistency such as homenclature and terminology
[EC10].

Data quality is composed of accuracy (representativeness and methodological appropriateness and
consistency), uncertainty (also called precision) and completeness of the inventory. All of these
contribute to the overall quality and typically the weakeshem determines (lowers) the overall data
quality. In general, in LCA, the lowest quality can be found regarding representativeness,
methodological appropriateness and consistency (especially on system level), and completeness. Data
quality of LCA startdfrom the quality of the single inventory data val(iE€10]. Initial data quality

requirements must also be specified in the goal and scope phase of an LCA study. Data must be used
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appropriately in relation to the goal of the study. A critical review needs to address data quality in LCA
case studiefCi21].

2.7.2. Data quality indicators

Collected data usually represents the system being modeled with an accuracy lower than 100%. Data
quality indicatorsare used and structured to provide a qualitative analysis of data (using a
semiguantitative system) to compare data collected against the intended goal and scope of the project.
However, neithe{lSO14040] nor [ISO14044] define how these areas are to be addressed. No
specification on to which component or level a data quality analysis should be apfligti4044]

defines ten key categories required for addressing data quality:

a)Ti meel at ed apeveafagkeata and the minimum | ength
be coll ected.

b) Geogr aphi c ad e ocgorvaeprhaigcea: | area from which data
collected to satisfy the goal of the study.

c)Technol ogys pceocviefriacget:echnol ogy or technology m

d) Precinseiaosnuur e of the variability of the data v

e) Compl etpeenrecsesnit age of fl ow that i s measured or

f)Representq@ualvietnetsisve assessment of the degree
popul ation of interest (geographical coverage

g) Consi sdqalciytati ve assessment of whether the
to the various components of the analysis.

h) Reproducqguwalliitteyt:i ve assessment of the extent
met hodol ogy and data values would allow an ir
reported in the study.

i ) Sourocfest he dat a.

j)YUncer todi nthyy i nformation (e.g., data, model s,

The qualitative and quantitative evaluations are done at the flow level. Data quality analysis at this flow
level analysis permits a more detailed understanding of the data quality than can be provided at the
process level, since the process level candmrdination of many different flows from many different
sources [AW16]. Flow level indicators address source reliability, temporal, geographic, and
technological correlation, and data sampling methods. A methodology to evaluate these qualities is built

around establishing a matrix for data quality evaluation.



38

2.7.3. Pedigree matrix

The pedigree matrix was introduced to uncertainty analyses as a method to code qualitative expert
judgement for a set of problespecific criteria into a numerical scdER90]. [WW96] applied this

met hodol ogy to LCA. This method evaluatleow fi ve
ranking values (scores of A40 or fA50) do not nec
(scores of Al1l0 or A20) indicate Agoodo dat a. Rat

goal and scope, and highlight potential areBimprovement in the data qual[3\W16].

The pedigree matrix is not designed to capture all areas of data quality, buttpusatitatively address
certain key areas to improve communication of data quality reddtsall data quality areas are

addressed using a pedigree matrix. Following criteria is evaluated for different flows in a process model:

T ReliabiThityy indicator refers to t he rel i abi

i nformation sources in LCA are more reliable
desirabl e, independent of -rtehwi eavel,-b aemmpiorni. c ¢
sources are seen as most relila®MAZ2], uWeqlu3a]l i f i ¢
T Compl ete@empl eteness indicates the degree to
actual system of interest and enable full i mg
to which extent a given information can repr e
T Tempor al Corlirrediad a toens t he correl ati on bet wee

coll ected and t he [yAeVlr6 ]JA hceatmoodetl mepresemtts a2
ti me passes, i nput and outoput fl ows of a pr
(technol ogical, geographical) occur at diff el
for different sectors.

T Geographicall nCdircraetleast itohnee appropri ateness of
the model region. Theovetagdeids gtelhgraphgrcaphi
data for a unit process should AMA G640l | ect ed t

T Technol ogicalQu&ontrtiasti odme di fferences t hat
source and tpAWLOG]Teghnotogey refers to the pr

process, and it is the one data quality indi
a process dataset. This indicator addresses ¢
t i nec,atli on, and also other indicatofL£im@dy i mp

2.7.4. Uncertainty and probability distributions for LCIA data

[ISO14044]d ef i nes precision as the fdAmeasure of t he
expressedo. Uncertainty is wused for expressing

represents the degree to which further measurements or calculatioadyl different experts will
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produce the same results. The ISO definition relates to the statistical meaning of stochastic uncertainty.

[Mul6] indicates that uncertainty in LCIA inventories can come from:

T I'ntrinsic variability and stochastic error of

uncertainty is captured in a basic uncertainty
T Uncertainty due to the wuse of i mperfect dat a,
verification, or extrapolated from temporally,
This is called additional uncertainty.

For uncertainty, the actual value of a quantity is unknown and described by a probability distribution.
This distribution is based on the information or metadata about the value and can be reduced by
improving the metadatdlathematically, the uncertainty of a value is defined through probability
distributions. This represents the values a parameter can take and uses information on the probability of
this value taking place. Various probability distribution functions carppéeal to LCIA data. One of
themost used is the lognormal distribution. In this type of distribution, the logarithm of the variable is
randomly distributed. It presents certain characteristics that make it appropriate to represent the
uncertainty of the value of a flow within LCA. Nege values cannot be defined through a lognormal
distribution. Since the flows which are scrutinized in LCA are physical quantities, they cannot be
negative, so a lognormal approach is suitable. The function is also scalable, meaning that the mean can
be increased, while holding the shape given by the geometric uncertainty factor. This is useful to adapt
to LCI since the reference value of the flow can be altered while keeping the information on uncertainty

unmodified.

The lognormal distributionRigure 2-13, Eq. 2.]) is represented by two definition parameters: the

geometric meari () and the geometric standard deviatipn)( The geometric mean is the deterministic
value, and thgeometric standard deviaticaptures the information on the uncertainty. It is represented

by :

"Qaft h, ——Qon ——— (Eq.2.1)

Wherewis the variable ‘, is thegeometricmean, ang is the geometric standard deviation. The

confidence intervals for thé"@nd 9% percentiles are calculated presented iBg. 2.2

00 =) —n ” ,6 iO) p —h " (Eq22)
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Lognormal Distribution (p=10, 6=1.64)
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The pedigree matrixs used toaddress qualitative uncertainty. Past pedigree matrices have used
uncertainty as an indicator. The uncertainty of a measurement is composed then of a basic uncertainty
factor and on the additional uncertainty due to data quality. Due to the properties of the lognormal
function, the basic uncertainty of a measurementlamdncertainties derived from the pedigree matrix
indicators can be then aggregated to estimate a total uncertainty for the flowBenl@e3 shows the

calculation of the geometric uncertainty based on the parameters of the pedigree matrix
11, B 11y (Eq.2.3)

Where the indexes 0¥ relate to the source of uncertainty as follows:
: basic uncertainty factor

> uncertainty factor for reliability

: uncertainty factor focompleteness

. uncertainty factor for temporal correlation

> uncertainty factor for geographic correlation

22

. uncertainty factor for technological correlation

2.7.Patta quality factors and characterization

The databases for LCA may include information on data quality for background process and contain
also detailed documentation for the sources of information and aspects such as geographical zone, time
of data gathering, and process information. It alsauthed data quality information and uncertainty

values.

A Pedigree Matrix is also included to assess the quality of data, and it is included in the calculation

methodology to estimate results data quality. It can also be used to assign data quality and uncertainty
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values to specific process information within a custom build mdadle 2-3 presents the information

found in this table, which is used to quantify data quality.

Tab23 The ecoinventSeedidodiefeWerdt3 frri axm

I ndicat 1 2 3 4 5

scor e

Rel i abijVeri fie Partly Nowerif Qualifi Nomgual:
based o or meni data ba estimat esti mat
measure measure qualifi industr

estimat expert)

Compl ettReprese Represe Represe represe Unknown
for the for >50 for onl for onl which p
over a process the propart of the pro
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correlayears year s year s year s year s

Geograpbata fr Average Data fr Data fr Data fr

correlgunder s from | awith si with sl unknown

ea product similar differe
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urtherData fr I dentic Data fr Data on Data on
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Default basic and additional uncertainty factors are considered and a method to combine basic and
additional uncertainty is applied only for the lognormal distributi®or calculating the additional
uncertainty, the pedigree matrix results are not taken directly, but after a transformation producing an
uncertainty value from the data quality scofealale 2-4). The values in this transformation table never
exceed 2.0 and are mostly below 1GMW12] established a set of empirical data quality factors.

However, some indicators do not have a related uncertainty for the lowest of data qualities.

Tab24e The ecoinvent pedigree maturrAdadaceldWdgh@alni ty uncertaint
Il ndi cator sco 1 2 3 4 5

Reliability
Compl eteness
Tempor al corr

Geographic co
Fur ttheeahni cal

N Y
NN NN
N
LA A M ™
N
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N
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2.8. Conclusions

This section presented an overview on the current state of the art @selech on the topics of data
center and LCA. The goal is to provide a foundation for the execution of LCA appliedat@enters,

with considerations of other life cycle phases outside of the operation phase.

As stated in different sources, most of the research and analysis is focused on the operatioiephase.
analysisand research on optimizatioh data centeris tied to minimizingenergyconsumption during

the servicgphaseof a data center. This has provided an extensive basis for evaluation of data center
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performance, and a wide range of indicators that cover many aspects of the operation of a data center.
These indicators, however, do not consider other aspects such as embodied energy or material content.
Additionally, categorization of data centers doasprovide a sufficient basis for evaluation of life cycle
impacts. Therefore, each data center must be evaluated individually, and thus inventorization of each
facility is required for an assessment that provides results of high qualithat the LCA mdels

developed represent appropriately the inventory of a data center.

LCA as a scientific methodology has been implemented for somstcaéesor data centers. However,

these studies still focus on the operational phase, and focus on evaluating electric energy use, which
remains dependent on the local energy mixes. An extensioressf studiesis possible using the
frameworks stated in this chapter, since many of the methodological aspects are given in literature,
which serve as a guideline for conducting LCA on data centers and on their equipment. Despite this,
few reseech regardingassessment dhe demand of primary energy and raw (critical) materials for
manufacturing data center equipment is available. This aspect is to be addressed in thigwakey

aspect being the building of new indicators focused on evaluating raw critical material depletion in
Chapter 3

The absence of published data on material composition and on manufacturing processes for data center
equipment may result in poor data quality of the results. To evaluate this aspect, methods for a
quantitative evaluation of data quality are to be implaenThese methods focus on assessing the
appropriateness of the information used with regards to the objectives of the study, and may be
understood as a technological, geographical, and temporal correlation to the system they represent. By
means of direcinventorization of operating data centers from different institutions, quantification of
BoM from decommissioned data center equipment, and of laboratory analysis of material content in
data center WEEE, the quality of this information is to be imprawvbith is to be evaluated in Chapter

7.
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3. Development of Methods for Criticality Assessment
within LCA

This chapter summarizes the development of the methodologies for criticality assessment within LCA,
developed to answer the main research question. The requirement for indicators to reflect depletion of
resources comes from the goals of this study, simeéntlicators used for data center focus mostly on

the operational phase, as reflected in Section 2.4. By aligning the goals of the study with the research
guestions from Section 1.3, the scope of the study can be refined to include indicators thaheeflect
problem of depletion with considerations of material criticality. This chapter presents existing methods
(Section 3.3) and new developed methods (Section 3.4) developed within this work for use in the LCIA
calculations in Chapter Figure 3-1). The information required and the results saeed in databases

containing information on criticality and on the resulting characterization factors (Chapter 6).

Research Question 1
Goal H
i I
Definition % P
Scope
Definition

__________________

Life Cycle Inventory Mo R 1
Aain Research

Question

Impact Existin ' '

Assessment —> M ‘thodg- T ‘

Methods £ 3 i . ) ,

! > Life Cycle !

i H Impact Assessment !

ST » Criticality ! !

Criticality > Methods \ "
FigBitPevel opmentbasedriitifeatytlye i mpact assessment met hods.

3.1. Refinement of goal and scope

3.1.1. Refinement of goals

This LCA study has as general goal the investigation of the environmental performance associated to
the raw material extraction and manufacturing processes of the data center equipment, and the
environmental impacts involved during its use ande@hiife phases. The scope then excludes the use
phase because the energy consumed during the use phase is decoupled with the material flows. Another
desirable achievement is to make available a suitable framework for evaluation of data center equipment,
develop ckulation methodologies to integrate inventories and automated calculation procedures for
LCA, and to provide updated databases for similar of studies. To achieve the general goal, and following

the Secondary Research Question 1, this study will aim teeartbe following specific questions:

a)What are the specific resource depletion i mp
cradle to grave, excluding of the operation j

b)Which set of indicators are suited for resour
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c)What components are responsible for the grea
depletion?
d)What is the role of materi al recovery in impr

i ssues such as materi al scarcity?

These questions are answered following the LCA methodology. To help with these questions, specific

set of impact assessment methods are further developed in this chapter.

3.1.2. Refinement of scope

For this evaluation, LCA models representing the different components of data centers need to be
developed. The goal is to evaluate the different production chains and manufacturing processes to
guantify the total amounts of energy and material demandu3&enf appropriate indicators allows
evaluating these parameters. These need to represent the materials demands by their physical amount

and by aspects such as criticality.

There are several impact assessment methods used for evaluation of resource depletion. However, these
methods lack consideration of aspects such as material supply risks or relative economic importance.
Section3.3gives an overview of existing indicators, and Section 3.4 details newly developed or updated
indicators created for the purpose of this dissertation.

3.2. Raw materials in the economy

Raw materials are essential to produce a broad range of products and services, including IT equipment.
Some raw materials are referred to as fAcritical
economic importance and high risk of supply distumi[EC20b] Although geological scarcity is

unlikely, supply risks lie in import dependence, the concentration of production in politically unstable
countries, and the nationalization of mining compafB&sTI12].

The rapid technological innovation cycles and the growth of emerging economies has led to an
increasing demand fahese materials. Consumption of raw material resources implies a decrease in
future availability and hence resource depletBecause of continuous modifications of function and
design of appliances, electrical and electronic equipment (EEE) contains a highly heterogeneous mix of
materials. Essential constituents include metals such as precious metals (gold, silver, anthpaltaidiu
special metals (indium, selenium, tellurium, tantalum, bismuth, antim@®iR11]. In the 1980s,
computer chips contained twelve elements. Today, as many as sixty different elements are used in
fabricating integrated circuifal4], with around 34 metals in the category of are earth, scarce, and

scattered metal$i22]
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The manufacture of components and theplsgse energy consumption are often responsible for most

of the environmental impacts of EEE. Metals can often have a significant environmental impact because
of their toxicity, the use of energy and water in pregws, their tailings, or related emissid@&r12].

Based on weight, steel and plastics are the two dominant materials used in EEE. The weight distribution
of the different substances differs from the value distribution and so does the distribution of related
environmental pressur@Bal4]. Precious metals account for a significant part of the economic value of

EEE, especially when recovery is considered.

Securing access to a stable supply of such materials is a major challenge for economies with limited
natural resources, such as the EU, which is heavily dependent on imported supplies of many minerals
and metals needed by industry. There is a risk of gugiptuptions due to supply concentration and
political instability of the producing countries. Environmental policies commonly address resource
efficiency and scarcityMal5]. Resource security is a premise then for sustainable development
[SBF15]

The term resource efficiency refers to maximizing the output of a system while minimizing its resource
consumption and it is a key element in sustainable development and security supply. Methods are
required to ensure the ecological and efficient use sfureegdKSB14]. Scientific methods such as

LCA make it possible to consider the impacts caused by distinct stages of the IT life cycles.

3.2.1. Material criticality

Raw materials are the base of all value chains, hence key enablers for all sectors of the economy. The

life cycle of raw materials can give an overview on the environmental impacts of raw material gathering

but says nothing about changes in supply or dem&tudies on material criticality addresses these
aspectgGri5]. Criticality assessments evalwuate produc
economy. They can also be done for different periods, e.g., according to the current resource data and
reserves or as a loxigrm projection. For these reasons, critigadissessments can diverge, since they

depend on the selected indicators, the underlying data, and the goal of théAstendgw of recent

approaches reveals a general consensus that criticality is comprised of two main dimensions: supply risk

and econond importance of its usgBel16].

[EC10c]published alistob 6 Cr i t i c al .[EEG20b]uddatecethis list, wisil® maintaining the

same approach. The methodology underpinning the identification of CRMs for the EU combines two
main variables: economic importance (EIl) and vulnerability to supply disruption due to poor governance
(SR). High econmic importance means that the raw material is of fundamental importance to industrial
sectors that create added value, which could be lost in case of inadequate supply and if adequate
substitutes cannot be found. Supply risk means that the supply issésdwith a considerable risk of

not being adequate to meet EU industry demand. Raw materials, which reach or exceed the thresholds
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This publication also calculates these values with data from the last five years and many different

databases, including the official EU data, public data, and somemiation from other no#tU

membersFigure 3-2). A new list of critical materials is expected to be published for 2023.
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3.2.2. Economic importance

Economic importance gives insight on the relative relevance of a material in the context of the EU
economy with respect to the ende application and value added of corresponding EU manufacturing
sectorsEq. 3.1 shows how the economic importan&@ Qs calculated, where is the share of end
use of a raw material in an economic seetocordingto the European Classification of Economic
Activities systenfEC08],0 i s t he s ect oridenotesthé sector. A abrdeetidn value tbr
substitution is also include&'Q, which is related to technical and cost performance of the substitutes
for individual applications.

0O'0B 60

YO (Eq.3.2)

3.2.3. Supply risk

Supply risk is the risk of a disruption in the supply of the material to meet industry demands. It is
calculated based on the concentration of primary supply from countries producing raw material and it
considers their governance performance and tradeadeaistics. Supply risk is determined at the
bottleneck stage of the material, which means at the point of extraction or processing, hence the highest
risk point. Additionally, recycling and substitution reduce the risk. Following parameters are cogsideri

for calculation of supply riskMBS18]:

indicator s.

d
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a)Level of concentration of worl dwi de product.i

Hi r sc hma@0d.ndex (

b)Pol itical and economic stability of the prodi
| ndi @waoor (
c)Potenti al of substitution of raw materials (|

expertso opinion and aggregating the substi
d)Recycling rate, -afsihg radtly@Gritlelg owat esnd

w "0"@ the most robust indicator to capture the level of governance in a country in the context of
criticality assessment. Moreoven,"O'@ applicable to different lifeycle stages of a material (e.g.,
mining and refining). Howeverp "O"@oes not capture risks due to export restricti&€20b]
incorporates novel methodological elements for trade, import dependency, and the actual supply mix to
the EU, in parallel to substantial improvements for substitution and recycling as risk reducing measures.
Eq 3.2 shows how the supply riskY(Yis calculated, wher®"¥ the import reliance0™¥% the global
supply,O ™$ourcing is the actual sourcing of the supply to the'BIQ® the HerfindahHirschman
Index,w "O'® the scaled world governance indéis the trade parametéd,é 0 is the enebf-life

recycling input rate anty‘Ois also the substitution index for Supply Risk.

YY 000 j— 000 i p — p 00 YO (Eq.3.2)

3.2.4. Results on material criticality

Representation of the criticality concept uses the described indid&6&0b] considers a material as
critical when both a high potential impact of a shortage (economic importance) and a comparatively
high probability of such a shortage (supply risk) are present. Thus, criticality is a matter of degree and
comparison, and threshaldre defined in both dimensions to distinguish between those raw materials

considered critical and those that are not.

This produces a shortlisTéble3-1) of ACri ti cal Raw Material so t
accounted for in the respective methodologies and serve as a focus point for concrete actions of policy
makersFigure 3-3 presents the overall results of the 2020 criticality assessment. Critical Raw Materials

are located within the criticality zon&(Y pandO'O ¢&) of the graph.

tL

h a
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3.2.5. Comments on criticality

In the previous decade there has been interest in criticality of raw materials, enough to warrant the
development of rigorous and quantitative methodologies for assessing crifie@ity]. [Gr12] uses a

similar approach that considers vulnerability to supply restriction and supply risk. It also extended the
approach to addressing an additional dimension: environmental implications. This is an attempt to
include cradldo-grave environmental impacts a separate dimension. It focuses on the impacts of

mineral use, rather than on the supply risks.

Examining the shortlists of critical raw materigBST12] points that there is a bias towardscsdled

technology metals and minerals, which are only used in small quantities for very specific applications.
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Theseftechnology minerals are often only mined in small volumes, which makes price volatility and
producer dominance much more likely. New sources of demand arising from newly developed
applications can cause demand to outstrip supply in the short term. Most critiqatitgetpes have the
intention to account for substitution and recycling but the implementation into the calculations diverge.
Moreover, data on recycling is difficult to assess properly, especially for scarce metals such as rare
earthgDel6].

The indicators are developed using data with temporal boundaries. Hence, some of the materials
identified as critical might only pose a temporary problem, and these studies may not be able to reflect
other problems in longer scope. The usefulness of siststof critical raw materials as a policy
instrument, therefore, depends not only on the degree to which a particular methodology reflects the
underlying issues but also on the timeframe chosen for the arj@i$3i$2]. Combining these indicators

with parameters that consider depletion of available reserves can provide an understanding of the
resource consumption problematics with a kbegn horizon. This combination of factors is formulated

in Section3.4.

3.3. Existing indicators for assessment of material and energy depletion

The approach of LCA to resource depletion is characterized by a lack of consensus on methodology and
on the relativeranking of resource depletion impacts. This can be seen from a comparison of
characterization factors. Different approaches yield vastly different characteristics of the impacts from
resource depletion and show gaps in the number and types of resousres[é®B14]. The existing
methods currently focus on aspects such as material depletion or global warming potential, without
consideration of criticality, potential for replacement, or material efficiency. The indicators omit the
temporal variations of material stacKThis section provides an overview on the existing methods and
their indicators for assessing raw materials consumption and highlights their limitations when it comes

to evaluating the total impacts of modern technologies.

3.3.1. Evaluation of resource depletion within LCA

LCA modelling of processes and products uses databases and models of processes that contain
information about raw material mining, product m
i nput and output fl ows t onomicimpadssThearawpaterdlwataod s p hy
mining and processing found in these databases varies due to different data sources. These consider the
economic value of the materials used, the resource stock, and the energy required to obtain an additional

unit of raw material.

Individual indicators related to elementary flows are not always used to produce results. Instead, several

flows are aggregated, weighted, and added using midpoint and endpoint methods. This leads to a joint
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assessment that reflects all the life cycle impacts on nature, humans, and the atmosphere. The results of
mass balances and life cycle inventories are weighted and added to the midpoint indicators, which then
are then weighted and added to the endpoimtators, whose aggregation results in a single LCA score
(Figure 2-11).

Existing methods for the assessment of resource consumption in LCA relate to the energy and mass of
the resource used, exergy or entropy impacts, future consequences of resource extraction (e.g., surplus
energy, marginal cost), and diminishing geologicepabits. Other methods also evaluate the
environmental damages caused by raw materials extrg&udd] Quantification of mineral resource
consumption in LCA has been heavily discussed in the literature. There is a multiplicity of approaches
for quantifying the effects in the raw materials impact category, as theseawrl impact category
indicators in LCIA[Ye09].

Three approaches are currently used to quantify resource consumptichasegsccounting (material

and energy flow analysis); impact assessments using material flow analysis (MFA) and inventories in
LCA; and criticality assessmeni§IBS15, BI17] Material flow analysis can show hot spots for raw

material consumption and waste flows. LCIA can show which areas of protection are most affected
during a productédés Ilife cycle. A criticality as

bemme scarce in the futur&igure 3-4).
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3.3.2. Resource accounting methods (RAM)

Resource accounting methods are used to measure the material and energy throughputs between natural
and anthropogenic systems for the purposes of conducting a material flow analysis or developing life
cycle inventories. These focus on calculating the §penass of materials or energy inputs and outputs

of a producfAOA16, KSB14] Resource accounting methods that are suitable for LCA include:

T Cumul ated MateribhcDemhasda( CMDhe extracted r a

without di fferentiation regarding <criteria s

[ Gi.1l2]
T Environment al Devel opment JioNo-Renndeuwsathbrliea | R ePsrooudr
considers the total mass input of distinct na

regardl ess of t heir origin (cowntatyedorpas pee
[ BBC12]

T Cumul ated Energwpcbhbeoemand fOEDY esources with er

as oil and natur al gas, but al so r[eAm0AuWlabl ] e s ¢
This approach takes into consideration al/|l
manufacturing, and di sposal of a prjodaXl, |t
Hu 1.0 ]

T The Cumul ative ExewgesDée¢emandCEOCCE»sD)a baseline
indicator. Exergy of a resource is the maxim

fromBPO7,. DBy0O8dsing exergy, the CExD can accoa
including those with no heating value. This

T Cumul ative Exergy Extraction fromnsheéeNatsewaet
el ementary flows, with a higher number of cha
of the differences between CEENE and CExD i s
of metals and minerals.rCEBNEf enabt esat or atcrt
from renewabl e resources, nonrenewabl e resour
usfeDe0 7]

3.3.3. Midpoint methods

The impactbased methods use LCIA methodologies from the life cycle assessment framework. The
amount of inventoried material and energy resources is multiplied by characterization factors that
represent specific resouroelated impacts. These factors developed based on the properties being
studied, such as resource stock depletion, or the economic impacts of depletion, or damage to the

environmenfAOA16]. These methods include:
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3.3.4. Endpoint methods

Endpoint methods are based on midpoint methods. They are developed to consider the overall
environmental burdens associated with resource extraction and use, rather than the most immediate
impacts such as the diminishing of stocks or dep@isBB14, AOA16] The results are assigned to
protected areas, weighted in a common unit (e.g. points), and aggregated in order to present the total
impacts in a single equivalent scd&R17] This shows the relative importance of resource depletion

in comparison to the other categories and the total environmental impacts of a process.

The calculation of singkpoint Ecolndicator scores is intended to aid eayday decision making, and
also serves as a genepairpose impact assessment method in [[E310). Endpoint methods are based

onvarious midpoint indicator methods and include:

T ThEc-bndi cat or €9vWa leunadtpeosi ntthe t ot al i mpact of wusi
increased workload involved in the extraction ¢
include damage to ecosystem quality, dalmage t o
total [iGoWalct SAOA16, SR17]

T ThReCi Pe ednidipfoeirretnt i ates between fossil depl eti

cat e[ghOA16, EC10, Go09]

3.3.5. Selection of indicators for evaluation

The answer to the question fAwhat is the right i
always a variety of indicators, and the method is selected based on the overall question under
investigation.Table 3-2 presents a summary of the discussed methods related to raw material usage
during the life cycle. The EU recommends usBgD to evaluate the impacts related to total resource
consumption and identify potential direct savings in primary resource use, and to improve process
efficiency[EC10]. EDIP is used to evaluate total resource consumption for each distinct metal. For the
midpoint assessmefEC10]recommends that the ADP be presented together with GWP for company
reports and other communication. The ReCiPe endpoint method is the recommended endpoint LCIA

method, as it differentiates between fossil and metal depletion in the resource &€ g].

3.3.6. Gaps on indicators for material depletion assessment

There is a lack of consensus across impact assessment methods for mineral resource consumption in
LCA [KSB14], as the different methods were developed using different approaches for the evaluation
of impacts. Most methods acknowledge the depletion of natural resources from a functional point of
view. This neglects the intrinsic value of minergi02]. Expanding the analysis of the impacts of
material usage requires an evaluation of s@alitical, economic, and environmental dimensions.

These need to be developed in addition to the existing analysis of LCA.
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Tab32eMet hods for assessing the i mpacts of materi al resource
Met hod I ndicator Uni t Ref erences
Categc
Resour CED Cumul ated Energy Mg [ Hu1l0]
Accoun CExD Cumul ated Exergy Mg [ B0 7]
Met hoo [ De08]
CEENE Cumul ative Exerg M3q [ De07]
the Natur al Envi
CMD Cumul ated Materi kg [ Gi 12]
EDI P200:Mat eri al Depl eti kg [ HPO 5]
Mi dpoil ADP Abiotic Depletio kgeqg [ SBF15]
GWP Gl obal Warming P(kgozagq [ GuD 6]
[ vG16]
AADP Ant hropogeni c AbiKkgeq [ SBFE11]
[ SBF15]
ME Ec-bndi c aMiore r9adl Epoint«[] Go01]
MR D ReCi-Piener al ResolKkgeq [ KSB,14]
[ Go09]
EndpoilEccbndi ce Resoutfeactesl point:«[ Go01]
ReCi Pe Tot al Resource Dipoint:«[] Go09]

Cumulated Energy Demand (CED) and Cumulated Material Demand (CMD) are considered in
Germanyo6s nat i on a[Gilg].dlseseawo mdichtors lack infornsation an digtigcyraw
material consumption. The EDIP indicator on the other hand, presentsmsmable resource depletion
results based on the total mass of each separated repoikde’]. However, the EDIP categories for
each raw material (such as aluminum) leave aside information such as material origin or production

processes.

CED, CExD and CEENE remain influenced by fossil resources. The same can be said about endpoint,
single score indicatofAOA16], where the weighting of midpoint indicators related to fossil fuel usage
overwhelms the impact of mineral depletion. Reporting mineral depletion separately is therefore

preferred.

Abiotic resource depletion is one of the most debated impact categories. There is no scientifically
accurate method for deriving the weighting factors that are used to calculate abiotic depletion based on
the input and output flows. Diverse ways to chaaee these weighting factors do exist, such as a
decrease in the resource itself, a decrease in international reserves of useful energy, or an incremental
change in the environmental impact of extraction processes at some point in the future. Therefore, a
assessment of only one indicator can provide insufficient information, which could lead to incorrect
conclusiongvG16, Dr16] Additionally, the development of different methods has resulted in different
characterization factors for distinct materials, and some materials were not considered during the
development of the methods. For example, neodymium, palladium, and silvestaneluded in the

EcoIndicator 99 midpoint and endpoint methods for calculating the depletion of metals.

Changes in economic data caused by fluctuating demand, exploration and supply cycles, politics and
sociceconomic trends make the inclusion of a temporal dimension inescdpabte Sal6] The

consequences of further exploitation of these metals need to be analyzed. Furthermore, the materials
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considered fAcritical o vary according to market
materials|BST12]. Criticality indicators are calculated for minerals and metals, so that economic and
geopolitical factors can be included in LCA. However these criticality indicators are not used when
researchers evaluate the material demands of prog{8Bl4]. The following subsection presents a

set of indicators developed and updated within this dissertation to include criticality in LCA. These

indicators are to be used to evaluate resource depletion with considerations of ciitiztitypter 7.

3.4. Formulation and development of criticality-based indicators for LCA

This section provides an overview of the development of indicators for LCA that include the discussed
aspects of criticality. The goal is to develop a novel set of characterization factors that include the
information on criticality as per the definitiori the EU. These indicators are to be applied and their
usefulness also evaluated by using the results of the impact assessment of data center equipment

presented in Chapter 7.

3.4.1. Critical materials and their relationship to the material demands of IT
hardware

Increased usage of IT hardware has raised awareness among different stakeholders that this development

also relates to increasing demand for critical metals. IT devices contain critical materials, and their

development is vulnerable to supply disturban€xgicality assessments might be a suitable method

for policy makers to understand and regulate the market. Although data is often sparse, the available

information about the material demands of IT suggests that current practices are likely to laaityio sca

for some metals in the ntbo-distant futurdGE12]. Thus, raw material productivity could be increased

by minimizing material inputs and reusing production waste, which would result in lower environmental

impacts and less consumption of scarce resoli@id2]. [EC10] recommends methods for LCIA to

cover some scarcitselated issues, such as depletion from mines. Similarly, life cycle data for critical

raw materials can provide valuable insights into the options for managing these materials abfhe end

their-life stage, particularly when evaluated using a material flow analytad5].

There is no ideal indicator or method available in LCA to assess impacts caused by raw materials and
criticality, or the potential benefits of recycling to alleviate supply chains. Mass aridageid metrics

provide insufficient information about the béitgeof the recycling rates of critical materials. Most of

the commonly used approaches in LCA are still incapable of predicting the physical scarcity of raw
materials in the future and the consequences for sustainable material use. As resource éfficiency
considered a key element for sustainable development, there is an increasing need for suitable methods

to address the sustainability of resource[HSB14].
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Due to the dependence on raw materials and their availability in new technologies, recent literature
proposed the integration of resource criticality assessments in the life cycle sustainability assessment
framework[MBS18, KPP19] Resource criticality has so far received more attention outside the LCA
community and is gaining importance in policy making. It is therefore desirable to use a resource
depletion indicator that reflects the supply criticality of a given resource, stijeconomic, political

and strategic influences, in addition to mere availability in the natural envirofik&B14].

3.4.2. Criticality-weighted abiotic depletion potential

Recent works proposed the integration of resource criticality assessment withifGe@8, ScB14,

So015, MBS18] TheCriticality Weighted Abiotic Depletion Potential (CWADP) here proposed is a

set of indicators that merge the concepts of ADP and criticality. The ADP characterization factors are
modified using the criticality values of raw materials. This addresses a missing link in LCA and the
impact of resources with a focos their criticality. It reaches a high degree of abstraction in terms of
economic values as it is related to and normalized to kg of antimony equitdemialization allows

comparing resultbetween different products and provides a baselinafgessment.

It is based on ADP of natural resources and uses the two main parameters defined by the EU to determine
the criticality of a material (economic importance and supply risk) to build the indicators for each
parameter. Comparing the CWADPs to the correspgnBll criticality values and its thresholds show

the equivalent criticality of the assessed product. This information reflects the impacts of criticality on
LCA and assesses the total resource consumption of critical materials in a system. Criticatgrealue
taken from EU criticality reportfEEC20b] The dynamic nature of the results allows investigating the

impact of criticality over time.

Eq. 3.3describesttecalculationabiotic depletionwhich istheresult of the sum of each resource ADP

multiplied by its mass:
60 BoOFa (Eq.3.3)

With the calculation of the individual characterization factd® Odescribed irEq. 3.4

(Eq.3.4)

where:
6 00 is theabiotic depletion potential of resour€&gss /kg:);

a is the quantity of resourc@xtracted (kg);

Y is the ultimate reserve of resouitikg);
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‘O°Y s the extraction rate of resour€kkg/year) (regeneration is assumed to be zero);

Y is the ultimate reserve of the reference resource, antimony (kg);

‘0O°Y s the extraction rate of the reference resouyce, (kg/year).

Moving from the abiotic depletion to the criticality weighted abiotic depletion is achieved by multiplying
the®d O Uof a resource with the normalized criticality factor of a resource to build the @ 6 ‘O (of

this resourceas presented igg. 3.5
6 wd 00 w BOD (Eq.3.5)

where:
6 w 6 'O is the criticality weighted abiotic depletion potential of resolfls@sed orthe
criticality parametecy

&) is the normalized criticality factor of resour€based on the criticality parametar

To exclude a decreasing impact of the criticality parameter on the CWADP itsivaluenalized to
avoid values below 1.(Eq. 3.6. Therefore, both parameters, the economic importance and the supply
risk of a resourcarebe divided by the lowest respective value of all critical resources in the report:

0 — (Eq.3.6)

where:

@ criticality parametetoof resourcéq

&) minimal criticality parameter of resour&n the data base.

Since the criticality, values are being updated in perennial cycles these CWADPs will change with any

new report released. So, the CWADPs will need to be indexed with the corresponding report and the
chosen criticality parameter to guarantee a uniquerassig nt , e . @geced NICWADPhe CWATD
using the economic importance parameter (El) based on the report by the European Commission (EC)
published in 2022. This indexing method allows the unique designation and the use of any criticality

parameter of @y database in general.

By including the normalized criticality parameter into the equation of the abiotic depletion Eoove,

3.7allows obtaining a life cycle impact:

#71%$ Bo 20 0Fa (Eq.3.7)

wherewis thecriticality parameter used.
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Creating a quotient of the criticality weighted abiotic depletion and the abiotic depletion defines the
criticality factor which shows the impact of a given criticality parametsithin the LCA Eq. 3.8
describes the calculation of such equivalences

Y'Y ,00 —— (Eq.3.8)

here"Y'Y andO "Oare the equivalent criticality indicators for the analyzed product.

3.4.3. Geo-Political Supply Risk

The GeePolitical Supply Risk (GPSR) involves developing characterization factors for each elementary
flow, based on the individual Supply Risk of the material and on the global production of this, thus
integrating Supply Risk directly into the LCA methdalgy. This method, first proposed IjylBS18],

aims to quantify the risk of shertin supply disruptions in commodity trading between countries as a
function of production concentration, supply chain composition, and political stability of producing
countriesThis indicator divides the Supply Risk indicator by the total amount of produced raw material.
This allows highlighting the materials that are used in lesser amounts over the bulk mateeals.
Supply Risk relates to the market, using data on mine prody@ut6]. The formulatiorgiven inEq.
3.9states that:

00 Y'Y — (Eq.3.9)

where:
"0O0 "Y'Yis the GeePolitical Supply Risk of the materig¥1/kg);
Y'Y is the Supply Risk of the materigfl);
0 is the global production of the materigkg).

Like other impacts, the totaD0 "Y¥a product is obtained via the elementary mass flows of the LCI
and the characterization factorsky. 3.9, as described biq. 3.10

"00 "Y'YB "00 "YM (Eq.3.10)

where:
"0O0 "Y'Yis the total GedPolitical Risk of the system (1);

a is theindividual mass flow (1).

[MBS18] developed these indicators and evaluated different combinations of Supply Risk and
exponentials. fie use of the Supply Risk combined with the global production better reflects CRM

importance and therefore could be used in LCA for an assessment of resource security impact for the
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EU. This dissertation expanded on the characterization factors and updated inventories and databases to

update the indicators.

3.4.4. Results on proposed methods

Including criticality into LCA has been challenging to achieve but desirable to accomplish. Innovative
approaches for the evaluation of resource consumption of products by building comparison values based
on LCIA combined with weighted criticality values show the direct impacts of criticality on LCA

results.Figure 3-5 presents the characterization factors for the developed indicators.

Indicator
103, w ADP
B CWADP-SR
N CWADP-EI
10' W GPSR
L
=
< _
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=
2 4
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=
10°
-7
* i i |
il |
a1 o ] =] = =] o — = = =¥]
= s 4 5 C O O < £ = 4
Material
Fi gB8be Comparative values of the developed indicators. Loga

As mentioned above, numbers and values that could be compared to ecologic values should be avoided
and there is no wuniform opinion about the fAidea
resources. Therefore, this indicator should reflaet impact as an additional factor to be added to

existing and recognized methods used in LCA.

The proposed indicators are applied in several case studies in the following chapters using inventories
of products used in data centers. Udimgsecharacterization factors, the results on the different impact
categories can be calculated. The process considers the gathered information on parts composition of
the different devices to construct product systems based on the inventory information.
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3.4.5. Outlook on the developed indicators.

Indicators such as the Criticality Weighted Abiotic Depletion Potential represent initial attempts to
merge the concepts of criticality with resource depletion. There is a lack of fully dynamic criticality
analysis, although some authors have conductéd assessments of different time periods, or analyzed
stock and flows of materials over tifer12, DG11] Thus, novel approaches are required to incorporate

the dynamic aspect of criticality. The indicators here developed and expanded can be understood as an
extension of the weknown abiotic depletion potential (ADP). This could be a straightforward and
universal method to include the impact of a criticality parameter into LCA and thus could be closer to
the Sustainable Development Goals to secure raw materials. The criticality factors resulting from the
guotient of the criticalityweighted abiotic depletioand the abiotic depletion of a product is a direct
indicator for this impact and the underlying method is independent of the choice of the database and the
criticality parameter used. These methods can serve to assess resource security in LCA wisen there

the need to enhance strategic and secimnomic considerations.

The normalized criticality factor of a resource is the key factor in the interpretation of the results. This
factor depends on the database for criticality parameters of a given report. Depending on the database
and its underlying calculations used for thiticality parameter, the normalized criticality factor might

have nodinear amplitudes. Even effects of feedback due to correlations to the abiotic depletion
potential are possible. An interpretation of the criticality factor should then always bbak@teon the
database used.

Focusing on the socieconomic and geopolitical perspectivfdBS18] identified the GPSR as an
alternative for the characterization of resource security and criticality concerns for adoption within in
LCA. This has the capability to include so@oonomic and geopolitical considerations related to the
use of material resoces. Of the options, the supply risk related to the annual mine production gives
more importance to specialty metals and reflects more closely the results on criticfiy20b]
However, the problematic of focusing on scarce materials used mostly in technology manufacturing

persists and may be unsuited for use in other applications.

Data and data sets of comparable quality are not always available for all raw materials included in the
LCA, as seen in indicators such as the abiotic depletion potential and in the list of critical raw materials.

A common database for the comparison dfedent raw materials would increase the quality of
information on relevant issug3ST12]. Today, there is still great uncertainty when comparing different

LCIA related to raw material and criticality impacts, but there are already projects underway that take
this issue seriously into account, ssudMat asi aheo
project[EI17]. In addition to the assessment of primary resource availability, future studies need to

consider differentiating between primary and secondary resd@c4]
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Addressing dependencies betwamdicators can also show the effects of reducing material use in other
impact categories. Studies on the impacts of the effects of recovery technologies and omit effects such
as Oreboundé or 6l eap frogging, 6 wohnaoufactucessu !l d di
Including a dynamic analysis in these methodologies could provide information for policy development.
These dependencies between indicators are evaluated statistically in Chapter
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4.Development of Life Cycle Inventories of Data
Center Equipment for Cradle-To-Grave Analysis

This section presents an overview on the information gathering process and on the data for evaluation
of critical material and energy depletion impacts of data centers. This is based on clusterization of
devices in different layers, and on the establishment of databases for the information collected. First
starting with a screening of case studies of data centers in northern Germany, selected devices are
disassembled for this research, and their mostamatesonstituents, namely printed circuit boards, are
analyzed in laboratory to characterize the material composition of reference components. Results on
material composition are compared to the values found in databases and in literature, systematized in
new databases, and are later incorporated in the inventories. This contributes to improving data quality,
which is used in Chapter 7 to compare results quality. Models for the different components are built
based on previous literature, existing databasespy development of new processes, with the updated
information being incorporated accordingly into the model building structure proposed in Chapter 6.
This led to databases with updated information based on inventories of the data centers undss study, t
information on composition of data center devices, their constituent parts, and the updated material
content information. These inventories are later used for life cycle impact assessment calculation and an
assessment of the potentials of material riogc(Figure 4-1). Cradleto-Gate models can be
calculated, or later incorporated with EafiLife models.

Data Center

Screeuiugl ,” Secondary RQ 3
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Device 1
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Sclection Device 2 Disasscmbly Sclection & Component 2 Anaysis Jateriz
Inventory > > BOM —_— P — Ty M. ”Cl'l‘dvl
i . Composition
Component 3
Inventory
4 A4 i
DalaCenisy < Device Model « Component Model <€
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Cradle to Gate
Impact Assessment

SecondaryRQ 1/

Figdtenformation flow for development of databases with Lif
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4.1. Methodology

For the preparation of life cycle inventories for life cycle impact assessment, different methodologies
were applied:

a)Proxy rAsepach:of the proxy research (related |
dat abases containing information on data cente
This with the goal of analyzingtshiahdiwhiocmat
guality of this information for this research.
b)Devel opment oDi theeemtt udaes: studi es bvwdfle cond
mat sf BaM) of compeOfeinte fatomheatadcenters. Di s

of the individual parts are registered here. I
conduct case studies in whole facilities.

c)Preliminary model Basgdaod sheufFatbsBbninventory
research, preliminary models of the components
spots and inventories with | ow data quality, w

faher developed in Chapter 7.
d)Laborator i @aeal yeesrequirements on information
components with the highest <critical and valua
analyzed in | aboratory to evaluattey maft etrieal made
This informati admtiad asmywssti enmantgi zuepdd aitned i nf or mat i
e)lnventory data Watske BbéuakbBratitbngaps identifi
mi ssing el ements and outdated values in the da
gathering process databases is updated msitt h th
similar studies by comparing the trends and va

f)Results i mproveWwnenrht tahses e snsfnoermta:t i on gat hered on

raw materi al gat hering processes, updated cal
architecture of Chapter 6 and evalwuated in Cha
ad on the quality of results obtained, whi ch &
data on materi al content are presented in this

i s evaluatedChliamtnegn tAati vely in

This chapter describes the process of developing LCI for data centers based firstly on proxy research for
developing an approach to data center hierarchical structure. Case studies are developed based on the
inventory information. A description of the latadory analysis is included when describing relevant
components. Finally, a description of the different life cycle models for the most relevant components

of data centers is provided.
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4.2. Clusters for data centers and their components

The guidelines produced by The Green Gi¥dBD12], provide a framework for identifying and
describing the el ements necessary to assess a ¢
environmental impacts into consideration. These guidelines do not delve into all the economic and social
aspectof sustainable data center operations, such a
to determine the level of accuracy that can be achieved in assessing the life cycle impacts of a data
center. Both aspects are of importance for the evatuaf critical material depletion and evaluation of

accuracy and completeness of the analysis, which are objectives of this dissertation. Hence, improved

data and additional methodologies are to be used.

4.2.1. ldentification of clusters for material analysis

This subsection identifies devices that require a deeper analysis, based on the information presented in
Section 2.2. The most relevant devices for the purposes of this research here are identified for further
analysis. For the other clusters, categormatptions and the corresponding raw matagivant

components are described.

Figure 4-2 shows the scheme of the clusters of the inventory. It displays the delimitation of the cluster
levels and the cluster groups that fall below them, down to their breakdown according to the raw
materials. The levels lead from the systiewel of data centeria the applicatiofnrelated first level of

the system groups, the levels of the individual devices, their components, their modules, to the last level

of raw materials. Following levels are portrayed:

T The systemfissigzee deedtiengeosr i es of the data cente

2.3.1: server racks with an average of 5 ser\
150, meeidzieudn data centers with 600, and | arge
T At the system category |l evel, the dradlaatcedt el
categories: the | T devices, power supply, air
1 At the devices | evel motdhud eampehemss ar €hei VTde
cluster is -pdgéevidesdanaoeochughers, such as serv
technology. The UPS, generators, batteries, &

of power suppland A Adagolciomglide winégengg are assigne

The other infrastructure <cluster includes f
consumers such as | ighting and screens.

T At the components groups | evel, the system d
separabl e component s: printed circuit boards

optic cabl es, (semiconductor, ineasg,neftars , ankda tot
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amongst others. Before the raw materi al breal

more detail

T I'n the modules | evel, the components of the
manufactured parts, such as <capacitors, res
magnets, terméehdadteegxiestcinghors newly devel ope
direct indication of the raw materi al composi

T At the end of the breakdown, the component s
mat erials are alsbecataepgpltiecatdi basgdoop, sucl
met al s, platinum group metal s, and rare eart
devices is assessed with the use of proxy dat
t he pur pionsper oovi ng the information availabl e.
i mpacts are also here |inked with the materi:

4.2.2. Methodology for screening inventories for LCA of data centers

[Wh12]introduced the screening methodology for LCA in data centers. This method makes use of LCA
data from previous studies held in databases. Where data is missing oreigigtent this method
approximates components to the nearest comparable option. SuC\atlows for the identification
of hot spots in a comparatively short period of time. This may later be embellished by improving the

databases and the inventory information.

4.2.3. Description of case studies

Information from existing data centers in northern Germany is used as case studies for the applied
methodology. These operating data centers were screened to provide a complete inventory list of their
infrastructure and hardware. These belong to diffdygrets of organizations extending from communal
oriented data processing facilities, commercial business applications, and data centers for researching
of IT optimization(Table 4-1). All IT equipment is within racks arranged in cold aisle containments,

and for the purpose of modelling it is assumed there is nesfameling kit.

Tab4le Summary description of the considered case studies. T
Label Rack d I T | No. Size cateTier
(kW Re (kW server

DC1 4 . 12 48 Medi um 1

DC2 6 6 4 18 Smal | 11

DC3 3 3 5 I T Cabinel

DC4 3 15 13 Smal | [

DC5 3 99 44 Smal | 11
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Figdg2€luster for analysis of materials in a Data Center
1T DC1 operates with water cooled down by a c¢omjg
system to extract heat from the I T halls, an
by a redundant chilled water spypseéeeent Dupealb |
during the month of December.
1 DC2 s part of a bigger research institution
arpeart of bigger institutional facilities.
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DC3 is a smal/l I T cabinet of a private organi
DC4 is an experiment al facility with the pur
use in data centers, with a cooling system of
1 DC5 is a communal oriented organization tha
redundant chilled water system, and operates

4.2.4. Functional unit

The general function of a data center is to provide computing. This calls for an assessment based on a
unit of computing output. However, due to the heterogeneity of data centers and their purpose,
referencing the results to a general computing unitlisetnplex. Different stages of the research call

for different functional units that adjust to the objectives of the stage of the research. For the first portion,
where individual components are assessed to identify hot spots and requirements on inmprolveme
data, whole devices are considered as a [Wih12] applies a pekW of computing pewyear basis for

the complete assessment of a data cel2es). This last approach also allows a sophisticated model
where material flows of data centers can be incorporated based on their lifetime.

4.2.5. System boundaries

Section 3.1.2 defined the boundaries of the study. The study is a-twapldve investigation with
exclusion of the operational phase and considers the life cycle of a data center and its components from
the extraction of raw materials (cradle) to thergual enebf-life of the facility (grave). For the first
screenings and assessment of results quality, the boundaries are set up to the production phase (cradle
to gate). This is because without proper information on material content, an anal¥it afhd

recycling strategies will result in inaccuracies. Stages included are then refined to:

a)ManufacfThisngtage includes the materi al and
mat eri al s, t heir transport to the manufactur
component, and final assembl y.
b)Transporspeci fic data was available on the

site. Assumptions for transport and values gi

200 km average tranfsgprorderfwveorm gdmmdnwtiasg sp ltaont

included. This assumptiodn fmatranspobe ueedi
recycling facilities.
c)Us:&ince this study focuses on impacts of raw
during the use phase. This includes componen
such as cooling refrigerant. | Ttwouled wewaeetryg:d

10 years, and facilities every 20 years. Gene
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d)EndfLi Beoadly speaking, this stage includes t

facilities, di sassembl y processes, crushing
recycling of materials using differkad &a&chn
Afavoided miningbo. This means that the gener s

mpacts of the same specific absolute value

—

hese processes is givcvémnmdiend G@liaptrerma 5irBhi £ vs

composition data accuracy.

4.3. Data collection and databases

4.3.1. Data collection

The first stage encompassed exhaustive data collection. Information was gathered on the inventories of
the data center, with lists of IT devices, cooling equipment, and energy supply infrastructure. Additional
data, such as power and data cable length wdrapolated based on the number of devices. All IT
equipment is considered as WEEE for that Ewith different scenarios for disposal and treatment.
Equipment such as cables and metal frameworks were considered as scrap metal for recycling. Here,
refererce values for the composition of the devices were considered, and proxy databases were first

included. These serve to identify components with hotspots on material usage and embedded energy.

A second step of the research included disassemblglof@mponents of the data centers under study,
which provided decommissioned equipment for their analysis. This led to an inventory database on parts
of the devices. The lifecycle databases of the different components and subcomponents were first

modelled ging proxy information from existing databases, and updated information for the inventories.

Inventory information for gathering of raw materials in its commercial form varies by source and quality.
Information on the product life cycle of some common materials such as aluminum, copper and iron is
already included in the ecoinvent 3.4 databp&®l16]. The database on raw material gathering
processes was analyzed to evaluate accuracy and representativeness. One of the gaps found was the
absence of some critical materials on the database, such as individual rare earth elements. Moreover, the
ecoinvent dtabase presents some products as byproducts of other mining activities or represent them
completely as other materials due to the multiple outputs that come from the same mine. E.g., platinum
was represented using gold flows, which lead to errors ingbesament of the impacts of critical
material use. This substitution required a modification of the databases to include materials originally
omitted, and to separate properly processes with multiple outputs. This update is also presented as a key

contribuion of the research and described in Chapter 7.

Individual material assessments were conducted using the research outputs of a previous update in the

life cycle assessment of metals, presentddiiil4], as a starting point, and updated sources on global
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mining output were gathered from sources such as the US Geological $Dbids]. The updated

materials database is later used for impact assessment calculations.

LClI information is gathered from specific studies to create models for the various processes required to
mine and process the different raw material. In cases where mining and refining activities generate
multiple materials, economic allocation of envir@mtal impacts and resource use provides a method

for attribution of the total impacts of those materials. Economic allocation factors are derived from
information about the economic value of the manufactured goods and combined with the mass fraction

of ead product.

4.3.2. Databases for LCA

Databases for LCIA exist for various products and processes. After a screening of available databases,

some of the relevant databases for this study are:

T Ecoi nvelnhte 3e.cxoi nvent database provides updat e

i ndustrial production processes for | T and e
data <center component s. I n addition, it of
envimeahal i mpacts. These methods also serve
critibhasleidt y mpact assessment met hods, but the

modi fied according to the métehecdolregqy mmrfeddn!
ver si o[nWeils6]3. 8

1T GaBi v 2TOhOi2s. 2dat abase, attached al so to the =
worl dwide industry data from primary source
extensions for specific industrial activities

T ProBas+efined version of the ProBas dataset ¢
includes i nformati on on energy, materi al s,
i nformation on processes centered ar owmmgd Gerr
of el ectroni c component s such as computer

manufacturing has no backup information.

Of the databases currently used in the scientific community, the best known are the GaBi and ecoinvent
databases. Since the ecoinvent database has attributed geographic location information and a list of
electronic components, is used as a starting pdoftware restrictions make it preferable, as the GaBi

software is not open source. The information of the ProBas database on integrated circuit manufacturing
is used later for comparison. Other databases were deemed incomplete, are discontinued, ror focus o

other types of products.
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4.4,

Modelling methodology

Given the wide variety of products included in data centers, and the multiple system configurations, it

becomes difficult to develop exact models of each component in the case $kid&R0] and later
[Sz18] [Scl18]and[Pe20]proposed an approach based on the definitidgiReference Produaisand

fiReference Units to construct models of devices which are representatives of the devices and

components present in the data centers under study.

Reference devices are established from the inventory list of devices used in the data centers, which

consideration of the technical aspects and their functionality within the system. Reference components

are gathered from a technical characterization ef Bil-of-Materials of the selected device. The

material data for the reference components is collected from literature sources, existing databases, and

from specific laboratory analyses.

Figure 4-3 gives an example of this construction for the case of IT devices. Reference modules are

included as a disaggregation of components.
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) aEma

FigdB8BProcedure for

4.4.1. Reference devices

Reference Devices
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Printed Wiring Boards

Capacitors
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i

Material Content (kg/kg)
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r
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Dy
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model Il ing of ¢ omj

Reference devices are meant to represent a variety of similar comp@Rd&$0]established a set of

products based on market information. However, for the application of this study, the reference products

must be in accordance with the inventory lists of devices available for analysis. This results in a reduced



72

number of devices, focusing on IT devices, and is based on typical server classifications. These
classifications include different reference devices for servers, network devices, and storage components.
As an example, servers are categorized in stdoe(mainframe) servers, tower servers, server blades,
rack servers, Unix servers. Hard disks are categorized according to their technology and size (SSD,
HHD 3.5" and 2.5").

Each reference device has different technical specifications and performance. These differ from each
other in key characteristics, such as type and number of installed processors, memory capacity, network
interfaces and thus also the design of power sygplyling, and housing. Therefore, models for each

of these components can be used to build up the model of each reference device.

Devices of other subsystems are determined by their size and their composition. The first approach to
develop models for these devices is to use inventory data and literature data for the bulk of their materials
and identify hot spots in the impact assemsnphase. An example of these is the transformer for energy

supply, whose size depends on its nominal power. These support devices also include electronic
components, such as PCBs for the control devices, which can also be modelled to build up the model o

the device.

4.4.2. Reference components

For a characterization of the reference devices, the weight contribution of their characteristic
components is analyzed to develoB@M. This is the basis for the inventories of data center devices

and their components. Components are separable elements that are obtained during disassembly. Each
of the components is then modelled after a proxy product of a database to reach a fiost dethe

model. These serves as a bridge for a preliminary assessment of the material composition of the devices.
Components include printed circuit boards, power supply units, cooling units, storage components,

cables, amongst others.

4.4.3. Reference modules

In a deeper category, each of the components is comprised then of modules, which represent the
constituting elements of the components. This refer to, for example, CPUs, integrated circuits,
capacitors, RAM memory, etfzHS10]and[PHS19](a preliminary study for this dissertation) identify

these as hotspots for material depletion impacts, hence the importance of assessing them in detail.

4.4.4. Disassembly analysis

This part of the research is based on the dismantling of data center devices conducted in collaboration
with Mairec Edelmetallgesellschaft GmbH, one of the project partners of the project TEMPRO. Further

sampling and analyzes were also carried out by gohrische Universitat HambufgUHH) [Pe20]
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Twenty-eight different types of servers were obtained for disassembly. The servers were dismantled,
and the inventories of the parts were collected, with the weight of the individual components registered
for development oBoM with an emphasis on the printed circuit boards. With the dismantling of the

test material provided, the individual parts of the IT devices were separated, dismantled, and the weight

of the individual components was measured.

Identified components include mainboards, expansion cards, memory modules, and CPUs attached to
the motherboards. Servers also contain storage units (HDD, SSD), CD/DVD drives, power supply units,
and cooling unitsTable 4-2 presents an example of the inventoried composition of the servers.

Tab42Overview of the component fractions of a decommi ssi on
conducted in this study.

Materi al Wei Pretr cent
Mot her boar
Expansion
HDD/ SSD

RAM and CEF
Back panel
Power Supf
Al umi num

AT -1 AN

P WOOoORFRPLROORFR M
r

Fan ¢
Har d Dr i ve 4
Il ron 69.
Pl ug Cabl ¢ 1. (
Heat si nk ( 0. ¢
Ot her s 1. ¢

4.4.5. Laboratory analysis of material composition

After obtaining different samples of the P§Ehe amount of different valuable aadtical materials in
the main components of servers was analyzed, since these are the components with the highest critical
and precious material concentration. The devices were categorized and sorted into categories by

application:

Mot her boards

Expansion boards

HDD printed circuit boards

RAM (memory boards)

CPUs (separable from motherboards)

Power supply boards

€ & & & & € €

Net wor k boards

For the analysis of material composition, samples of the above components were cut into long strips and
then into smaller pieces. Then these pieces were crushed to 4 mm, then 2 mm, and then 0.2 mm to obtain

a homogenized fraction. Mairec conducted analisigvaluate the fractions of copper and precious
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metals. These crushed samples were later sent to the TUHH for further laboratory analysis for other
metals, such as REE. The samples were treated with acids for further atomization and analysis in the
ICP-OES equipment (Inductively coupled plasnagticalemission spectrometry). To identify the metal
content, microwave digestion was carried out with acid (aqua regia). The microwave acid digestion

process followed the analysis process described irRENNL6174.

The results of this analysis allow a new characterization of the material content in the mentioned devices.
There are some key differences between the laboratory data and the assumed literature values. The
content of aluminum and iron is lower than inialeported. The content of gold, silver, and precious
metals is up to one order of magnitude higher, indicating higher material concentration than previously
reported. Another novelty of this analysis is the reporting of critical material content, slyspeassium

und neodymiumi-igure 4-4 andFigure 4-5 display some of these values compared to previous assumed

information.
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4.5. Life Cycle Inventories of data center elements

4.5.1. Description of inventories for modules

This section describes a summary of the LCI for modelling of the modules that have the highest impacts
on material depletion and on primary energy demand. As there is a vast number of electronic
components, only a small selection is described here. Tiedoghed LCI databases include a description

of components of lesser relevance.

4. 5. PRrdcessor s

[Prl6]presented information on production of CR[$c18]developed models based in a differentiation
according to fronend backend manufacturing processes. The frontend process includes the structuring,
coating and doping of silicon wafers. The backend processes include building connections and
assembling into CPUs. These models are also incorporated in the ecoinvent 3.4 database, and are based
on the production of silicon wafers, with a requirement of 18 afmvafer surface per kilogram of

CPU. Average die density is taken as 629°gfransporfrom is sgecified as 500 km via freight train

and on lorry, representing transport from frontend to backend manufacturing plants, and similar values
for transport to assembly plants. Modelling includes mix from electricity sources representing
production, mainly from China and ehUnited StatesFurther intercontinental transport includes
transoceanic freight (10 000 knifhe production of wafer is given in square meters, whereas the

integrated circuit is given in weight unitSigure 4-6 presents a schema of the model for this process.

Raw Materials
= Chemicals
Electricity Transport —l Transport
Si Wafer
. wafer, T CPU,
Water ¥ wafer Ensport at plant : CPU (EETTRFEIEIR at plant
Frontend . p > Backend > o p >
Process Process
Others Manufacture Assembly
Heat
Electricity

FigdBbPescription ofi fpgcdrteeerst arhiag .1 sf drorCRUs

4. 5. lnRkegrated circuits

Integrated circuit production is based also on the processes for manufacturing silicon wafers. Integrated
circuits include frontend and backend processes. This is modell@emory integrated circujts
accordance to the approacHBf13]. Electricity mixes are represented as a mixture of country specific
mixes. Integrated circuits are usedtpulate printed wiring boards to compose printed circuit boards.

A die area of 44.4 mffkg is considered in the ecoinvent datab§Sel8] also includes integrated
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circuits directly on mainboards, without differentiation of products. Transport activities include
transport from wafer factory to frontend process plant, from frontend to backend process, and to the

final assembly plant. The process is like the orf€iguire 4-6.

4. 5. CapBacitors

Manufacturing of capacitors includes using critical metals such as tantalum and precious metals such as
silver. There are different types of capacitors considered for the fabrication of printed circuit boards,
and their use depends on the type of appbiadtitended. Electrolytic capacitors are widely used in ICT,
whereas the tantalum capacitors are used in sunfiacmted devices where small areas and-high
capacity density are required. For a general model, tantalum, silver, manganese, palladiumiwand tita
presence is dependent on the specific capacitor type. Tantalum is given as powder manufactured for
capacitors, whose process is linked to the ecoinvent background process. Data is hormalized at 1 kg of
capacitorFigure 4-7 represents this process, where the optional components are marked in dashed lines
since their input depends on the type of capacitor manufactured.

other electricity

chemicals heat
plastic manufacturing l transport

A 4 l ¢

tin )
capacitor,
capacitor at plant

Manufacturig — ———— TrANSPOIT e

Cu, Fe materials

times

Mn, Mn, Pd, T1 5

waste waler

waste plastic

Figdr:®MModel for | ife cycle inventory of capacitors

4. 5. Bridnted wiring board

Printed wiring boards are the basis for mounting the different modules, such as integrated circuits,
resistors, capacitors, transistors, and other electronic components. The ecoinvent database has a variety
of models for printed wiring boards, albeit thgphcations are oriented towards personal computers.
Several differentiation characteristics are for surface, or thrboghmounting, the lead content, and

the type of soldering used. Le&@e PWBs include metals such as gold, silver, and nickel. Toansp
includes land transport from manufacturing plant to assembly plant. DatgHion} was extrapolated

to 2017. The data corresponds to alaper FR4 multilayer printed circuit board, which simplified the
information on backend processes. This is a similar process as the[BrisGinThe flow information

is referenced to 1 frof printed wiring board. Similar assumptions on transport as for the integrated
circuits were madekigure 4-8 represents a generalization of this process, where the inclusion of

precious metals is dependent on the type of board.
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electricity
chemicals heat
plastic manufacturing l transport
1 A 4 l l
tin
e o PWB,
Cu, Fe aw materials PWB at plant
Material Manufacturig _> Transport p_>
lead Gathering

..................... : sludge

waste
Figd8keCl for the manufacturing of printed wiring boards.

4. 5. Madnet s

Neodymium is used for strong permanent magnets. Magnetic storage devicesHDEh esn contain
powerful magnets based on neodymium. Another material that can meet the needs of magnets in HDDs
is samarium cobalt. According to DIEN 604048-1, neodymium magnets contain 28% to 35%
neodymium (mass fraction) and 0% to 10% other light rare earths such as dysprosium, terbium, and
praseodymium[Sz18] established the content of Nd between 20.8% and 28.8% for magnets used in
2. 50 uHDDs Bor NdBeB magneta typical composition of 65% iron, 1% boron, 2% cobalt,
24.8% neodymium, 6.2% praseodymium and 1% dysprosiumestimated.These magnets are
manufactured by melting the mixture, consisting of neodymium, iron, and boron; followed by casting
of this mixture into ingots. The ingots are subsequently pulverized to powder, which, in turn, is sintered
and magnetized to form the pemeat magnefTMK21]. Figure 4-9 details the model usedhich is

based on a proxy for aluminum technology and considers an estimation on transport of 20km from

production to HDD assembly plant.

electricity

heat l electricity transport

~

Nd oxide
mignel,
at plant

(FANSPOTL e—-

Fe Raw
L Material
Boric Oxide Gathering

REE '
_____________________ ] waste metal

FigdgeeCl for the manufact.uring of magnets for HDDs

materials magnel

Melting Magnetization

4.5.2. LCI for components

At the component level, most of the material depletion impact embodied energy depletion impacts are

focused on electronic devices, such as printed circuit boards, RAM memories, storage technologies, and
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cables with their connectors. Their manufacturing processes are modelled after the modules described

in the sections above.

4. 5. Prilnted circuit boar ds

Printed circuit boards are fundamentally characterized by a very high variety of materials. This depends
on their subcomponents and on the functionality of the board. PCBs for an UPS have different
composition than that of a server, and within server theag be different categories of PCBs. The
material composition of the server boards is determined by the number of processors (CPU), memory,
and network connections (ports) fitted. Mainboards make up most of the PCBs in IT equipment, with a
share of aroun80%. Adapter boards with various applications are connected to the main (adswds

called Printed Wiring Boards, PWBMemory modules and CPU (chips) are usually attached to the
motherboards of the servers. Hard drives-RDM drives, and power supplies also contain circuit
boards. Network technology devices such as switches are also equipped with mothédflgpaei4-.10
represents the inventory for manufacturing a PCB.

rwB

electricily
. . (ransport
surface mounting P
capacitors |

diode

CONNECtors

PCB.
CPU

—_—P .
— ) pleces ) PCB at plant
» Pieces _> Mounting _> transport _>

Gathering
memory

resistor

transistor

~—

FigdteGener al schema for the LCI of a printed circuit board

Most of the valuable materials are found in PCBs, which leads to a broad classification of them into
low, medium, and higlgrade PCBs, based on the value of the metals that can be recdadredi-3

presents a classification based on gold content, which is generally used when discussing recycling of
PCBs[Sz14] This classification is however insufficient for this dissertation, and a deeper analysis is
required. However, to keep a relation with current literature, these denominations are also later
employed.[FHS10] differentiates the various PCBs existing in servers according to the value of the

material content as well.

Tab43eCategorizati on ofSdLCrBse :b)DRMEEHLII [rcaomt ent .

Category Gold (
Low <100
Medi um 104000
Hi gh >4 0-0
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Within the disassembly analysis, several types of PCBs were identified, each with a particular purpose

and material composition. Material content information is firstly gathered from a reference data based

on past studief5z18, FHS10, HaO6which allows a first evaluation of material ¢

ontehalfle 4-4).

Based on this information, reference PCBs from data center components obtained during the

disassembly were evaluated to assess the material content. The LCI databases are later modified

accordingly to reflect the material content and the related mlatjaetion of each component.

Following elements are considered:

a)Mai nboarredsmodel |l ed as popul ated
included. This is builmowmptoend the

printed wir.i

maémpy 6 ngreadc €s g

Mai nboards include a CPU (represented as a |

integrated circuit). Additional
and diodes.

components of

b)Expansi srerower dss accessories to add functiona

al so modelled with a similar composition as r

c)Memory acreer csonsi dered as RAM Modul es and are 1

circuits, which are based on th

e mdgmorly83]type

considers a RAM memory of 1 GB as a r%eferenc:

Areference RAM module is equipped with nine
with an extra chip for parity. Ef forts for t|
in the modelling of the RAM. Me momags tc ag fd st lte
valuabl e metals found. Transport activities
process plant, from frontend to backend pr oce
d)HDD boaads be present in servers as part of
components. The composition of PCBs for HDDS
materi al composition. These are modell ed as
mat ieal composition presented, which represen

centers.

e)Net wor k abeamdiso present on servers as part o

terminals). These are found to

contact s. Net work boards are mod

have valuabl e

el l ed anal ogc

f)Power adapthavebaarsdsal | whi chsrneaddt ibnoarrel ati or

outstandingly |l arge el ectrical

resistors, heat sifne&krsr)auslhmetpalop

components (e

oand oinr orf in N

high. This reducesanttet mas earal modetkeed as a

| ow materi al content (Pb mounted

surface PCB)
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Tabd4deLi terature values for materi al compositi ®GmugbcagPar i nt ed
fr¢gmBdz18, FHS1®agntHaMt6 J]gi ven in is in mg/ kg.
Mat er i Mai nbc Expan Me mo HDBBo at CPU Net wc
Car ¢ Boal
Ag 232. 232. 348. 248. 290. 23.
Al 514 514 393 257 3085 1285
Au 49 . 6 0. 198. 132. 99. 3. ¢
Be 0. ¢ 0. ¢ 0.1 0. ¢ 0.1 0.
Co 2 4. 24. 18. 26. 14. 10.
Cu 2057 2057 3085 2203 3085 4114
Fe 730 730 730 365 730 1752
Ga 4. ; 4 . ; 3. ¢ 4 . ¢ 2. ¢ 1.7
I n 0. ¢ 0. ¢ 0.1 0. ¢ 0.1 0.
N d 0 0 0 0 0 0
N i 133 133 102 143 766 567
Pb 154 154 0 165 0 6514
Pd 40 . 4 0. 61. 4 3. 50. 4 . (
Si 4361 4361 3334 4671 2497 1849
Ta 1414 144 110 154 82 61
Y 13 13 103. 144 77. 57
Zn 11. 11. 0 11. 0 4. ¢
4.5.Qo@QlLing units for electronics

Cooling units are mostly modelled as aluminum, brass and iron bodies shaped as a heat exhaustion
device. These can also include fans (from plastic), with small PCBs (modelled after a power adapter

board) for control.

4. 5. Ro®wer transmission cabl es

Power transmission cables are mostly comprised of copper and plastic. Wire drawing process for wire
manufacturing and plastic extrusion is considered in the models, as well as transport. Data is modelled

after a 1 meter of low voltage transmission cabld aiweight of 1.04 kg/m.

4. 5. edwor k cabl es

Network cables for communication devices are modelled after data for UNINET cables, with a weight
of 360 g/m[Wel6]. These consist of plastic and copper, and the model includes the manufacturing
efforts for wiring and molding process. Plugs are modelled separately as copper and plastic pieces. Data
cables in servers can contain gold in their pins, which are modgliachsely Figure 4-11). Data cables

for servers with gold in their terminals can contain precious metal concentrations as high as 100 ppm.

4. 5.Q@QpHBi.c fiber cabl es

Optic fiber cables are modelled directly with data from ecoinvent, and modified to include the presence
of rare earths, since these were absent in the original database. These present traces of germanium in the

form of germanium oxide. Optic fiber cablag aised in network devicggHS10, Sz18]
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45.3. LCIfor reference devices
4. 5,8ernvers

There are different categories of serviyel.3] details a categorization of servers by type, which include
tower server, rack servers, blade serves, and microservers. Due to the different configuration of servers,
different models of these components were developed. The first approach follows thehestaib of

average units proposed §HS10] Selected reference products are established here. After that, specific
units were selected from data center decommissioned devices and were analyzed for their composition.
These vary in size, and a reference unit of 1U is selected for scaling purposeshiB, tower servers

and rack servers are the most used in data centers. The following items were then selected as reference

devices.
T Serveirs 1Imlodel |l ed after a server with one hei
excludes storage, which is | ater i nventoried
memory modul es. Added storage devices also ir

T Serveirs 2dJefi ned based on a HP ProlLisamtr ale360
Added sthotfacguers 3. 5" HDDs and two 2.5" HDDs.

T Sandwi chamerversvers 1U unit but half t+he dep
Supermicro server. It is equipped with a CPL
examined server is modelled with four memory

T Server a(rletN)clhl ed up from Server 1U without s
for every additional wunit. External storage i

1 HaiBfi ade sTehrev emaosde |l is based on a Power Edge M

processors, and adapter boards.
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T Bl ade medeleri s based on a Power Edge M710. Thi
3,5", which are modell ed separately. Its mair

T Bl ade moednetleri s based on the di sassembly of a

ok xt ewonuasli ng, 9 fans, 6 power supplies, a mai
1T Server thlhesemgl,osure of a server, consists pr
for connection of the plugged modul e, model | e
is around 80% by mass. The remai nrdtesr. i s consi

Table 4-5 shows an example of the disassembly analygisch serves as a first iteration for the
modelling. The components are assigned to the models discussed in the previous section. A proxy for
assembling in a manufacturing plant is based on the existing database for energy and manufacturing
efforts existng in the ecoinvent database, plus shipping (mixture of sea and freight).

Tab45Example of components I|ist for a Server 2U, based on a

Component Weight CourModel

Power Adap 1.6 2 Net wor k
Mai n Memor 0.0 6 RAM PCB
Housing 14. ¢ 1 Fe

Pl astic 0.3 1 Moul ded
Har d Di sk 1.0 6 HDD 3.5
Fan 0.1 8 Fan

Net wor k Ca 0.1 2 Expansi c
Active Ris 0.1 1 Expansi c
DVD Dri ve 0. 2 1 DVD Driv
Battery 0.0 1 Li batte
Mot her boar 1.0 1 Mainboar
Processor 0.0 2 CPUs
Processor 0. 4 2 Cooling
Vol tage Re 0.0 2 Expansic
Rectifier 0.6 1 Expansi c
Circuit Bo 0.0 1 Expansi c
Server Cab 0.0 5 Data Cat
Main Circu 0. 2 1 Expansi c
Connection 0.0 1 Expansi c
Cabl e( Mot h 0.0 1 Data Cat
Power Cabl 0.0 1 Power Cec¢

4. 5.3t@rage devices

Storage devices within data centers caocdiegorized in SSD and HDD, the latter being subdivided in
HDD of 2.5" and 3.5".

a)HDD[: Pramgdvi des a first dataset for a 1TB, 3.5"

obtained after a W DE ULTAR320 3.5" HDD , and
2.5". The data for the components o, f magemnset sde vV
cables, and similar components from the previo

when required. 2.5" and 3.5" drives a[rRr Isd6lmi |l a
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assumes

t hat

t

he size of the integrated circui

production is scaled accordingly.

b)SSDSolid State Drives are modell ed after i nfo
included in a Brocade Bl adecenter. These consi
memory <circuits, plus a socket frlodm caon2.ak"t sHLX
account for a relatively |l arge proportion of
integrated circuits is assumed for SSD circuit

Tab4e6eMat eri al composition for an HDD 2,5 in, 1TB.
Componen Weight CourModell

Housing 0.086 1 Il ron H

Housing 0.158 1 Al hou

PCB 0.014 1 HDD PC

Magnet s 0.003 2 Magnet

Magnetic|/0.002 1 Magnet

E-Mot or H{O0. 006 1 Il ron C

Pl ate Di|0.007 2 Al , ca

4.5, SeBBwor k

har dwar e

[FHS10]made the initial assumption that the Network composition is equivalent to 10% of the amount

of materials in servers. Inventories on network devices are here gathered to improve this assumption.

Network components are modelled as a collection of Netw@® and metal (iron housing)

componentsTable 4-7 presents an example of the list of the inventory of a network unit.

Tab47eMat eri al

composition for a network wunit.

Part Ma s s CoutModel |
Il ron HouO.5711 Il ron Hous
Network [0.1021 Net wor k P
Network [0.1221 Net wor k P
PCB, l ow0. 002 2 Power Ada
Case 0.008 1 Pl astic

4.5, Radk

S

Racks are used to hold servers, storage units and network devices. Most of the material of racks consists

of iron, plastic, glass, and aluminum. The amount of material present in racks is dependent on the

number and type of servers and devices, and exX#tignes can be made to estimate the amount of

material present in a data center IT ropRHS10]indicates an average of 5 server units per rack, with

an estimated 87% iron content.

4. 5.38PS.

UPS as devices are here simplified as batteigked up power supply devices. Two types of UPS are

considered: singlphase UPSs, mostly used in smaller locations (server rooms), anghasseUPS,

used in bigger datacenters. The size of an UPS anddtexiah content are scaled up to its nominal
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power, with average outputs between 3 kVA and 60kV as studied units. These consist of batteries
(mostly LeadAcid), iron, aluminum, copper, and legrade electronic components. Models for
manufacturing and forming parts, and for transport are includedksiZdé®f the UPS capacity depends

on the redundancy of the data center (tier category) and on the required IT power.

4. 5.BLé&ctric storage system for UPS

The electric storage (battery) system for UPS devices consists of the electric storage units, power
converters, electronic control and regulation, and network connections. Most of the batteries are of the
leadacid type, which has the advantage of its magtycling capabilities. The batteries are connected to

the control board by cables. The power converter and the control consist of a larger transformer and of
additional power electronics (switching transistors, microcontroller, etc.). A model for ayhatte
established separately and based on the ecoinvent database. Control units and power converters are
modelled after the PCBs presented in previous sectieigsire 4-12 represents the process for
manufacturing and assembly of a UPS unit with batteries.

electricity

plastics

plastic mouding transport

lV\ l

Lead-Acid
Battery

| Lead-Acid
sulfuric acit Battery
Manufacturing

copper

ESS,

Electric at plant

Storage
PCB, power adapter System

power converter (transformer)

cables

transport

UPs
System,

at plant

PCB. network

YYVvY

i UPS System _>
electricity UPs —y> transport

System
metal forming

plastic mouding

l\f

transport
plastic 4 M
—>
tin
RS

PCB, for UPS UPS,
UPS UPs at plant

Manufacturing — transport

cables

copper

ferrite

FigdteSchema for the LCI of .a UPS System for data centers

4. 5.0ter electsesysakemsupply

Generators are modelled using mostly data on their material composition, which is present in the
ecoinvent database. Generators consist mostly of copper and iron, with smaller, low grade printed circuit
boards. A reference product of 200 kW and 850 kgeaifiit is considered and escalated by size.
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Transformers for data centers are mostly of the low voltage type. These include mostly bulk materials,
such as iron, ferrite, copper, plus plastic components. Similarly, low grade PCBs can be found in these
devices as control units. A reference unit of 580 weighing 3 tons is used as reference product and
scaled accordingly.

Lithium batteries are gaining ground as secondary batteries for backup power supply. There are several
types of composition of Lion batteries, some of them usiogbalt (15-20% of weight per pack).
Recoveryof lithium (2-3% of weight per pack) is of current interest, however no procedure for recovery

is already established at an industrial scale that can provide data for recycling. Other components are
iron supporters and copper cables.

The amount of power cables, of theplRase type, are extrapolated using a factor.bfkfy/kW of
installed electric capacity. These consist mostly of copper and plastic.

4.5, ClLi8Bmatization units

For medium data centers and above, most of the cooling is done via air conditioning. Air conditioner
inside the IT room can be of the sglit type (used in server rooms) or ar@pling system (for small

data centers and above. Awoling inside the IT rooms is done via heat exchangers that use chilled
water (or a mix of water and glycol). Chilled water is obtained via compressed chilled devices.

a)Air condi ti[oQnli thZylv eulnoiptesd: a model with a compl e
conditioning unit within a data center. This m
pumps, and a small contr ol uni t with additi ol
(Tab48 . A small contr ol unit 4dgsadles®CBncluded a

Radiators consist mostly of copper and aluminum. Fans are manufactured from steel, aluminum,
and copper. Pumps are manufactured from cast iron and aluminum. Most of the hydraulic
components consist of copper tubes, iron tubes, cast iron, copper (foxdteaigers), and bronze.

The encasement is mostly steel. An average reference unit size of 10 kg/kW is extrapolated, based
on the results dFHS10]

b)Water cool MngtdevVi ¢tde: cooling in data centers
water devi-cesl i wgthevirees taking a considerabl e
include fans, pumps, compressor s, ceppeemtubes
dependent on the heat removal requirements of
these is escalated accordingly. A reference va
to calcul at e otnheentisn pauntds noaft ecro napl fl ows. Nomi na
match the I T capacity, with requirements of redc

the n+1 schema.
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Chillers are comprised mostly of copper, steel, iron, plastics, and a small portion-gfaldev
electronics. Similarly, pumps are mostly cast iron, steel, and copper. R134a is considered as the
standard refrigerant used in compression chilling deviceth, avispecific value of 0.31 kg/kw

required, and a loss of around 0.5% per year during the use phase.

Tab48Breakdown of compohéengssyetemnwat Boha pofheb.bhd]f 350 kW

Component Amou Weight ( Total Wei
Radi ator 1 155 155
External E 1 206 206
Fan 3 6 . 18.
Condensat. 1 1. 1.
Control Un 1 0. 0.

4. 5. Br®&®nsport

General assumptions for transporting elements, components, and devices include the terrestrial shipping
of goods, such as IT components, to port (400 km), from plaptaid (200 km), intercontinental
shipping of goods (sea shippind) @00 km), and the intracontinental transport by lorry (1100 km) to

site.

4.6. Data center equipment inventories

The different equipment of data centers is grouped according to the systems presented in Section 4.5.
This allows grouping the components and developing inventories based on the devices installed on the
data center facilities. Given the heterogeneity ef dievices found, these were paired with reference

devices and counted as unites.

Within the development of this research, different project partners with operating data centers made
their inventories availabl®r this research. Inventories on their devices were developed that accounted
for the number and type of devices installed and for the technical characteristics of these devices. This
data is compiled and paired with reference devices to facilitate the geexioof models that represent

the complex structure of a data center.

The key aspect of these case studies is the information regarding the IT systems. These are disaggregated
into 3 subsystems: servers, storage, and netwagkre 4-13, Figure 4-14, andFigure 4-15display an
overview of the inventories gathered for the case studies analyzed. Information gathered included, in a

broad sense:

i1 Size of the data center

T I'nventory of I T equi pment

T Power supply system sizing inventory
T Climatizati on egnwiepnmieonrty.si zi ng and
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One of the limitations of this research is that for some cases, the power supply of the data center is part
of the power supply of the infrastructure of the organization. This was approached by stating that the
size of the power supply and cooling systesoales according to the power of the IT devices. While

this is a firstly simplified approach, the impact of these broad assumptions on the material depletion is
to be further analyzed, as these systems do not contain important amounts of critical nmetals wh

extrapolation can impact the results of this analysis.

When not available, information on cooling facility size and on electrical supply system size was
extrapolated using reference values based on the IT power installed.
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4.7. Conclusions on life cycle inventories for data centers

This section presents an overview on the developofdife cycle inventoriegor posterior evaluation

of resource depletion impacts. Several case studies are presented as an approach to obtain inventory
information on data centers as a base to devédmpycle inventoriesDifferent equipment, namely
servers, network devices, and storage devices, were disassembled to analyze their composition and to
obtain information on their components. Specific components, such as printed circuit boards of different
categories, were then evaluated in laboratory analysis to obtain data on material content of specific
critical material components of data centers. This without disregarding the material composition of other
components with bulk materials in the inventsridewly gathered information on material composition
shows that literature values originally assumed are outdated. Results on material composition indicate a
higher concentration of precious metals as previously reported, which is expected to have direct
influence on the results of material depletion impacts in later calculations. As an example, the content
of gold is 2.4 times higher than initially assumed for mainboards, and around 3 times higher for silver.

It is notorious that the content of rare eallbments, such as dysprosium, neodymium, and yttrium, is

here also for the first time reported as part of the information on material content.

Previous work on assessment of data center inventories, s(idfhag], and later work focused on
Germany, such gscl18]and[FHS10] already included extrapolated inventory of data centers. The
present study approach includes for first-time firsthand information on material composition,
improving the quality of the data by performing direct analysis instead of assuming proxy values from

similar components or technologies.

This part of the research is however limited by the availability of devices that were obtained for
disassembly, and on the developments in IT that reselnstantlychanging material compositions.
Extrapolation of the results is to be conducted carefully, with a proper assessment of the reduced quality

of extrapolations.
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With improved information on material content, better models on material recycling can be constructed,
with the procedure for model building being detailed in Chapter 6. This requires then modelling of
recycling technologies and assessment optitentialof material recovery from electronic components

of data centers. The next chapter details models for recycling of data center components based on current
technologies. With the inventories presented and the improved information on material contemt, and th
inclusion of recovery, complete life cycle models can later be developed to estimate resource depletion
and research the potential benefits of different recycling strategies. The results, presented in Chapter 7,
require a deep analysis to assess thelityalbf this study and of the methodologies here employed.
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5.Circular Economy Approach for Data Center
Components

This chapter focuses on the development of life cycle inventories for strategies for the EoL of data center
components. Due to the variety of materials present on data centers and the focus on critical materials
of this dissertation, the attention liesthe recovery of critical and valuable materials. An overview of

the recycling directives and the general recycling of electrical and electronic equipment serves as a
starting point for the analysis of EoL processes. Due to the particularities of reaydawgjling in

LCA, such as the multiple outputs obtained or the substitutability of the final product, modelling
methodologies and evaluation indicators for recycling must be defined. An analysis of the process chain
of recycling follows, with consideratioof the variousEoL chains and metal recovery technologies
applied in the industry based on literature reviews and industry data, which is gathered as recovery
factors and as inventory databsis&€he development of inventories is executed by combining the
information on these processes with the available information on material composition of inventories
presented in Chapter 4, particularly from printed circuit boards, based on units of weight of product
recovered, and on specific energy and material impudoutputs for different recycling chaifiSgure

5-1). This serves to answer questions on benefits and impacts of EoL processes on critical material
sustainability of data center components.

- Processes - Inventories - Component . oo - lmpact
- Rates s - Uncertainty o
BRerEs - Inventories - Outputs Data Scermrios Assessment
! - Efficiency - Recy. Rates (Ch. 4 T - Indicator
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Directive |
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Figb6tProcess for development of EoL models for data center

5.1. Recycling of electrical and electronical equipment

Electrical and electroniequipment (EEE) has a highly heterogeneous mix of matefihks.EoL
treatment is especially important because of increasing concerns that waste electrical and electronic
equipment (WEEE), containing hazardous constituents, may negatively impact the ecological

environment and affect human health if unproperly mathpyel 6]. Disposal in landfills or traditional
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incineration produces harmful effects to the environmaddlitionally, up to 95% of mining energy is
saved when recycling metals, with corresponding savings in GHG emigsions Th& peing noted,
it is thevalue of the metallic fraction, mostly of gold, which is the main driver for industrial WEEE

recycling.

PCBs concentrate the most valuable materials in in WEEE. In data centers, they stah@%oob
overall WEEE weight but hold a high part of valuable matdralvever, nore than 70% of PCB scraps
cannot be efficiently recycled and recovered and are thus incinerated or larjtid)id Issues with
collection within the EU show that the collection rate is insufficient, too much WEEE is exported
(legally and illegally) from the EU, and finally, the recovery rate from-gmotessing of WEEE is
insufficient for specific metals, since the yeling process focuses on extracting bulk materials. This is
partly because thermodynamics limit the technical recyclability of certain metals if they are alloyed
[Bal4]

The economic driving force for WEEE recycling is the recovery of material value, 95% of which is
attributed to precious metals and copper, 80% attributed tof@hl7]. From the technological point

of view, current WEEE recycling approaches demand high energy and are environmentally dangerous.
These can recover abouti3%% of the metals present in PCBs, with purity levels going between 85%
and 95% depending on the elemeBome materials, such as rare earth elements, cannot yet be
economically recyclefiCul5]. However, recovering metals from scrap is much less efietgysive

than from oreWhen considering the whole recycling chaimgst recycling recovery rates fall to 28%

of the total weight. For example, recovery of silver is only 11.5%, for gold is 25.6% and for palladium
is 25.6%. For copper, iron and aluminum, the estimated recovery is about 60%, 95.6% and 75%
respectivelyfDFF15].

5.1.1. European legislations on management of WEEE

Three main regulations exist at EU level the treatment of WEEE: 1) the WEEE directive, 2) the
RoHS directive (Restriction on Hazardous Substances), and 3) the REACH regulations (Registration,
Evaluation, Authorization and Restriction of Chemicals). The most important for the development of

the gals of this thesis is the WEEE Directive. When considering circularity of EEE products, proposed

-

egul ations of rel-deange RegUude metnhtes fifHeero Sust

=1

Framewor k for Ensuring a Secure and Sustainab

=1

Proposal for Promoting the Repair of Goodso (kn

5.1. WEBRE Directive

The WEEE Directive (Directive 2012/19/EU) looks to prevent and minimize WEEE by reuse, recycling,

and recovery. A chief role is given to manufacturers and distributors being required to cover the costs
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of collection, treatment, recycling, and recovery of WEEE. Producers must set up individual or
collective schemes for the collection and treatment of WHEE.directive aims to solve the problems
associated with improper management of WEEE, which alongside the RoHS Directive (2002/95/EC)
complements the measures on preventing landfilling and incineration of hazardous waste. It also

i ntroducedbactkhesyastetmdkeassi gning the responsibild]i
[EC12]

This directive defines WEEE asE| ect r i c al or el ectronic equi pmen
componeassembubes and consumabl es, which are par
WEEE is grouped into ten primary categories. WEE
and telecommunications equipment, 0 although comj
includes the requirement not to dispose of WEEE as wtkortinicipal waste and to collect such WEEE
separatelyEC12].

The revised WEEE Directive has a variety of improvements on the earlier iterations. Critical raw
materials are included in the purpose; a new minimum collection rate of 45 % must be achieved within
4 years and 65 % after 7 to 9 years. The rate is caldudata percentage of the average weight of EEE
placed on the market in the three preceding years. European standards for the collection, storage,
transport, treatment, recycling, and repair of WEEE and its preparation for reuse are also included,
althoughno technical definitions on processes are given. The recycling rates defined are solely weight
based, making the recycling of all materials equally important. Thus, to achieve the quota, usually it
becomes most important to recover plastizgen, aluminum, and copperThis neglects the

incentivization of recovering valuable or critical metals.

5.1.BEcdesign Requirements for Sustainable Produc

The European Green DBIC19]JEur opeb6s sustainabl e growth strate
into a fair and prosperous society, with a modern, competitive, clingatigal and circular economy. It

sets the ambitious objective of ensuring that the Union becomes the firsiectimatal continent by

2050.

Thei Pr oposal fdesiSegnht RequEcement s [EGR2]haSassainai nabl
objectives to reduce the negative life cycle environmental impacts of products. It therefore lays down a
framework for setting ecdesign requirements based on the sustainability and circularity aspects listed

inthe ACi rcul ar E ¢ o n o[@BG20a]Ainctuding reritic® | material content, resource
efficiency, and for reducing products6é carbon al
last for longer and to boost the use of recycled content in products, decoupling the economic

development rom natural resource use and aiming at the reduction of material depend&heies.



94

framework will allow for the setting of a wide range of requirements, including product durability,

reusability, upgradability, reparability, and recyclability.

5.1.Br8mewor k for a Secure and Sustainable Suppl

The proposal for @i Secure and Sustainabl e SJgCp3b]pimsotd Criti
strengthen the different stages of the European critical raw materials value chain, to diversify the EU's
imports of critical raw materials to reduce strategic dependencies, and to ensure the free movement of
critical raw materials on the singleamket while ensuring a high level of environmental protection, by

improving their circularity and sustainability.

This framework goes in hand withtleU 6 s wa st e f rcallecton oeduction necydiniy,e

and treatment of waste, including of waste streams containing critical raw materials. Operators and
governments must then analyze the critical raw materials recovery potential in extractiveltwaste
encourages Member Stat&stake measures to prevent the generation of waste, targeting products

containingcritical raw materials

Recycling should become increasingly important and reduce the need for primary extraction and its
associated impacts. This framework gives special relevance to permanent magnet recycling, which
contain critical raw materials, such as neodymium, praseodyrdysprosium and terbium, boron,

samarium, nickel, or cobalt. Permanent magnets should therefore be a priority product for increasing

circularity.

To address the current lack of information on the critical raw materials potential of closed extractive
waste facilities, Member States should draw up a database containing all information relevant to promote

the recovery, notably the quantities and cotragions of critical raw materials.

To limit such damage and incentivize the production of more sustainable critical raw materials, the
Commission should be empowered to develop a system for the calculation of the environmental footprint

of critical raw materials.

5.1.Ri.ght to repair

The proposaloi Co mmon Rul es Pr omot i[ECg3]aims at prédegsavhichare f Go o
discarded prematurely, even though they could be repaired and used for longer. Major causes for the
decreased lifespan of goods purchased by consumers included the difficulty for consumers to repair
products themselves, the imze@nience, inflated costs, or nawmailability of repair services for

consumers.

This framework aims at prioritizing repair whenever it is cheaper than replacement within the legal

guaranteed framework, producing additional environmental benefits due to lower manufacturing
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demands. It helps to reduce greenhouse gas emissions, waste, and use of additional resources by
increasing repairs and thereby extending the lifetime of goods. Member States shall ensure that at least

one online platform exists for their territory thaioalls consumers to find repairers.

5.1.2. Databases for WEEE recycling

Several information sources can be assessed to evaluate the status of WEEE recycling. Some databases
supply information on the collection of WEEE, while other databases refer to the life cycle inventories

of some WEEE products and their downstream prosesse

According to theNVEEE Directive, nember States shall collect annual information, including estimates,

on the quantities and categories of EEE placed on their markets, collected through all routes, prepared
for re-use, recycled and recovered within the Member State, and on separately WiEEeds by
weight[EC12]. Already in[PR19] the author identified the necessity of a common database schema at
European level with participation of different actors involved in the supply chain recovery of critical
metals, with the aim of supplying standardized information for management andmeddareover,

the lack of a common database for the comparison of different material contents and recycling processes
limits the extent to which recycling potentials or craidigrave environmental impacts can be evaluated

at a European level. This isdaise data of comparable qual#pften unavailable. Building up such a
database is additionally complicated by different national interpretations of the WEEE Directive

Commonly, the databases on recovery and quantities of WEEE are unlinked to databases with
information on recyclability, recovery ratios of processes, recycling processes inputs and outputs, or
impact assessment of WEEE recovery by process. For these gurpother specific process
information is needed, or databases holding life cycle inventories of industrial recycling processes must
be developed. These LCI databases, such as the ecoinvent, have information on energy and material
uses for recovery of spific case studies, such as laptops. These databases also offer the possibility of
creating models of specific processes, which is the approach executed in this dissertation. The lack of
uni fied data and the unayvai dsdtbintheiraguremert form@ation of t
of models for recycling to evaluate the potential benefits within a holistic energy and material saving
strategy. These models are based on diverse sources for individual industrial and experimental recycling
processg, and on firsthand data on material composition. This harmonized framework will contribute

to evaluate the environmental impacts of critical material recovery from WEERrevide a common

database for evaluation of such processes.

Additionally, LCI data on raw material production of a wide variety of materials is also needed. This
was already developed, updated, presented in Chapter 4, and serves as a basis for quantification of the
savings obtained by recovering metals from WEH#s Tomprises the foundations for performing Life

Cycle Impact Assessment on recycling of data center components.
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5.2. Recycling in Life Cycle Assessment

Modelling of recycling in LCA aims to study the environmental impacts of recycling of products and to
study the benefits of recovering materials and energy from waste streams when these are used in new
processes or are reincorporated to the original nadtstieams. A comparison of savings with the
products these recycled materials are replacing is thus necessary to evaluate potential gains. The
sustainability of different recycling strategies can then be analyzed using the proper indtogtioes.

5-2 shows a simplified recycling process for EEE and their WEEE outputs.

r—- - -"—-"—-—"—-—"—-"—-—"—-—"—-"—"—-"—" - - - — — = — = 1
[ Reused |
I ¢ |
Primary | . I Not
/ Mining,
resource | Refining EEE | Recovered
| Productin;l Use End of life I—)
[ Manufacturing Stock |
| I
| Secondary Recovered I
| resources |
L - - m - e e e e e e e e e — — — — —_

Figb2kife Cycle of EEE .anSdoMohtdeifri ¢WHELHE dat r e a ms

5.2.1. Modelling of recycling

Through the processing of EoL products secondary materials, energy resources, and parts are regained
in a form, which allows to use them in later products. They can replace primary production of the same
or another material, energy form, part, or prodiittis always involves some form of processing.
Methodologically, the outputs can be considered as replacement of equivalent uses, such as energy, or

direct replacement of materials of the same quality, such as minerals.

The approach normally is a consequential LCA, since the goals are to reflect the consequences of
recycling when using secondary goods (i.e., substituting high value primary production). The
superseded mix of processes is to be determined and their apmdedtion is credited. For this, a true

joint process needs to be found, which studies the replacement of recycled materials in the production
of raw materials. This approach is usually combined with Material Flow Angly$t#\), and in the

case of recowy of metals, it is useful to study the different material flows during the EoL processes.
The avoided inventory of primary production of a good is credited to the EoL product or waste according
to the degree that it is recyclable. Only the amount of gtmatscannot be obtained back from the
secondary good (e.g., losses due to incomplete collection, recycling losses, etc.) is modelled as primary
production[EC10b}
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Whereas other modelling approaches exist, such as open loop recycling, for the purposes of evaluating
the direct benefits of recycling of metals, a clekmap approach is preferred, since it is a requirement
that the materials obtained from recycling haumlities that allow them to replace materials on the

market, and thus no degradation of material is desired or expected.

5.2.2. Allocation of recycling products

The impacts of recycling are often assigned depending on the scope of LCA. If only the recycling
process is being evaluated, then it considers the input of waste material without any initial burden. In
consequential LCA, the impacts of substituted proseasecalculated using data on material or energy
production being replaced for the original productiés a result, the recycling process avoids the

i mpact of the primary production. For this reaso

Given thedifferent outputs of recyclinge(g, a mix of metals), multiple products can result from one
process. This multifunctionality can be solved by applying an allocation procedure. Several allocation
procedures exist to assign the impacts to various prodigtgvenue generation is the driving force in

the market, the first and most common alternative is economic allocation. The impacts of recovery are
distributed based on the economic value of the final products of each metal, which then can be divided

by the quantity produced to obtain a normalized impact by unit.

To evaluate different technologies, prospective consequential LCA and comparative consequential LCA
are conducted. Some technologies considered as alternatives araipdalecomparison with existing
technologies. Environmental impact performance corsparof the different recycling scenarios and

technologies is then executed. The goal is to evaluate the available technologies and recycling routes.

5.2.3. Scope of EoL in LCA

Usually, theEoL includes the reuse and recycling process. For reuse, transportation and potential
remanufacturing activities are included. For recycling, transport, preprocessing, and metal recovery

processes are considered.



98

When discussing data center components, most of the IT devices have an average life time of between
5-8 years for higkend servers, and3years for other equipme®BD12]. Data center devices lifetime

can also be modelled using a Weibull distribution, which can be applied using the corresponding shape
and scale parameters for the specific product fifm20]. Most of the reuse takes part within the
organization, and discarded devices are disposed for recovery. In agreement with the WEEE directive,
data center operators use provider schemes to dispose of the devices. Other devices, such as

infrastructure, coahg units, and backip generators have lifetimes between 10 and 20 years.

5.2.4. Functional unit

Several ways of approaching the functional unit in recycling include considering recycling of a whole
device, recycling of distinct parts that are first grouped together from several dismantled devices (i.e.,
recycling of 1 kg PCB), and recovery ofonetuniof fArecovered goododo (e. g.,
Some mor e compl ex functional uni ts can includ

multifunctionality[BBC12].

[Lil9)defines the functional based as firecovery of
efficiency of gold is the same for all recycling processes, which excludes experimental processes but
can serve as a starting point &stablishing a comparison basis. For the purposes of this work, metal
recovery processes are first evaluated based on inventoried data for recovery of valuable metals, and
then scaled to 1 kg of discarded product. This allows connecting the functionafl disposal (in kg)

with the inputs for recycling.

5.2.5. Indicators for evaluation of recycling

Direct evaluation of recycling is based on either global indicators or specific indicators. [EU12]
measures theverall WEEE recycling efficiency at three levels:

1.Coll ection rate, which is the ratio between ¢

2.Recycling process efficiency rate, which is t
coll ected with WEEE for recycling.

3.(El eempati fic) recycling rate, which refers t
ratio of recycled materi al (or el ement) and
generated WEEE.

Data center specific recycling metrics are mostly mass based. The most representative is the Material
Reclamation Ratio (MRR), defined #i& sum othe amount of recycled/reclaimed/repurposed material
over the inbound material. This can be specific for EEE equipment, resulting in theEMRRThe

inverse of this value is known as Material Reuse Effectiveness (MRE). Additionally, reporting of the
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volume and composition of materials disposed of as solid waste sent to recycling centers; and volumes

repurposed or reclaimed, either inside or outside the organization is encdimaddad

The [ISO14021]calculates the recycled content as the mass of recycled material divided by the total

input mass. Within LCA, the environmental impacts from recycling come mostly from energy use within

the recycling process and direct emissions from it. Midpoint andoémdpethods are used to quantify

these benefits. These benefits are calculated as negative impacts from savings resulting in substitution

by the output products.

Criticality of materials is commonly overlooked, but the application of the indicators developed in

Chapter 3 can provide an overview on the circularity of the recycling processes and stablish how

beneficial is the recycling to encourage critical matesigdtainable use. This in accordance with the

proposedfiEuropean Regulation for Critical Raw Material{EC23a] Criticality weightedbased

recycling rate, proposed in this study, aims at assessing the total fraction of critical resources recovered

from a recycling process. This set of indicators is used to evaluate different strategies in Chapter 7.

5.3.

Process chains for data center components EoL

The components of a data center have distinctive characteristics, thus requiring different recycling

processesHigure 5-4). Bulk metals and plastics can be sent to be recovered directly as scraps. Cables

need to be separated into plastic and copper. Batteries have special recycling processes. If existing,

hazardous substances need to be managed separately for disposaif tfestritical materials are

concentrated on PCBs. Recycling of PCB has its own specific processes. Emphasis in these processes

is given since 97% of the critical material content is concentrated in PCBs.
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Fige4bi fferent recycling routes for data center

component s.

Recycling of PCBs can be further divided into further steps 1) disassembly: targeting on singling out

hazardous or valuable components for special treatment; 2) upgrading -tegbmeent: using
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mechanical processing and metallurgical processing to upgrade the materials content; 3) refining or
metal recovery: where materials are purified by using chemical or metallurgical processing so as to be

acceptable for their original usifigz08].

5.3.1. Collection, transport, and pre-sorting

In the first step, the discarded electrical and electronic devices are collected to b& kefegsorting

(also called triage) is recommended to feed the WEEE in treatment processes adequate to their
composition, thus enhaimg process efficiencyPresorting can be done based on material content.
Although collection rates of 40% are normally reported for WEEE, in the case of data center equipment
a collection rate of 100% can be estimated, since data center operators need to guarantee disposal an

destuction of decommissioned devices.

Transport from operation site to pserting facilities is modelled by broad estimates. The use of freight
lorry and 250 km distance are assumed. Usually, the traveled distance plays a minor role in the
contributions to environmental impacts of the wheleycling scheme. Presorting is done manually and

therefore excluded as energy input.

5.3.2. Pre-treatment

Treatment means any activity after the WEEE has been handed over to a facility for depollution,
disassembly, shredding, recovery, or preparation for disposal [EBER®re metal recovery, the
various metals and materials contained in WEEE must be liberated first. The liberation usually is done
by a size reduction process (such as shredding or crushing), supported by prior manual dismantling of
certain components. Theesmaller particles are then sorted into defined output fractions, making use of
their speific physical and optical characteristics. Typical sorting processes used are magnetic separation
of ferrous parts, eddy current separation, and gravity separfii@ad6] (Figure 5-5). Finally,
metallurgical processes are ugedrecover select materials from the scraps to obtain almost pure

secondary resources.

5. 3. Madual sorting and dismantling

Many metals are concentrated on certain parts of the WEEE components, and manual separation is often
needed. Disassembly of these parts is the mostdimsuming operation. Automatic, semiautomatic,

and manual disassembly systems have been develop&atiehbeing the most adopted technique. The
recovery efficiency by manual treatment is a lot higher than that of automatic systems. Manual sorting

and dismantling are economically unfeasible in developed economies.

Without a manual dismantling precious metals are often either sent to further mechascatessing

or sent with the plastic mix and lost. Manual dismantling allows the recovery up to 328e0f97%
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of gold and 99% ofpalladium whereas mechanical processes only recover 44%, 51% and 28%,
respectively{Bal4]. Reasons for these losses are related to the mechanical treatments that smash most
contacts and ceramics and are dispersed in the dust and in other shredding residues. Similar losses occur
also for other electronic components embodying other CRMK.3]. The manually sorted fraction is

further separated and 40% of this fraction is sent to special treatment, the remaining 60% are bigger

metallic parts which are recycl¢&BC12].
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5.3.8ii2e reduction

Manual sorting and dismantling are typically followed by a size reductionSitapreduction is made
via mechanical cutting and shredding to reduce the size of the-cnetaining fractionsSize fraction
is relevant to reduce the possibility of particles having several types of metals. Waste PCBs are

comminuted by multiple crushing systems to liberate metals and nonmetals.

5.3.Ma@netic separation

Magnetic separators are used for the extraction of ferromagnetic megalar(d nickel) from non
ferrous metals and other nonmagnetic wastes. Nonferrous materials are crushed -imagmetic
fraction by gravityEfficiencies of the recovery of this method can be up to 99% for the ferrous fractions.
The magnetic fraction of crushed PCB ranges between 4.5% and 11% of the tota[Jadight

5. 3.RlL.dctrostatic separation

The noamagnetic fraction is then transported to an electrostatic separator. Materials are separated based

on their electrical conductivity differenc€opper andaluminumholding streams are producékhe
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electrostatic separating capability depends on the difference in polarity and the amount of charge
obtained by patrticles to be separated. There are two typical electric condumdisély separation
techniquegYall]:

T Corona el ectrostatic separation can success

significant di f f éfrheenced eict roceh @t ¢ ci \Bietpia@ads or
met al s -fmebal hioom materi al s.

1T Eddy current separation uses the principle t
and frictional forces influence the falling
particles tpKalbEdhercurgertes can be induced
particl aelpy nadetnitmenagnetic field.

5.3.C@rédvity separation

Gravity is used to separate materials of different specific gravity by their relative movement in response
to the force of gravity and resistance to motion offered by a fluid, such as water or air. In practice, close
size control of feeds to gravity proses is required to reduce the effect on the gdd.1] This is

applied for the separation of metals from +matals.

5.3. Rubomated optical sorting

With the fast development of the Chait@eupled Devicesensor, computing, and software technology,
optical sorting processes have been developed in both recycling and mineral processing industry. Data
gathering and analysis improves the separation performance of automated sorting equipment. The
measuring of paicle properties such as color, texture, morphology, conductivity, and others allows
high-quality sorting of mixed materials into almost pure fractions. Systems involving the use of multiple

sensors &ve been developed over the past few ygEars1]

5. 3.Redovery r aptreosc eosfs ipnrge

Mechanical treatments are characterized by low capital operating costs. However, the main drawback is
represented by the losses of valuable and critical metals and significant dust gemnst@edr9].
[HPW15]reports complete losses of REEs contained in NdFeB magnets of hard disk drives. Mechanical
processes are well designed to recover mass relevant nivetal€@pper, aluminujnwith yields up to
80%[MCB19].

Empirical studies show that the overall qpm®cessing efficiency of dismantling procedure for ICT
WEEE is 80% for Au, 49% for Ag, and 66% for Pd. The highesippoeessing efficiencies (97% Au,

92% Ag, 99% Pd) can be achieved by mldtiel deep manualismantling, which means that
subcomponents such as HDDs, SDDs, memories, or CPUs are further separated manually. This leads to

a higher concentration of critical metals in the material forogessing. A combination of mechanical
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and manual processes leads to gold recovery rates of 70%, which is the dominant method used in the

industry {Table 5-1). The components are first separated by smashing, which is followed by

handpicking of valuable components. Hazardous components are either removed manually before

smashing (manual depollution) or afterwards by handpicking. The components are thentcesinedid

pieces by shredding or hammer milling and the output material is finally automatically[Saridd

Tab3leRecovery

rates

for

sever al

met al s

unBeuBanh4u al

Manual Deep

Manu Mechani c

Manual +
Mechani c

Distribult24% 0 % 0 % 76 % Over a
in t e/ E|

Ag 49 % 92 % 11 % 75 % 6 9%
Co 100% 100% 100% 100% 100%
I n 100% 100% 100% 100% 100%
Li 100% 100% 100% 100% 100%
Ta 80 % 97 % 0 % 0 % 19%
Te 80 % 97 % 0 % 0 % 19%
w 80 % 97 % 0 % 0% 19%
Au 80 % 97 % 26 % 70 % 72 %
Be 80 % 97 % 0 % 0% 19%
Ga 80 % 97 % 0 % 0% 19%
Ge 80 % 97 % 0 % 0% 19%
Pd 6 6 % 99 % 26 % 41 % 47 %
Ru 0 % 97 % 26 % 70 % 53 %

5.3.3. Life Cycle Inventories (LCI) for pre-treatment

There is difficulty in establishing a LCI for each individual process, since all of the separation normally

and

happens in the same faciliffBBC12] established a LCI for the whole pretreatment of PCBs, which

included manual sorting, separation, and mechanical separation of elements for further refinement

(Table 5-2). The reference unit is 1 kg of processed PCB, anddhendaluminumrich outputs are

sent to the scrap market. Tbepperfraction is sent for refining. Residual waste and plastic are sent to

incineration(Figure 5-6). The specific fractions are dependent on the material content of PCBs.

Tab32Li f e

Cycl

e I nvematomgntofpithhee ps e

Description ValueUni

electricityl6. 6m2kWh
Emi ssions to air

al umi num 1. 0om4d kg
anti mony 1. 0% kg
bromi ne 2. 00 kg
cadmi um 2. 0mM8kg
chlorine 3. 0M%kg
chromi um 5. 0®M8kg
copper 4. 01 kg
i ron 5. 0@Ma kg
l ead 4. 0@t kg
ni ckel 2. 00t kg
phosphorus 1. 08 kg
polychlorin/2. 0®M3kg
tin 3. 0M%kg
zinc 1. 0Makg

me C
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5.4. Metal recycling for printed circuit boards

The final recovery process takes output fractions producpreprocessing to recover metalis is
achieved through treatments based on physical, chemical and biological pr¢b&SBa8]. Three

main material streams are created duringgroeessing: 1) ferrous fractions go to steel plants to be
recovered as slag, 2) aluminum fractions to aluminum refiners, and 3) copper, lead, zinc, and other
precious metal fractions are treated in iné¢gd nonferrous metal smelt§GEE09] During end
processing the final metal recovery and thus value recovery takes place. The most common include
pyrometallurgical and hydrometallurgical proces8ésdern pyrometallurgical and hydrometallurgical
refineries achieve 95% recovery of Au and can recover several metals in addition to precious metals and
copper Experimental procedures, such as electrochemical and bioleaching processes have shown

promising results and are here incorporated for evaluation.

5.4.1. Pyrometallurgical recycling

Pyrometallurgical processes involve the use of elevated temperature processes to extract metals. They
havebeen successfully implemented to recover valuable metals from WEEE by firms such as Umicore
in Belgium and Outotec in South KorfRel7b] These methods can recover various metals like Cu,

Ag, Au, Pd, Ni, Se, Zn, and Pb. Pyrometallurgical routes are used initially for the segregation and
upgrading of precious metals (Au and Ag) embedded into base metals (Cu, Pb, and Ni), followed by
hydromeallurgical and electrometallurgical processing for the recovery of other valuable metals and
REE.

Integrated smeltexombining pyrometallurgical and hydrometallurgical processes can recover precious
metalscopper and other noffierrous metals, including certain critical metals, while isolating hazardous
substances. Precious and special metals (Pd, Au, Ag, Pt, Ru, Co, In, and Te) are extracted with a collector
metal (Cu) while other metals such as Li, Be, Ta, aBERend up in the slag. The processes have high
recovery rates for some metals: >95% for Ag, Au, Pd, and Ru, 90% for Co and Te, and BAkinof |

The rest of materials, such as Ta, Ge, end up in fBags}].

[Li19] studied a process for refining of WEEE in a black copper sm&herprocess can be described

in four consecutive step&igure 5-7): 1) a reduction furnace where the polymers present are used as
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reducing agent to obtain the Cu scrap; 2) an oxidation furnace for separation of metal impurities as oxide
slag; 3) fire refining to remove the oxygen in the molten Cupanduce Cu anode; and 4) the electro
refining processes, which include Cu and precious metals etefinong. Due to the heterogeneity of
material content, individual energy and material requirements are escalated for each reference
component developed iChapter 4Table 5-3 presents an example inventory for pyrometallurgical
recovery in an integrated smelter for 1 kg of PCB representing a mainboard. The differences in reduced
material content are due to losses in the recycling process. Material losses during pretreatneeat can

be added as a factor for the recovery of materials.

" T itics
PCB gas mpuritics
Magnetic ( 7
Fraction Cu
Liguid Pre-processing Fire refining eleetro-re fining —>
waste Cu -4 u
\_l /' anode )
A
Milled
REE recovery Non-ferrous Slimes
E-waste .
’ e Anode Cu
- ~ . ™,
REQ Steel BE?CK Preci L
A A u . . reciols metals
SLTHP Reduction furnace Oxidation turnace : :L finin . '—}
- , L _J Al Ag
Slag Exhaust Dust ¥ Slag Waste

Figb67:-8ystem Boundary for pvyrSoonuertcael:| [ARBIGQd a&ld pfrroocnessi ng

Tab33 Life Cycle Inventory for the recovery of metals from
Prociepist s Recovmeteal s
electricity, medi|l. 80EMJ pall adi um 2. 5M3 kg
sul furic acid 2. 2M&E kg silver 5. 2M4 k g
water, completely 9. 60 kg gol d 8. 5M3kg
activated silica 6. MFkg alluminuim sql. 6M2kg
air flow, for pyr 2. 40EKkg copper scrap|2. 3®Xkg
calcium carbonate?7. 20F kg iron scrap 2. 902 kg
charcoal 4. TOZE Kk ¢ Procossput s
compressed air, f3.20EKkg exhaust gaseg6. 2MXkg
i nput copper scral. 6M0EZKkg carbon dioxig6. 8DXkg
hydrochloric acid3. 2MFkg municipal solll1. 70T kg
i nput iron ore, b8. 7MEkg

|l i mestone, crushed. 4MF kg

natural gas, high2. 4MZE kg

sodium hydroxide |[2. 5@&Kkg

sodium sulfate, ail. o0®Fkayg

5.4.2. Hydrometallurgical recycling

Hydrometallurgical techniques involve leaching metalssolations during reactions with leachant and
oxidants. Separation and purification are then performed to obtain primary products for r&figumeg (

5-8). After extraction, the respective leaching solutions go through a purification step, or directly to
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metal recovery through chemical reduction or eletfning [Li19]. Hydrometallurgical techniques
offer the advantages of lower gas emission and slag generation, but consume substantial amounts of

strongly corrosive chemicals, such as nitric acid, sulfuric acid, and aqua regia.

Low investment and the high recovery rate are the primary advantdgéometallurgy is more
predictable and controllable than pyrometallurgy, allowing selective material outputs. No gaseous
emissions are generated but large amounts of liquid effluents are produced as a result of the extraction
procedure[MCB19]. REEs can also be recovered. WEEE treatment solely by hydrometallurgical
processes exists but it has not been implemented on an industrial sd@ealydt For this reason,
prospective LG8 are created based on the material flows and the recovery rates. Most of the studies
present normalized information with a functional unit of 1 kg of Au recovered. A process for each type
of reference component is created to adapt the process demandsnatéhial content information

(Table 5-4).

Liquid Solid Liquid Liquid
wasle wasle waste waste
REO [ .
Milled Au
D — . WEE
REE recovery Ag extractrion EEE Au recovery —)'
Steel scrap S
cel scrap Y x
Milled
Magnetic WELEE
fraction
Milled ) .
WEEE Leachate Metal Cu serap
PCB Pre-processing Acid extraction electrowining —)
— vy
Liquid waste Liquid waste
Figb688chematic of hydrometal |l ur.giSwalr cree c pPAldealp® Jegr daoaeoas es f or

Tab34eL Cl for hydrometal |l ur giSoalr creec Aeéimpyl Ogf f* okng of WEEE.

|l nput s Recovered Metals
zinc 1. 60F kg pall adi um 6. "Tb&E kg
electricity, me/ /5. 96E MJ silver 7. @& kg
sul furic acid 4. 29E kg gol d 5. -0/&£ kg
hydrochloric ac|3. 10ZE kg al umisrcump 8. 8G6F kg
|l i mestone 3.86E kg copper scrapg3. 2BE kg
sodium hydroxid 1. 60F kg i reporap 8. 8BF kg
sodium sul fate,|6. 8®FE kg OQutput s

hydrogen peroxi|5. 89E kg municipal sdl.3®E kg
iron (lI11) chlo|l. -#F kg wastewater 3. 03E-kg
sodium persul fa 7. 2@%& kg

sodium persulfal4. 300F kg




107

5.4.3. Electrochemical recovery

Electrochemical recovery is a novel alternative process. An electrochemical recovery of base metals
liberates PMcontaining fractions Rigure 5-9). This has lower chemical consumption, enhanced
control, and reduced energy demand compared to the pyrometallurgical and the hydrometallurgical
processedLil9] presents an inventory of an experimental process, which is presented for dokgj of
recovered. These values are normalized to 1 kg of WEEE and adjusted to the material content of each

reference componentgble 5-5).

Solid

waste

Liquid

Liquid waste
waste

PCB

Magnetic
Fraction

Au
Au recovery '—)

REE recovery Preprocess

Milled
WEEE

Milled
WEEE

REO

4

Electrochemical |wEEE
recovery of base
metals

Ag recovery

Cu scrap Liquid waste Liquid waste

Fi g6-98chemaetliecctorfochemi cal. rSeocuorvceer:y [AldoadpGVWEHE E r o m

Tab35LClI for recovery of metals using electrochemical recov
|l nputs Recovered Metal s
zinc 4. 6BFE kg pall adium 2. 70& kg
electricity, mel. 7T4E MJ silver 3. XA£ kg
sulfuric acid 1. 26E kg gol d 1. 60% kg
hydrochloric ac9. 3& kg aluminum s 8. 6BE kg
|l i mestone 1. XBE kg copper scr 1. 77ME kg
sodium hydroxid4. 8BFE kg iron scrapl. Q¥ kg
sodium sul fate 2. 0O& kg Out put s

hydrogen peroxi|l. 7@E kg wastewater 8. 8®E kg
iron (iii) chlag3. 3%E kg muni ci pal 3.80F kg
sodium persul fg2. XAE kg

sodipemsul fat e 1. 2B%& kg

5.4.4. Biometallurgy

Biometallurgical processes have been researched to recover metals from WEEE. These use microbes
for metal extraction, anéncompass two related microbial processes: bioleaching arakibliation

[Er13]. It targets valuable metal fraction from WEEE, focusinggoid and copper Under optimized
conditions, 92.2% and 99.2% of Cu and Au, respectively, can be reriisVéfl It provides benefits in

terms of treating and disposing of strong inorganic acid waste compared to the weaker and more readily

treatable organic acids generated by microorganism cultures. Recovery of other metals is also under
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research due to low investment cost, less environmental impact, lower energy consumption and better

control than pyrometallurgy or hydrometallurgy roui€al6]. [ | kpte8ented an analysis where the

combination of biometallurgy and hydrometallurgy yielded the best results in terms of material recovery

(Figure 5-10).

The extraction of metals such as Co, Mo, Ni, Pb, and Zn from sulfidic ores by bioleaching is technically

possible. However, currently only Cu and Au are the metals recovered in significant proportions by this

way. Most of the applications are still at laboratory scale, especially with reference tg\REB$9].

Table 5-6 presents an inventory for the recovery of metals from WEEE for 1 kg of PCB.

Electricity
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Tab86eLi fe Cycle I nventory for refovgdldf
|l nputs Recovered M
electricity, 1. 45EMJ gol d 6. 903 kg
sodium sulfa2. 6BEkg copper 0. 22¢kg
ammonium nitb5. 9AF kg iron s0.02¢tkg
copper sul fab. 20F kg

activated ca3. "8BFkg

iron sulfate2. "AZEkg

sul fur 3. XaFkayg

5.5. Special processes

Waste water

treatment

bi ome tSod urucreg:y [Ahdyadpiledd pfrroocne s s

1 kg of

PCB with

High recycling costs anlbw economic and regulatory incentives tend to discourage the recycling of

certain material§Ho20]. The recovery of specific metals is modelled separately as these can be

separated in preliminary stages of pretreatment. Such is the cas@tafimin capacitors, or

neodymiumin magnets. Magnets are special focus for recycling in the newly prof¥essedework for

Critical Raw Materiabd [EC23a] Some others are results of the final product and are present in slags,

such as REE, that may still be recovered, although the processes are in early stages.
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5.5.1. Tantalum recovery

Tantalum is a critical metal whose main application is the production of capacitors. These contain
metallic Ta and tantalum oxide (@), surrounded by layers of MnO, C and Kgh18]. They also
contain Al, Fe, Ni, Tiand Zi at fractions lower than 1%. Ta capacitors must be removed from PCBs
manually.[Ba20] presents a process for treatment of tantalum capacitors which includes treatment by
pyrolysis to isolate metallic components, which are then leached to obtain 92% pDsgHigure

5-11). A model for recovery of these components considers the content of 1 kg of Ta capacitors, which
is modelled separately from the other recycling proceSsdsd 5-7). The recovered material in this

case is tantalum oxide, which can be reused directly for manufacturing of capacitors.

Pretreatment

Other Capacitor
. apacitors
Fractions| — _________].. l_ _________
'

'
'
'
'
.
'
'
T

! o .
vl Al ‘ . Brominated fumes,
l e EE— " Silica powder,

Metal Recovery Pyrolysis: N, flow,

. ' Epoxy residues
Metallic core: i
Ta 73%

Au, Cu, Ag, Fe, AL

'

\ 4
: L Nitric acid leaching }?—) Mn
Pl J '

Ta,0592%
Figbt®rocess route for rec®dwarry eaf [ABlaadpftteadm fcaopmci t or s

Tab37%LClI for the recovery of SapBaP@m oxide from capacitors

|l nput s Recovered Materia
heat, na tant al unt,a ppaegw dbedre, 1 . ®H k g
nitric a
n
r

nitroge
phospho
Qut put s
bromine, for t4.49Bkg

PN R R
mimimim

wWo wWww

5.5.2. Neodymium and REE recovery

Magnetto-magnet recycling of NdFeB magnets is a preferred alternative to direct metal recycling, since

it avoids the production processes of magnets, and uses mechanical rather than chemical processes.
[Ji1l8] compared the environmental impacts of virgin magnet production and nriagnagnet

recycling, with direct use of the recycling outputs as material inputs. As the recycling route uses most
of the waste materials, only 0.5 g to 1.0 g of new materialses@ed to produce 1 kg of NdFeB. The

process of recovery includes transport, demagnetization, blasting, acid cleaning, hydrogen mixing,
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pulverization, sintering, and magnetization, compression, and cutting, and electropligtimg 5-12).

Material losses within the process are collected and reused as raw material fedddilechk-8)

_______________________________

Magnet-to-magnet recycling

Fresh iron, REEs,

other metals

Hydrogen mix
& Mill

v

Sinter & Anneal

v

Grind & Slice

Coat &
]

Magnet harvest
& De-coat

FigbBt2Schematic of ptrooacgensest frB8eocuyntalginnegh.§ dp.l&8d fr om

Tab38LClI fortoemgmett recycl i ngofug(rddell 8&]g of product.

Il nput s OQut puts

Materials/ fuels Waste to treat ment
transporty, >37. 3062t krm ni ckel smel ter 91. 401e k g
transport, fl2.11letkmn sludge, pig ironl. 802le kg
transpor32 n 1. 4001et knm Emi ssions to air |
El ectricity/ heat ni ckel (emi ssi | 4. 4096e k g
el ectricity, 3. 4042 k wh Emi ssions to water |
electricity, 4.62e kwh borate (emission2. 0044e kg
electricity,1.24e kwh ni ckel, ion (e 1. 4036e k g
Materi al s/ fu ni ckeslulsfubde 6 . 8005 k g
coll ected Nd1.23ekg wastewater 7. 1044e m3
neodymi um 8. 7085 k g sodium sacchari 3. 4005 kg
dysprosium 3. 5034e k g Recovered materi al \
iron pellet |5. 5066e kg NdFenBgnet |1.00ekg
copper 1. 7085 k g

cobal't 1. 1074e k g

hydrogen, |i|/4. 7083 kg

chemical, or/ 1. 6034 kg

sul furic aci|l. 2053 kg

sodium hydr g3. 4004e k g

soda ash, de6. 8005 kg

nickel, 99.51. 0071le kg

sodium phospl. 3064e kg

water, unspel. 9033 m3

5.5.3. NiMH batteries

Nickel metal hydride batteries contain REEs such as La, Ce, Pr, and Nd. Until recently, the industrial
recycling of NiMH batteries consisted of the smelting of whole battery focusing on the extraction of

nickel for use in stainless steel production. REEsewost in the smelter slags. Recently research has
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led to the development of metallurgical methods for the recovery of Ni, Co and REE from NiMH

batteried TC14]. [Si20] developed inventories for recycling of NiMH batteries that recovered nickel,

steel and REE oxides mixturdgble 5-9). Recycling of NiMH batteries involves deactivation,

mechanical processes, and the recovering of metals. After deactivation by thermal treatment, manual

dismantling and the separation of electrodes is nheeded. Cells are processed in a crushing naill and in

disintegrator. Hydrometallurgical leaching leads to the recovering of metals, including sulfuric acid

leaching and solvent extraction. Recovery rates for Fe, mischmetal (mixture of metals) and Ni are 95%,

85%, and 70%, respectively.

Tab99%LCl for recovery of met@dowsrfdea.@m] 1kg of Ni MH batteries.
Il nput s OQut puts
Hydrometal |l urgi cal | ea Re c ovmeteal s
nmet®Rpvyrrolid 1. 4004 kg chromium stee|8. OME kg
citric acid 9. 502le kg mi schmet al (R|5. 0BE kg
H2 02 1. 7041e kg ni ckel 99.5 2. 3®E kg
water 1.20e4kg Emi ssions to air
electricity 1. 26e4mj arsenic 2. 206FE ¢
heat 5. 35ed1mj cadmi um 6. 0BE mg
Energy for recycling carbon dioxid/1.03E+kg
el ectcieshiyng|l. 21edmj |l ead 8. 3IBE ¢
el ectdiyging 1. 09e41mj met hane 2.50E ¢
el ectsievitmyg 3.32e4mj nitrogen diox|2.5®0E ¢
Transpor't sul fur dioxid{2.9BZE kg
rail transpor /5. 06le tkn suldxuirdes 1. 0@ME g
truck transpo/5.907e tkn wvanadium 1. 7@E ¢
Zinc 2. 6E ¢
Emi ssions to water
acenaphthene |3. 0C®E mg
bari um 2. 9BE ¢
copper 3. :BE ¢
ni ckel 5. 4M& kg
phosppemntuachl!l |[4. OE ug
selenium 2. 36E ¢

5.5.4. Recycling of bulk components

Most of the rest of the material content of interest for recycling is composed of steel frames and steel

components, cables, aluminum frames, and plasticsafisismed that a travel distance to a treatment
plant of 250 km (75% by lorry, 25% by train) to recycling facilities takes p[ad&GO05]. Fe and Al

are modelled as scraps for treatment at plants. Cables are separated into plastics and Cu, the latter

modelled as scrap. Plastics, when no further information is supplied, are sent for incineration.

5.6.

Uncertainty of data

For the EU to increase the recycling of critical and valuable metals in WEEE, it is necessary to access

improved data on quantities of critical metals contained in the different products in tfieC28a,

EC12] This dissertation tries to close the gap for the case of data centers, and the methods can be

replicated to other products.
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Uncertainty in the developed inventories comes from lack of knowledge on where the metals are in
various components, lack of information on the composition of collected WEEE, and from the maturity
of the recycling processes considered. If scaling of theltepresented here is further developed,
increased uncertainties are bound to appear, so extrapolation to regional potential for recyclability can
lead to results with low quality. This leads to problems when assessing the potential of urban mining.
Better data can lead to better understanding of flows of critical materials used in technological

applications and better foundations for policy developrien15].

Uncertainty around the environmental data can also be a product of methodological assumptions in
LCA. The choice of allocation, the @nte method applied to some experimental methods, and the
multiple outputs bound to the same process may lead to fummegrtainties. When mapping
uncertainties,[Ch10] applied general percentual uncertainties regarding characterizat®oldp

WEEE generation (30%), and collection (10%). Some uncertainties have been improved in this analysis
due to the high collection rates of data center equipment, and on the expairimature for
characterization of WEEE material content from PCBs. Uncertainties of recycling procedures vary
depending on how mature and established the process is. The influence of the procedure with the

attached uncertainty will produce results ofatiént quality, which is further analyzed in Chapter 7.

5.7. Conclusions

This chapter developed Life Cycle Inventories for Bed of data center components. Starting with
collection of EoL equipment, inventories on freatment and metal refining for WEEE are here
studied. Inventories for recycling of bulk materials are also presented. Since processes such as
incineration and landfing mean a complete loss of critical materials contained in WEEE, for the

purposes of this work only processes where recovery of metals is possible are considered.

The developed inventories are based on industrial and experimental data on the different steps of the
recycling chain. While most of the values for transport are assumed from estimates, information on
pretreatment and metal recycling process inputs ampitsjtand process efficiencies are gathered from
multiple reports and scientific studies, particularly from existing recycling facilities in the European
Union. Data on transport estimations, collection rates, material loss during pretreatment, antl materia
recovery for each output metal during metal recycling processes is needed. Models for special processes
for the recovery of REEs and Ta are also developed. Although still in an early stage, these processes

have potential to alleviate the criticality afrae key metals used in technological applications.

For the final recovery stages, different processes are considered for recovery of metals. Each process
has its own maturity stage and presents different material and energy demands. To assess the benefits
and drawbacks of these recycling strategies, praflecation methods and indicators need to be

included. This can allow a choice of recycling routes which improve circularity of critical materials,
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while also considering other environmental impacts. The modelling method assumes that the output
fractions can replace directly the metal produced from mines, this resulting in a reduction on the impacts

associated with material use.

The developed inventories are also coupled with the diverse types of reference components developed
in Chapter 4. Since these have different material compositions, the amounts of recovered material and
the related inputs need to be also considered. Theégnpts to close one of the biggest gaps in
assessments of metal recycling, since usually the material content is taken from average values or from
literature, or from a particular sample. This process provides high quality information for the recovery
of metals from data center components. The information gathered is also used to build models, which is
described in detail in Chapter 6. Moreover, the nature of the disposal of data center devices also
improves the quality of data on key aspects such as tioiigates. The impact of the different processes

on improving circularity of critical materials is to be evaluated in Chapter 7.

Further improvement of these inventories can include the inclusion of novel processes (such as
pyrolysis), an assessment of reuse as an alternate strategy, and a direct comparison with traditional
methods such as landfill or direct incineration. Theseritorées can serve as a tool evaluation of

recovery strategies, and evaluation of hotspots for material loss.
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6. Development of a Software Architecture for
Calculation of Life Cycle Impacts of Data Centers

This section details the development of an information system built for Life Cycle Impact Assessment
of data centersFigure 6-1 describes the process for this development applied in this chapter
Motivations for this development include the datgensive nature of LCA and the number of models
needed to be created to answer the research questions. The development is based on the software
development cycle. Requirements are specified based odigkertation objectives and research
guestions. Similar existing solutions are researched within the LCA domain, so that existing work is
also considered. The software design includes development of a technical solution at both the software
system level athon the subsystem and component level. A rtigltiarchitecture and its subcomponents

and their interactions are specified. The implementation section describes the different components and
artifacts developed in detail. The developed system is evalleataiy and with consideration of the
requirements and objectives established. Future development possibilities are formulated based on the
potential applicability of the software solution. This system is used to produce the results for evaluation

in thenext chapter.

|Rescarch Questions | | Exploitation
(Chapter 1) ) | (Chapter 7)

- T . T

. ' Requirements o
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M
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Visualization
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Related Work

Figé6t&eneral software development process applied in this

6.1. Motivation for development

The creation of models for LCA is a data intensive procedure. The LCI process is usually the most time
consuming and resource intensive section of the study and requires several iterations to achieve results
of desired quality. Model building must be darsefully in LCA software interfaces. LCIA results are

often too complex for stakeholders unfamiliar with environmental assessments and must be heavily
processed before presentation. Given the vast number of values resulting from LCIA, their evaluation

canbe overwhelming for nedomain stakeholders.

Within the LCA process, there is a strong need for data exchanges between actors, especially between
process designers (or process responsible) and LCA experts to ease informatigRétWisndicates

a lack of approaches for gathering and synthesizing information flows from downstream lifecycle stages
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to support system evaluation, design, and optimization. This added to the difficulty of getting proprietary
industrial data, especially in the domain of data centers. Current LCA tools are not well integrated into
knowledge management systems such asredtdatabases. There are challenges in integrating product
data into LCA databases. Many issues arise from data sources, coupling of formats, and selection of
proxy or representative proceg§12]. [Ral7] discusses these issues by pointing the difficulties on
incorporating information gathered from architectural projects into LCA for decision making. A
separation of specific process knowledge management systems, LCA software, and scripting or
visualizationtools used for analyzing LCA results is usually fouRtggre 6-2). There is a lack of
interoperability between the different software systems used for[ADA4].

There are opportunities to improve the LCA process and to ease the flows of information by improving
inventorization and using tools that enable systematization of the inventories and of the resulting

i mpacts. This can al |l oiwg tionsirgamtsii.atTehiAs irge cduait raeis
automated, datdriven approaches for life cycle data inventorization, model creation, calculation, and
analysis with functionalities that enable domain experts to generate novel ifRight§ Most of the

effort is oriented to gathering and creating the inventories list and then finding the correct datasets in the
LCA process database. As a result, LCA studies are commonly conducted at the end of the design
process, when the necessary infoiorais available, but it is too late to affect the decisimaking

[HGH20]. This hinders the development of including LCA in the decisiaking process.

LCA software

Proprietary LCI process
' |LCI databases models

Seripting and visualization tools

OEM
proprietary LCA Inventory and
PLM/PDM >» Interface % results analyses /

visualizations

databases

Fig628tatus of the connection between produc$Sounrndeptedi es,
frogmal?7]

These challenges are also present in the current study. Issues about inventories, such as the diversity of
the products in the studied data centers and the complexity of the reference components and devices
selected, resulted in extensive data that requode organized. Similarly, the update and creation of a

materials database affected the structure of many processes in the LCI databases used. Finally, the use

of time-dependent parameters such as criticality indicators and reference prices foroalbooatans
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also that the data needs to be updated and that the resulting indicators and results from allocation need
to be periodically modified. Given these challenges, several alternatives are studied to attempt to close
the gaps between the different informationrid. Addressing these challenges can improve the quality

and quantity of the results, perform evaluations which can otherwise take considerable amount of time,
and present a framework that can be replicated and could significantly aid sustaifaditig

decisionmaking throughout the product lifecycle by helping actors to make use of the results here found.

6.1.1. Structure of the development

The structure of the development follows broadly the general software development cycle, with

emphasis on its application for this study. Steps indBdé1]:

l1.General analysis and Teigsisempnitsclkpeesfilatsée
requirements of t he soft war e, wi t h f ocus on
di ssertation. This is evaluated in Section

2.SoftwareThdeesfiganus is to develop a technical

software architecture from the given require

often takes place in two steps: 1) Gl,obal de

and 2) Detailed Design, where the individual
This is detailed in Section 6. 3.

3.l mpl emenTthaits oprocess includes i mplementation
di fferent code artifacts. This also includes
artifacts. An overview of the different artif

4 Eval udthiesnistep is focused on evaluating the
fulfill ment of the requirements and the outopl
section 6. 4, while the produced results are

Since the aim of the developed information system is strongly tied to the obtention of the dissertation

goals, publishing and deployment are not included in the development.

6.2. General analysis and requirements specifications

This section serves as a foundation for the development of the required artifacts for the obtainment of
the results of this dissertation. The general requirements for the developed information system arise

from the research objectives and thus must belolexe from there.

6.2.1. Functional requirements

[RJ14] presents a general structure for the definition of system requirefégise 6-3). These are

developed on the desired capabilities of the system and arise from the general workflow of an LCA
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oriented towards the competition of the thesis objectives described in Chdfitprré.6-4 details the

link between these functionalities and the obtainments of the research goals. These requirements are:

FR1IAut omaThensystem must be able to automati c:
i nventories fr ecodMMastcareieanlisngamdh dcrBaddtle product
background process.

FR2Gr anul @ahet pystem must be able to bui mo d -
considering parts, components, devices syst

FR3l.ndi cdAhersystem must al/l the creati of ¢

FR4Dat a QU aki system must incorporate data qual:@
data and include data quality calculations.

FR5Scofdde system must be abl to build recycli
factors, and product composition.

FR6Results EVhée usysbam must perform LCI cal cu
assessment results in an accessible format
FR7Exper i mefdthat isoynst em must all ow parametri zat

uncertainty modelling.
must -
allow the .

should - Object Process

will be able to

Fig68&emplate for funcBoopR&k4]requirements
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6.2.2. Non-functional requirements:

Non-Functional requirements are bound to the qualities, to the attributes, and to the limitations of the

designed system. These are mostly derived from the constraints of this research. Such desired

requirements are:

T Sc
re
pr

- Up
an

i Pr
St
ar

I Pe
re
| a

T Us

ma

al abrihlei tsyystem should be able to build an

gardl ess of si ze. Databases must be abl e
oduct s.

dat e arthiel istyys;t em must allow an update of ind
d on allocation factors.

i vabg: data inventoried must be anonymized,

ored without description of the process cl
chitecture.

rfor@aveae: the complexity of the models and
asonable computation time is to be expecte
st | onger than 24h are undesired.

abiWhern : pos sciobnineer cnan tools are to be wuse

Ximizing usability and replicability.

6.2.3. Related work

This subsection provides an overview of some software solutions developed to close similar gaps. LCA

software and tools that include LCA software as part of an evaluation of products are reviewed. The

goal is to find similar tools and study their limitat®oand contributions to further the development of

the system.

6. 2.80flt ware for LCA

There are different commercial applications for conducting LCA. The basic function of these software

tools is to determine energy and mass balances on a model representing a product process and allocate

energy and mass flows to calculate inventories andt@rmmental impacts. These software packages

have as their main components the databases used and the internal applications for model building and

for impact calculations. Software tools may work with one or more databases. Some software solutions

are offeed with proprietary databas¢®©JP14]conducted an evaluation of available software for LCA,

and focused on three tools that were chosen due to their widespread application: GaBi, SimaPro, and

openLCA.
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Table 6-1 presents a summary of the characteristics evaluated. Based on this analysis, openLCA is
chosen as the tool for modelling in this dissertation. The main advantage is the openness of its source

code, which is key for automation of model building and creaifdnventories.

TabBleFeatures of the most used software for LCA.

Features GaBi Si maPro openLCA
LCI DatabéegeGabi, ecoitEcoinvent, US Not includ
Uncertamaalny Monte Carl (Monte Carlo Monte Carl
Datgaal i ty |[No N o Yes
Reporting Seelitor eGraphical, ex Graphical
Resul ts Mul tiple I trMultlippdiecator sMultiple |
License Commercial Commerci al Open
Parametri zDynamic As factor As factor

6. 2.BL®M.and LCA

Within construction projects, Building Information Modeling (BIM) is a digital tool that involves
creating and managing a 3D virtual model of a building. This model includes geometrical and physical
properties of the building. The digitization of the desfyocess through the use of BIM, and the need

for the inclusion of environmental considerations, called for the creation of tools that allow exchange of
information between BIM software and LCA softwd®wD19]. This takes the advantage that BIM
models provide structured data on material composjédii4]. Current commercial LCA tools are
limited in that they do not offer many possibilities of integrating inventorization with external
information systems. For these reasons, several solutions for exchanging inventory information have
been built.

There are several approaches to integrating these tools. In one of the most common appmiiches, a
of-Materials (BoM) is exported from a BIM tool as a spreadsheet. The BoM is then imported into the
LCA software, where the model environmental assessment is conducted. A disadvantage is that the LCA
practitioner must manually link the different compats (with their quantities) to predefined LCA
profiles available in the LCA database or create new LCA profiles. Calculation and visualization are
done withinthe LCA software. Another disadvantage is that any change in the BIM model usually means

restarting the process, so parametrization is usually diffEigure 6-5).

I n a second approach, the BIM model i's i mported
specific open exchange format is needed. The imported data includes, for example, geometric
parameters, so that material quantities (surfaces, volumes, caasge determined. It may include

material specifications as well. Based on these imported data, the LCA practitioner must link the
building components not already specified to predefined LCA profiles. Calculations and results analysis

are performed withithe LCA software.
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Another novel approach is including impacts of specific profiles within a BIM software. This includes
specific values of embodied impacts for varied materials, which can be directly assigned while
constructing the BIM model. The results are summed up watesideration of the reference service

life of the individual components, and can be summed directly in the BIM appli¢ktii&i20]. This

solution is present in packages such as SolidWorks Sustainability.

S —
E XLS »| Billol E IFG ||
qll-llﬂlUC§
—=—==

BIM Software Dedicated LCA Softwarce LCA results BIM Softwarce Dedicated LCA Software LCAresults

Fig6bsBI M strategies for LCWB19Bource: Modified from

Limitations of these methodologies come from the limited databases that exist for representing a
particular product, and on the need of linking a concrete material to a specific product. Thus, a lack of
structure on the data is always present. Moreoveliptpacts of aspects such as transportation are often

neglected or must be manually included. If only the building stage is considered, use phase is then
omitted, thus decoupling the environmental performance of buildings as an aspect of sustainability.

Lastly, EoL strategies are completely overlooked.

Key advantages of these processes are a reduction of time needed on tasks such as inventorization, and

on manual entry of data. When including embodied impacts of materials on the BIM software, a quick

first assessment of impacts, such as emissions, caasbg obtained.

Further potential for development of the integration of LCA in BIM suggested in literature are:

f Organization of the BIM inventory according
schemes, reference products)
Structuring -ebmmenéest andi eubrchically with

Linking of BIM elements and quantities with

(replacement, disposal, recycling)

T A parametric approach for setting up the LCI A

changes.

6. 2.W®ekhased tool s

Web based tools present an interface that allows connecting users with large scale databases and hosted

software applications for conducting LCA. These tools pressovisualization of results. These tools
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can be used with relative ease and are based on inventories that need to be coupled with specific product
databases. Software packages such as Antelope allow publishing and analysis of life cycle models
[BS15]. Brightway?2 is an opesource framework for LCA written in python that allows users to apply
opensource graphing libraries to create visualizatijpisl7]. SimaPro Collect is a welliased platform

for sharing and uploading LCA models and performing scenario anfiR23]

While these tools have the advantages of being widely avaitablgoffer poor customization and are
limited on the capacities required for this study. However, visual representation are useful tools that will
be implemented for data analysis.

6. 2. Batdabases for LCA

Since the goal is working with an opeaurce calculation engine, the databases are selected in a format
compatible with openLCA. This software uses a specific format for its databases, which converts various
LCA data formats (such as ecospold) and alltmaccess the database through the openLCA API. This
allows creating and saving flows, process, and product systems that represent the data center and its
components. Through the product input/output structure, it is then possible to build productsessl pro
chains while keeping granularity, thus enabling the identification of hot spots through the analysis of
contribution trees. Additionally, databases of impact indicators and characterization factors can be
exported, edited, and imported. This allowsating and updating indicator values for impact assessment

calculations.

The benefit of having an API to create product systems is that the models can be created, updated, and
interconnected using data from separate databases. Databases containing BoMs, material criticality,
recycling ratios, recycling inventories, and othdoimation required for the evaluation of data center
components can be separately stored. Additionally, the results can be fetched, and the values stored in
databases or in separate files (such as CSV). This makes possible the automation of creatitateand up

of models, and of saving and postprocessing of results as well.

6.3. System design

This section details the design of the components of the system and their interaction. The global system
design defines the software architecture , and the detail design specifies individual subsystem within the

architecture.

6.3.1. Global software architecture design

The software architecture describes the structures of the software system using architectural building

blocks and their relationships and interactions with one another, and their physical distfBadtibjh
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Various reference architectures patterns exist that align with different requirements to satisfy functional

and quality attributes. The decision on this pattern is mate to satisfy these qikditiels

Several aspects drive the choice of an architecture for the information system for thi§ikahg.
conducted a study where different architectures were surveyed within software developers.
Functionality, technology constraints, and quality are key aspects for selecting an architecture, with
functionality at the forefront. Moreover, within the Acaderaied Education sectdial8] found that
usability and modifiability are key factors on deciding for an architectural pattern. From the architectural
patterns analyzed, the mdiier pattern was found to align better with the objectives of this work. This

is due to its simplicity, mdularity, the interoperability of the components, and the possibility of having
separated databases that keep their integrity and limit their aticissa.scalablesolution, and it is

highly maintainable since the applications, databases, and visioalizainponents are separated.

Each tier of this architecture pattern has a specific role and responsibility within the application. A
featureof a multitier architecture pattern is theeparation of concernamong componentsVhile

closed tiers ease isolation and help modular changes, there are times when it makes sense for certain
tiers to be open, for example, if content of a database wants to be directly stiguwe 6-7). Some

reported disadvantages are that the system may be difficult to build, separated entities for databases and
applications need to be built (usually separated servers)gaod knowledge of objedriented

concepts is needed for the development.

Several versions of this architecture exist, with the easiest one presenting thr@mgdisr deals with

the presentation part of the system (user and system interfaces), another handles the business logic, being
the core of the system, and the last tier takes on the data s{@e@@] This structure can be further

split to gain granularity and better structuring of the system. Since a User Interface is out of scope, the

system is presented in five different subsystems, explained in the sectionsKigloe 6-6).
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6. 3.Mhatlabase tier

This tier handles storing and managing the data used by the other tiers. This includes collected data,

generated data, models, and downstream LCA process. Included in this tier must be:

Rel ati onal databases handling products invent
Databases for material criticality.
Databases for recycling process data (rates,

LCA Databases.

Results dat abases.

= =4 -4 -4 A -2

LCI A Databases (simplified versions of input ¢

The database tier structure ensures that data is properly split and is available to other tiers. It will also

ensure that the data is secure and available to the other tiers when needed.

6. 3.PeR2si stence tier

This tierhandles collecting, processing, and managing data related to the life cycle of a prasluct. It
used to connect the application tier to the databases or data source. It has methods which are used to
perform operations on database like insert, delete, update, and similar. This tier has stored procedures
which are used to query databases. Henedakier sets up a connection with the database and performs

functions on the database. It can also create data (such as CSV files) to store other modelling results.

6. 3.Domain model tier

This tier has as its main function to build specific flows, process, and product systems associated with
LCA using the openLCA API. It has several applications to collect data from exchanges (inputs and
outputs), reference processes, and inventories dbésis used to build LCA models which contain the
required input, outputs, reference process, process providers, data quality schemes, uncertainty values,
parameter factors, and other data required for calculations. It uses the persistence tier to access
information on different models, can store these models, and the results of the calculations as LCI

models.

6. 3. Calbcul ation tier

This tier handles performing the LCIA calculations based on the data and models created by the data
management and model creation tier, and on the impact calculations methods specified (predefined or
created). This involves using the openLCA calculatiagimto calculate direct impact assessments to
perform environmental impact calculations for assessing material and energy resource needs and
performing experiments on models such as sensitivity analysis and Monte Carlo simulations of specific

products angbrocesses. Existing data centers of varied sizes can thus be mapped more easily via the
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modular structure The possibility of scripting these modeling processes in openLCA enables the various
steps to be automated, so that the entire inventory of a data center can be analyzed for each part,

component, device, or system without manual inteigant

Additionally, to gather information on components content, total flow requirements of components and
of material flows can be assessed, so total results and total contents available for recovery can also be

indicated. This is useful to assess urban mipioigntial.

6. 3. ReSuantasl yts &6

This tier handles analyzing the results of the LCA calculations and presenting them to be interpreted
accordingly. The visualizations are to be developed using common data analytics methods -and open
source packages. The goal of the visualizations is tweanthe research questions, so the results
presented must be oriented towards giving insight on these points. This requires crestitintzable
reports, graphs, or charts to display the results of the LCA calculations. This also involves statistical
analsis of results and obtaining insights on the results of the experiments conducted.

6.3.2. Detail design and component structure

This section details the components of each tier and specifies the interaction between them.

6. 3.Ratlabases

The first step for creating databases is to systematize the information obtained during this dissertation.
The data is cleaned and stored in SQL databases, which provide the required structure so that it can be

easily accessed, created, or modified viaigge Following databases must then be created:

T Materi al process data is gathered on raw mat
criticality values. This data is stored in a
1 Data on data center inventories is stored is
composition, pieces composition, devices BoM,
of this data also allows for memacer efsaurl tsaygi
cal cul ati ons, since the results can be | inkec
f Data on materi al recovery, recovery fraction:
coll ection and recovery ratios are also stor e
T The ecoinvent 3.4 database is stored separate
and decompressed. This database has been alt

processes for raw materials thate wlerteababeer
Considerabl e changes were made to include cri
database serves as base for creating the di

systems needed to buildatthBingG8el s required
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6. 3.ReRsi stence tier objects

This tier has as objective to access the databases and separate them from the rest of applications. These
consist of SQL Data Access Objects (DAO) for SQL and for the environmental datdtigaes §-9).

T For SQL databases, SQLite extensions are usecd

T For environment al dat abases, the openLCA API
speci fied by name.

f For XML data, python packages to read and wri

T For CSV data, python, and joavear wraictkea gfeisl etso arre
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6. 3.Mo@dUi |l ding Component s

Several classes and methods are required to perform specific tasks regarding model building. Following

items are then contained in this tier:

T Category ubsuinlgditnhge di sti nct l evel s of di sagg
(data center, systems, devEoks, components, g
T FIl ow buFRordienagcch product, a reference flow wit
uses information such as category and referer

T Process Wsuiingdiinng;:or mati on on reference produc
from the BoM databases. I nformation on data

al so given here.

T Product sysUemnbui hfiongmati on on process, a m
built and interconnected with the correspondi
T I mpact clastienggoriynif or mati on on existing indicat

factor s.

Scripts for creating all the required categories, flows, process, and product systems are also included for
automation of the construction of the model database. Utility functions to access information in the
databases are also included. &hare, e.g., wipe database, create all products in a category, fetch
process list, fetch exchanges list, amongst ottregsi(e 6-10).

Extra classes to temporarily store the information areddseloped These serve as a bridge between

the information obtained from the SQL databases with inventory info and the environmental databases.
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6. 3.Qalbcul ation tier

This tier is built around calculating the impacts of a specific product, which can be called by its name
or by its identificationfigure 6-11). The system needs to firstly get information on the existing product
systems, select the specific product system from the environmental database, select a calculation method
(a detailed calculation is selected), impact categories, perform calculatiompants, and save the

results in a database. For the calculation, the openLCA calculation engine is used.
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A simplified inventory (without a process product chain) is also calculated and is stored. This
anonymized version contains only elementary inputs and outputs and can be used later for quick

evaluation of environmental impacts. These inventories are sateel environmental database.

Results saved include total impact by category, total material flow required, and total flow of reference
products, such as mainboards or CPUs. This allows an inventory of different granularity at higher levels,
which then can be evaluated for recyclingleration. If all the products or a list of products are to be

calculated, a list is obtained from the SQL databases.

Additionally, for selected processes, sensitivity studies need to be conducted by varying one or more
parameters. Monte Carlo simulations must be conducted for products. Due to time constraints, only
selected products with the highest impacts on matertheaergy demand are considered. This requires

a specified number of runs and writing of the results in separated CSV files.
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Since the calculation of recycling potential needs first evaluation on content of components for

recycling, theEoL models are built after the calculations on data center components and systems take

place. The recovery models are built then as an intermediate step. Recovery potential using different

material recovery strategies is evaluated for components, devicedatndenters. This also allows

various levels of detail within the urban mining potential. Results are written in the databases using the

persistence layer to get data models.

6. 3. ReSuantasl yts &6

This section is composed of scripts and methods that automate the evaluation of results based on the

research questionEifure 6-12). Results required include:
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Since the results are calculated and stored in SQL databases and in CSV files, the analysis is done using

the persistence layer to access the previously mentioned data. Results are saved either as tables or visual

representations of the data. Data is aredly using opesource analysis tools or custonmade

applicationsFigure 6-12 details the application of these analysis to achieve the research goals.

6.4. Implementation

This section provides a summary of the different objects developed specifically for the construction of

the system. The goal is to present an overview of the internal structure of the different components

developed during the implementation of this system.
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6.4.1. Databases

SQL was chosen to store information on materials, data center inventories, recovery processes

information, and results. SQL offers key advantages such as speed in queries, stability, and integrity of

the databases. The use of structured queries makessibjgoto save results in an organized way for

posterior analysis.

Figure 6-13shows one example for the Materials Database. This contains the necessary information on

materials which serve as input in the LCIA for said materials. Information on embodied impacts of these

materials is also included. This allows structuring the infdiom so it can be used for posterior analysis.

Data such as material symbol (for indexing), physical and economic allocation (for mining processes

with multiple outputs), material category (such as precious metals, base metals, ferrous metals), and

criticality factors are here stored.

The inventory data of data center components is also stored in the databases. As an example, the

inventories for the devices are stored by saving the obtained BoM in structuredRajles §-14). A

device can then contain specific quantities of reference modules, reference components, and specific

inputs from the ecoinvent database (specified by name).
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Theinventories of data centers are also saved using structured tgle® 6-15). The subdivision in

systems, devices, modules, amnponents allows retaining the required granularity in the analysis.

( ERD)
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FigétBData center inventories ERD.

Recycling and recovery information is stored using a similar appréaghré 6-16). The information
on recycling models contains data on inputs and outputs of recycling processes (exchanges), materials

content on components and modules, recovery rates.
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Fig6terRecycling database ERD.

The results database is developed with the help of the tables with list of the different levels of
components of a datacenter, from materials, components, modules, devices, systems, data centers, and
recycling of different productsF{gure 6-17). This uses a list with the required indicators that are

selected for evaluation.
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The ecoinvent database is directly imported using the openLCA interface and saved separately. This
database needs modification for inclusionsef/eral processes which are initially absent from the

database, which needed to be created first manually.

6.4.2. Persistence layer

Since the native development of openLCA is done in Java, this was chosen as the language to develop
the persistence layers to access the SQLite databases and environmental databases for creation of
product systems and for writing and saving of results filvencalculations of environmental impacts.

The openLCA modules can be imported directly from the .jar packages downloaded from their website
[Gr21].

DAO objects for the SQLite databases are created using dhei-fj @ b c . 3. 3 @lugin. GBSV
databases are created and accessed througtptieen ¢ s \plaigine The ecoinvent database is accessed

throughtheor g. openl c packager e

Figure 6-18 shows an example of the SQL DAO clagso(n n e c ) 8if) lsome utility functions
created for querying the SQL databases. The database is accessed by its filename name. A connection

object 6 g | . Co n n ¢)dstcieated by the DAO and can be used by the util functions to perform

queries for reading, writing, deleting, and updating information.



136

4 FunctionsSQL
+FunctionsSQL()
+checkConsistency(conn : Connection) : void

+getUpdateQueries() : List<String>

+addLog(eM : String[], conn : Connection) : void

+addLog(eM : String5, conn : Connection) : void

+getList(conn : Connection, column : Strings, tableName : Strings) : List<String> —]
+getListFilter(conn : Connection, column : String4, columnFilter : String4, value : String4,...
+getProcessDataByID(ID : int, conn : Connection) : List util
+getAllProcessData(conn : Connection) : List<ProcessData>
+getAllRecoveryData(conn : Connection) : List<ProcessData>
+getProcessDataByCat{conn : Connection, cat : int) : List<ProcessData>
+getUniqueList(conn : Connection, column : String, tableName : String) : List<String>

List
S ] N
1 sql
1
: Connection
)
e GLEEEEEE LR PP EPEEEErE >
: 7777777 = ConnectSQL
: Strings +main(args : String[]) : void
| > +connect(dbName : String3) : Connection
+connect(folder : String2, dbName : String2) : Connection

Fig6t@ 1 ass structure for reading SQL databases.

Figure 6-19 shows the connection with the environmental database. The connection is achieved using
the database name as a string, which is passed to create a database object using the
ol ca. cor e. daackabge Seweral helper functions are also built, which can find specific objects
such categories or model types using information obtained by reading the SQL database. This achieves

a connection between the information on the SQL databases and themevital processes database.

a FunctionsZolca

+FunctionsZolca()

+generateDescription(db : |IDatabase) : String2

+findCategory(catID : int, conn : Connection, db : |Database, modelType : ModelType) : Category
-getSubcategoriesList(conn : Connection) : Map<String. String>

+findProperty(unit : String. db : IDatabase) : FlowProperty

a ConnectSQL '
+main(args : Stringf]) : void

+connect{dbName : String3) : Connection
+connect(folder : String2, dbName : String2) : Connection

"

a ConnectDBZolca
+connectDB(dbName : String) : IDatabase

1 1
! !
! !
1 1
1 1
1 1
! !
! !
1 1 !
- ‘ V
I
1 1 Stri
sql 4 Connection l l : fing
1 1
. 1 1 :
! !
® P [
1 1
1 1 IDataba: database
! ! atabase T
1 1 core
! ! @
1 1
1 1
1 \|/ —]
. |_ModelType o
X mode
1

Category

Fig6teCl ass structure for connecting to the environmental

6.4.3. Model building layer

This layer is constructed to build specific flows, processes, and product systems using the information
stored in the SQL databases and linking that information to the environmental dafdpase6-20
presents a schematic for the creation of flows. For each product specified, a flow needs to be created, so

it can be used as reference for process exchanges. The basic information of the flow (ID, name, unit,
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reference amount) is first stored ina dataclads § s s e s . Pr o c)dulswitha infarmation read
from the BoM database obtained through the SQL DAO ctagsl(. C o n n g).cThi$ infarmation is
sent for building a flow objectc(or e . mo d e | wikhindhe)environmental database (accessed
through the openLCA DAO class pr e. dat abas e . |I.Dhetflavw abgeet)is stored in the

environmental database within the proper category.

Fige62eCl ass structure for the creation of flows in the envi

Figure 6-21 details the class structure for creating a process. For each process, there is a reference flow,
created as specified Figure 6-20. With use of a SQL DAGs(q | . C o n n €),adata @enrthe reference
quantities and on the exchange€l(asses. P} dsc esed to create a Process object
(core. model . Pr ot@ e she inserted in the environmental database
(core. dat abase.) Dheseagracasses are used later to create a chain of processes as
product systems, which are later autocompleted and stored for posterior calculation of environmental

impacts.

6.4.4. Calculation tier

This tier contains several classes for calculation of environmental impacts. At its core is the openLCA
calculation enginec(or e. mat h. SystemCal cul at ¢ Thixpatckage isased withl |
different setup configurations to obtaime contribution results as an object containing the data on the

calculation outputsc(or e. resul ts. Contri)buti onResult















































































































































































































