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Abstract

Abstract

Purpose

This study evaluates and compares various building design standards to determine
which leads to the lowest life cycle emissions. By examining different energy standards
and design choices, this research provides insights into sustainable building practices
that minimise environmental impact throughout a building's life cycle.

Methodology

The research methodology involves a comprehensive Life Cycle Assessment for a case
study building and different variants. The LCA was conducted by using the software
eLCA. Building energy simulations were conducted to assess the impact of the design
decisions on the operational emissions. The simulation software Rhino and Honeybee
were used. Furthermore, the variants were analysed under various scenarios to
compare their life cycle emissions if the system boundaries of the LCA are expanded.

Findings

No clear energy standard can be singled out as the best-performing energy standard as
it highly depends on the system boundaries chosen and the actual energy demand that
has to be covered by the on-site energy production. However, the results highly depend
on the chosen system boundaries. Furthermore, changing to sustainable building
materials results in higher energy demand but does not automatically lower the LCE of
a building. Nonetheless, two key findings concerning design decisions could be
identified:

1) All scenarios showed that the amount of insulation materials used in the base case
to reduce the energy losses of the building was too much as a lower energy performance
can potentially produce less LCE. Highlighting that when evaluating the performance of
a building, embodied emissions should also be considered.

2) The analysis showed that the full potential of onsite energy production should be
harnessed as all variants with the same energy demand performed better the more PV
modules were installed.

Keywords:

Embodied emissions, life cycle emissions, design standards, life cycle assessment,
energy simulation, operational emissions, sustainable building, and energy-efficient
design.
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List of Abbreviations

BNB Bewehrtungssystem nachhaltiges Bauen (Assessment system for
sustainable construction)

BEM Building energy model

BES Building energy simulation

BREEAM Building Research Establishment Environmental Assessment
Methodology

CG Cost group

DGNB Deutsche Gesellschaft fir Nachhaltiges Bauen (German Association for
Sustainable Building)

EC Embodied carbon

EnEV Energieeinsparverordnung (Energy Saving Ordinance)

EPBD Energy Performance of Building Directive

EPD Environmental Product Declaration

EPG Energy performance gap

EPS Expanded polystyrene foam

GEG Gebéaude Energie Gesetz (German Building Energy Act)

GHG Greenhouse gas emissions

GWP Global warming potential

HB Honeybee

HVAC Heating, ventilation, and air conditioning systems

ISO International Organization for Standardization

Kfw Kreditanstalt fir Wiederaufbau (German Credit Institute for
Reconstruction)

LCA Life cycle assessment

LCE Life cycle emissions

LCI Life cycle inventory

LCIA Life cycle impact assessment

LEED Leadership in Energy and Environmental Design

NZEB Nearly zero energy building

oC Operational carbon

PV Photo -Voltaic

PCR Product category rules
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QNG Qualitatssiegel Nachhaltiges Gebaude (Quality seal for sustainable
buildings)

QSS Quasi-steady-state building energy simulations

SCC Social cost of carbon
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Glossary

Embodied emissions
Total greenhouse gas emissions produced during the manufacturing, transportation,
installation, maintenance, and disposal of building materials.

Energy performance gap

The difference between the expected energy performance of a building (based
on design specifications) and the actual energy performance observed during
operation.

Energy standard

Regulations or guidelines that specify the minimum energy performance
requirements for buildings or appliances to ensure energy efficiency and
reduce consumption.

Final energy demand

The amount of energy consumed directly by a building for its operation, including
heating, cooling, lighting, and powering appliances. This measure reflects the energy
that is actually delivered to and used within the building, excluding any energy lost
during generation, conversion, or distribution.

Functional Unit
A quantified description of the performance of a product system for use as a reference
unit in a life cycle assessment (LCA).

Greenhouse gas emissions

Emissions of gases that trap heat in the atmosphere, contributing to global warming
and climate change. Examples include carbon dioxide (CO,), methane (CH,), and
nitrous oxide (N,O).

HVAC
Heating, ventilation and air conditioning building equipments used to regulate the
indoor climate of buldings.

LCA
A systematic analysis of the environmental impacts of a product, process, or service
throughout its entire life cycle, from raw material extraction to disposal.

Life cycle emissions
Total greenhouse gas emissions associated with a product or process over its entire
life cycle, including production, use, and disposal stages.

LCI
A phase of life cycle assessment involving the compilation and quantification of inputs
and outputs for a product system throughout its life cycle.

Operational emissions

Greenhouse gas emissions resulting from the use phase of a building or product,
primarily from energy consumption for heating, cooling, lighting, and equipment
operation.



Glossary

Primary energy demand

The total amount of energy required to meet the energy needs of a building, including
heating, cooling, lighting, and other operational energy uses. It encompasses all
upstream energy inputs needed to generate and supply this energy, considering
extraction, conversion, and distribution losses.

PV-module
Photovoltaic module, a component of solar panels that converts sunlight into
electricity.

Thermal Transmittance
The rate at which heat passes through a material or building component, also known
as U-value. Lower values indicate better insulation properties.

Time value of carbon

Concept that emphasizes the importance of the timing of carbon emissions reductions,
recognizing that earlier reductions have a greater impact on mitigating climate change
than later reductions.






Introduction

1 Introduction

1.1 Background and Motivation

In their building sector report, the UN once again highlights the enormous impact of the
industry on the environment. At least 37% of global greenhouse gas emissions (GHG)
can be allocated to processes in the building industry for construction, operation, and
demolition (UNEP, 2023). Similar shares in emissions can be observed in the EU (36%)
and Germany (40%) (BBSR, 2020; European Commission, 2020). Therefore, the
building sector must play a key role in reducing these environmental impacts on our way
to a more sustainable future. The European Commission issued the Energy
Performance of Building Directive (EPBD) as a step toward a sustainable building
sector. The updated directive requires that all new buildings in EU countries be
designated as nearly zero energy buildings (NZEB). NZEBs require almost no energy
during the operational stage of a building, and most of this energy is covered by
renewable sources. From 2027 onwards, the directive will become even stricter as new
buildings must reach a zero-energy building standard. These buildings will then require
even less energy, with the remaining deficient energy needed to be fully covered by
renewable sources. (European Commission, n.d [2021] This operational energy-efficient
first principle may currently be the right approach as a majority of the energy emitted
stems from the operational stage (Marzouk & Elshaboury, 2022). The UN estimates that
of the sector's emissions, 75% are solely for operating the building. However, in the
scientific literature, considering both embodied and operational emissions and weighing
off between them receives growing attention as the focus on reducing the operational
efficiency of a building entails larger quantities of building material and technical
equipment. This sole focus on reducing operational emissions (OE) might increase the
life cycle emissions (LCE) if the holistic view is lost (Marzouk & Elshaboury, 2022), which
in turn would lead to the loss of the initial purpose of the EPBD, reducing the emissions
of the building sector.

1.2 Purpose and Goals

Therefore, this master’'s thesis will answer the following research question: Which
building energy standard and design decisions, accounting for embodied and
operational emissions, offer the most effective pathway toward sustainable construction
in non-residential buildings? The following hypotheses will be examined on the example
of a school building in Germany:

1) Anoverall lower energy standard, e.g., passive house, could reach better energy
and carbon emissions performance over a 50-year life cycle.

2) A focus on sustainable building materials for the hull, like wood fibres or straw,
can reduce the overall LCE while the share of operational emissions increases
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3) The results vary depending on the following system boundaries:
a. inclusion of Module D - benefits and loads beyond the system boundary in
the life cycle assessment (LCA)
b. inclusion of a decarbonising energy mix
c. weighing of future carbon emissions

To answer these questions and to validate the hypothesis, the thesis focuses on the
major renovation of a school building in Stuttgart, Germany. The main renovation goal
was to reduce the operational energy demand of the building to a minimum and produce
enough energy on-site using solar panels on the roof and the facade so that the school
would produce more energy over a year than it needs. The designers employed many
energy-intensive renovation techniques for the heating, ventilation, air conditioning
systems (HVAC), and hull to reach low energy demand during operation. (Wenger,
2018) However, based on the research, whether this refurbishment method is truly the
most sustainable option is questionable. Therefore, energy simulations of the case study
and the variants, in combination with quantifying the embodied emissions during the
construction, will evaluate whether better design options could have yielded lower life
cycle emissions.

To provide an overview, the following is a breakdown of the thesis structure: In Chapter
2, the theoretical background to asses LCE is explained by first defining LCE,
highlighting the impact energy standards and design decisions can have on the LCE
and introducing the methodology to asses potential environmental emissions: Life-
Cycle- Assessment (LCA). Chapter 3 introduces the design decisions of the case study
and how these are varied. Furthermore, the system boundaries of the LCA and the
energy simulation are defined. Chapter 4 describes how the introduced methodology is
applied to the case study and the variants. In Chapter 5, the results of the variant study
are shown and discussed. Several limitations and future fields of research are shown in
Chapter 6. Lastly, the research questions are answered, and the hypotheses are proven
or unproven.



Theoretical Background of Life Cycle Emissions and how design standards influence
them

2 Theoretical Background of
Life Cycle Emissions and how
design standards influence them

This chapter outlines the theoretical background of assessing a building's LCE. Different
design standards and the corresponding design decisions that influence the operational
performance of a building are examined. Furthermore, the current standards for Life
cycle assessment and energy simulation in the building industry are presented. Lastly,
two concepts regarding the dynamic development emissions in the future and how these
can be accounted for are introduced.

2.1 Desing decisions and energy standards
influencing the life cycle emissions

2.1.1 Life cycle emissions

From a cradle-to-grave perspective, the life cycle of a building consists of four different
phases: A — Building construction, B — Operation, C — Demolition, and D - Recycling (cf.
Figure 2-5). The sum of greenhouse gas emissions (GHG) emitted during the life cycle
of a building is called life cycle emissions (LCE). These can be divided into operational
emissions (OE) and embodied emissions (EE). OE are emitted in phase B during the
building's operation through electricity, heating and cooling energy, and the burning of
fossil fuels. (Liang et al., 2022)

In the literature, EE refers to all GHG associated with producing and using a material or
product. It includes two main parts. First, the fuel-related emissions. These GHGs are
released when fuel is burned to make or transport the material to the fabrication plant
and the construction site. It does not count the energy already in the material itself.
Secondly, the process-related carbon emissions. These emissions occur during
manufacturing but do not stem from burning fuel. For example, during the calcination of
limestone in the cement industry, The EE of a product can, therefore, occur during the
entire life cycle of a building (phases A-D). (Cabeza et al., 2021; Hammond et al., 2011)

In recent years, the literature has highlighted the importance of accounting for EE and
looking beyond the operational efficiency of a building (John Orr et al., 2018; Mahler et
al., 2019). Marzouk and Elshaboury (2022) investigated the increased research activity
in EE. Figure 2-1 shows the increasing number of publications in recent years.
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Figure 2-1: Increases in the research activity of EE in the construction sector. (Marzouk &
Elshaboury, 2022)

Furthermore, it is well established that with regulations like the Energie-
einsparverordnung (Energy Saving Ordinance, EnEV) and Geb&aude Energie Gesetz
(German Building Energy Act, GEG) in Germany or the goal of achieving Net Zero
Emission Building in the EU, the dominance of OE in the life cycle emissions of the
building shifts towards the EE (Azari & Abbasabadi, 2018; John Orr et al., 2018;
Koezjakov et al., 2018; NBBW, 2022). The development of the share of OE and EE of
the LCE of a building is shown in Figure 2-2. Note that the circle's size indicates a

building's LCE.
© Construction
Operation f ( \
® Heating ‘Qi: . &
£ Warm Water " = I
& Electricity
1985 2007 2009 German Energy  Net Zero Energy
2nd thermal insulation energy saving Updated energy Standard KfW-40 Building
ordinance ordinance saving ordinance
(ENEV) (ENEV)

Figure 2-2: Share of operational and embodied emissions for different energy standards
in Germany (translated from NBBW, 2022)

The reasons for this shift are that the energy efficiency of the building hull and technical
equipment has to increase to reduce the OE. In most cases, this goes hand in hand with
increased material and more complex technical equipment, which results in higher EE.
(Koezjakov et al., 2018) So far, this focus on reducing OE has resulted in an overall
decrease in LCE. However, recent studies showed that certain measures to achieve

10
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these high energy-efficient building standards require massive investments into building
materials for the hull and technical building equipment, resulting in high carbon
emissions during construction and higher life cycle emissions. A case study in Norway
showed that finding an equilibrium between EE and OE in residential NZEBs is
impossible in a scenario with a low-carbon electricity grid, and EE becomes more
significant the cleaner the electricity grid is. (Georges et al., 2015) Similar results were
shown in a study on a four kWp photovoltaic system from China that was theoretically
installed across 76 European locations. It revealed that in countries with low annual solar
yield and an already high share of green electricity in the grid, the overall environmental
impact of PV systems might be negative, as seen in Sweden, Iceland, and Norway.
(Martinopoulos, 2020a) Furthermore, a case study of three houses with different energy
standards in Australia showed that if the environmental emissions of future energy mixes
are considered, the share of the environmental emissions stemming from the building
materials increases drastically (Norouzi et al., 2022). Another study showed that upfront
emissions of advanced energy-saving buildings dominate the timeframe for climate
change mitigation and, in a dynamic case with adjusted emissions, outperform the
operational emissions for a timeline of 50 years. Subsequently, the EE must be reduced
if we want to reach the climate goals. In addition, it highlighted the importance of the
temporal distribution of emissions. (Rdck et al., 2020) Lastly, Mahler et al. (2019)
showed that heat recovery systems are only minimally effective in reducing the total
LCE of a building if it is heated with fossil fuels. Furthermore, they showed that a whole-
year self-sufficient building releases more emissions in its entire life cycle than a building
that still relies on energy from the grid.

Reducing emissions during the operational stage makes the EE in the building life cycle
more critical. In addition, measures to reduce OE can lead to higher LCE if a
decarbonised energy grid and too many resources are used to achieve these better
energy standards.

2.1.2 Energy Standards in Germany

Building energy standards represent a legal requirement from legislation, codes, or
artificial definitions to claim a certain title, like a passive house, from the literature. Both,
however, set benchmarks for the energy demand and onsite energy production of a
building and, therefore, influence the design decisions of a building. (Badr et al., 2018)
In Germany, the “Gebaude Energy Gesetz” (Building Energy Directive, GEG) defines
the base energy standard for a new building. In this case, the primary energy demand
for a new building is 55% less than that of a reference building. The reference building
has the same geometry, orientation, usage, and surface areas as the original building.
However, design decisions, like the make-up of the building envelope, follow the
minimum benchmarks defined in the GEG and the DIN V 18599: 2018-09. Besides the
minimum energy performance, the GEG defines a minimum amount of thermal
insulation. (GEG, 2020/10/16/2023) Building on the base energy standard defined by
the GEG, the “Kreditanstalt fir Wiederaufbau” (German Credit Institute for
Reconstruction, KfW) defines benchmark energy standards regarding the primary
energy demand and transmission heat loss in exchange for granting funding for a
sustainable building.

11
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Besides these standards defined by the GEG & KfW, the literature describes the
following energy Standards: passive houses (heating energy demand max. 15 kWh(m?
a), zero-energy buildings (annual end-use energy demand = 0), and plus-energy
buildings (annual final and primary energy demand < 0) (Mahler et al., 2019). Table 1
gives an overview of the different energy standards. Theoretically, a zero-energy
building or an energy-plus building could be reached with all energy standards as long
as the onsite energy production produces enough energy to cover the yearly demand.

Table 1: Established Energy Standards for new buildings in Germany. (GEG,
2020/10/16/2023; Mahler et al., 2019)

Energy Standard

System Boundaries

Requirements

GEG - Base Case

Building energy demand
according to GEG, without

55% less energy demand
than the reference building

and minimum thermal
transmittance
40% less energy demand
and transmission heat loss of
55% than the reference

user electricity demand

KfW - 40 Building energy demand
according to GEG, without

user electricity demand

building
Passive House Building energy demand Heating requirement < 15
according to GEG, with user kWh/(m?**a),
electricity demand Non-renewable primary
energy PE

< 95 kWh/(m? *a)
Annual end-user energy
demand =0

Zero Energy Building Building energy demand
according to GEG, with user
electricity demand
Building energy demand
according to GEG, with user

electricity demand

Plus Energy Building Primary energy demand <0

2.1.3 Design Decisions Influencing Operational
Emissions

As energy standards limit the energy demand in a building, optimised design strategies
are used to reduce operational emissions. Different parameters influence the energy
demand of a building. The literature defines four groups of parameters that influence the
energy demand: the building (form, material and construction), the system (electrical
appliances, HVAC), the occupant (household statistics and energy-related behaviour)
and the context (geometry, urban and local climate). These four areas govern the gains
and losses of a building's external and internal energy sources. (ALI-TAGBA et al., 2024;
Steemers & Yun, 2009) From a design perspective of a single building, only two areas
can be influenced: the building and the system. Table 2 lists an overview of the different
parameters of these groups and links them to how they can influence the energy demand
of a building.

12
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Table 2: Different building design parameters that influence the energy demand.

Parameter

Description

Source

Envelope Materials

The materials used for walls, roofs,
and floors significantly affect thermal

(Granadeiro et al.,
2013; M. Najjar et

insulation and energy demand. al., 2019)
Window-to-Wall Ratio The WWR affects natural lighting, (M. K. Najjar et al.,
(WWR) heating, and cooling loads. 2019; Xu et al.,
2018)

Insulation Thickness

The insulation thickness in walls,
roofs, and floors impacts the
building’s thermal resistance and
energy efficiency.

(Xu et al., 2018)

Thermal
Performance of
Windows

The windows' U-value and solar heat
gain coefficient (SHGC) influence
heat loss and solar gains.

(Jezierski &
Sadowska, 2022)

Building Shape

The shape and compactness of the
building affect its surface area to
volume ratio, influencing heat loss
and gain.

(Granadeiro et al.,
2013)

Orientation

The orientation of the building
determines the exposure to sunlight
and wind, affecting heating and
cooling loads.

(M. Najjar et al.,
2019; Rouleau et
al., 2018)

Natural Ventilation

The design of ventilation systems,

(Heeren et al.,

temperature fluctuations and reduce
energy demand.

including the size and placement of 2015)
openings, affects indoor air quality
and energy demand.

Shading Devices External and internal shading devices (Heidari et al.,
can reduce cooling loads by 2021; Kog &
minimising solar heat gain. Macka Kalfa,

2021)
Building Mass The thermal mass of the building (Heeren et al.,

materials can moderate indoor 2015)

HVAC Systems

The efficiency and design of heating,
ventilation, and air conditioning
(HVAC) systems directly impact the
energy demand for climate control.

(Gravia Pimenta et
al., 2022)

Building Automation
and Control Systems

Effectively designed and accurately
implemented Building Automation
and Control Systems can potentially
decrease energy consumption in
buildings.

(van Thillo et al.,
2022;
Vandenbogaerde
et al., 2023)

On-Site Energy
Production

Integrating renewable energy
systems, such as photovoltaic
panels, can reduce the reliance on
external energy sources and lower
overall energy demand.

(Bot et al., 2019;
Cody et al., 2018)
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Although these measures reduce buildings' energy demand, most entail increased
embodied energy (cf. Chapter 2.1.1). Therefore, the overall LCE have to be assessed
to be able to make the right design decisions.

2.2 Life Cycle Assessment

Life cycle assessment is a method to quantify the potential environmental impacts, such
as GHGs, of products, processes, and services over their entire life cycle. Itis, therefore,
a method to assess the LCE of a building (Hauschild et al., 2018). In this chapter, the
general methodology of LCA is explained, as well as how the methodology is applied in
the building sector.

2.2.1 Life Cycle Assessment Methodology

The International Organisation for Standardisation (ISO) defined a basic framework and
fundamental principles for an LCA in the series ISO 14040 and 1SO 14044 (Cabeza et
al., 2014; Hauschild et al., 2018). Part of this framework is the defined iterative process
consisting of the goal and scope definition, inventory analysis (LCI), impact
assessments (LCIA), and an ongoing interpretation (cf. Figure 2-3) (ISO, 2006).

/_ Life cycle assessment framework \\

Goal and scope
definition

=4

4 N

Direct applications:

- Product development
and improvement

- Strategic planning

- Public policy making

- Marketing

- Other

- /

Inwventory

! Interpretation
analysis

Impact
assessment

N
N J/

Figure 2-3: Stages of an LCA according to the ISO 14040 (ISO, 2006)
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2.2.1.1 Goal and Scope Definition

The goal definition defines and describes the study's purpose and includes the following
six aspects. Hauschild et al. (2018) define these as the following. Firstly, the intended
application of the results of the study. This means, for example, comparing the
environmental impacts of a specific good like regular concrete and recycling concrete.

Secondly, the limitations due to methodological choices are mentioned. LCA results are
limited by the specific scope and choices made during the study; for instance, results
from a global warming potential (GWP) footprint study cannot claim the overall
environmental superiority of a product. Additionally, these limitations should be clearly
outlined in the goal and scope phases of an LCA. In contrast, unforeseen constraints
and assumptions made during later phases need separate documentation within the
LCA report.

Thirdly, the study's reason and the decision's context should be given. Fourth, the target
audience should be mentioned as it shapes the level of detail, technicality of reporting,
and interpretation of study findings. Furthermore, the goal statement should clarify if the
study is comparative and whether it is meant for public disclosure, which, if applicable,
entails following specific rules from the 1SO standards to ensure transparency and
quality.

At last, the commissioner of the study and other influential actors should be mentioned
to showcase if there are potential conflicts of interest in the study.

The scope definition is the second part of the analysis, which has multiple parts. On the
one hand, it defines the reporting and communication of the LCA and sets the boundary
conditions for conducting the LCA. The main goal of defining the scope is to guarantee
and record that the methods, assumptions, and data used are consistent, thus
enhancing the study's reproducibility. Essential parts are the definition of a functional
unit, system boundaries, the representativeness of the LCI, and preparing the basis for
the LCIA. (Hauschild et al., 2018)

A functional unit is a measure in LCA to quantify the performance or function of a product
or system. It answers the following questions: “What?”, “How much?”, “For how long?”,
“Where?” and “How well?”. Furthermore, the system boundaries are defined in it. These
define the boundaries between the assessment, the surrounding economy, and the
environment. For example, in the construction industry in Germany, certain
“Kostengruppen” (cost groups, CG) defined in DIN 276 can be excluded in an LCA of a
building. CG 400 includes all technical building systems. Comparing the results of an
LCA where cost group 400 is or is not included would not be possible. The scope
definition outlines the LCI requirements to ensure data accuracy, which is crucial for the
analysis and interpretation of results. This step addresses crucial constraints like
geographical data representativeness, time-related representativeness, and
technological representativeness. At last, the scope defines which impact categories are
included in the LCIA and why specific categories are not. (Hauschild et al., 2018)

2.2.1.2 Inventory Analysis

The LCI lists all inputs and outputs associated with the entire life cycle of a product or
process. These outputs serve as input for the subsequent LCIA. The LCI includes
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information about energy consumption, material usage, emissions, waste generation,
and other relevant factors. (Hauschild et al., 2018) Technical programs like Simapro,
eLCA, and Athena can support practitioners in creating the LCI and linking the outputs
to the LCIA (Athena Sustainable Materials Institute, 2024; Figl et al., 2017; PRé
Sustainability, 2024).

2.2.1.3 Impact Assessment

Though the method for the LCIA is mainly controlled by the chosen program and the
underlying method, it is important to understand the basic principles. LCIA evaluates the
environmental significance of elementary flows within a product system by examining
their contributions to environmental impacts using impact categories and indicators. This
means that during the LCIA, the outputs, such as emissions, are linked towards a
specific impact category at a midpoint or endpoint, such as GWP (midpoint) or human
health (endpoint). (Hauschild et al., 2018) Midpoint indicators are the preliminary stage
to the endpoint indicators and are problem-oriented, meaning they describe the potential
impact on an environmental category. On the other hand, endpoint indicators are
damage-oriented, depicting the outcomes of adverse environmental effects on humans
and ecosystems. They signify the culmination of a potential series of causes and effects.
However, they come with a downside of increased uncertainty in the findings due to the
involvement of more environmental mechanisms. (Blom et al., 2010) The midpoint
approach is currently favoured as it allows for more reliable assessments
(WeilRenberger, 2016).

To evaluate the impact on these categories, the outputs are characterised to assess the
degree to which they contribute to an impact. For midpoint indicators, the impact is
described in a reference substance; for GWP, this would be kg CO.-equivalents.
(Hauschild et al., 2018) Table 3 gives an overview of the typical impact categories at the
midpoint and their reference substance that are part of LCAs.
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Table 3: Description of frequently used impact categories and assessment parameters
(translated from Goldstein & Rasmussen, 2018; WeilRenberger, 2016)

1973

Impact Category or . . Frequency
Evaluation Abbreviation | Unit Br.lef. Public in LCA
Description | Awareness .
Parameter studies
Measure for
Primary energy energy First oil crisis
content total / non- | PE_total/n.e./e. kWh efficiency (Resource. often
renewable/renewable (M) and the consumption):
depletion of | 1973
resources
kg Influences UN Climate
GIobaI.Warmlng GWP CO,- globa.l Conference: | often
Potential (GWP) warming
eq. . 1992
negatively
Degrades Ban on CFCs
Ozone Depletion kg the in sprays in
. DP FC11- . I
Potential (ODP) © E ¢ stratospheric | the USA: ca. ess
e ozone layer | 1978
Forest
k Causes dieback
Acidification AP S?)Z- acidification (Spiegel less
Potential (AP) of soil and bieg
eq. water article): ca.
1980
Caus.es Phosphate-
— kg nutrient
Eutrophication EP PO4- | enrichment free less
Potential (EP) . detergents:
eq. in waters
. ca. 1990
and soils
Promotes
the .
Photochemical kg formation of f::c?rtw?/l()e/:'lt; law
Ozone Creation POCP C2H4- | tropospheric | . less
Potential (POCP) e ozone in the USA:
a ca. 1975
(summer
smog)
Measure for First oil crisis
Abiotic Depletion kg Sb- (Resource
. . ADP resource . less
Potential (Materials) eq. . consumption):
scarcity
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Optional steps according to the 1ISO norms are normalisation, weighing, and grouping.
(Hauschild et al., 2018) Normalisation involves comparing a measured impact to a
reference value, ensuring all impacts are comparable. Weighing involves multiplying
normalised results of impact categories by a factor reflecting their relative importance.
The weighted results share a common unit and can be summed to yield a single score
representing the overall environmental impact of a product or scenario. The results
depend on the underlying program and methodology for the LCIA. (Iswara et al., 2020)
An overview of the complete LCA process and LCIA method is shown in Figure 2-4.
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+OPERATION PROCESSES RESOURCES
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WASTE ENERGY
Inputs / Emissions Mid-Paint- End-Point-
Outputs Indicators Indicators
INVENTORY IMPACT ASSESSMENT EVALUATION

LIFE CY'CLE ASSESSMENT

Figure 2-4: LCA process and LCIA methods using the example of a building (E. P.
Schneider-Marin, 2022)

2.2.1.4 Interpretation

Interpretation in LCA consolidates and evaluates results while considering data
uncertainties and study assumptions. Its goal is to derive conclusions or
recommendations aligned with the study's objectives and constraints, presenting them
understandably while addressing potential weaknesses. Sensitivity and uncertainty
analyses are central to interpretation and are integrated iteratively throughout the LCA
process. This phase involves three steps: identifying significant issues from previous
phases, assessing robustness, and presenting conclusions. (Hauschild et al., 2018)

2.2.2 LCA in the Building Industry

Since its development, LCA has become one of the most established frameworks for
analysing the environmental impact of building products and entire buildings. This is
highlighted by increased research concerning LCA in the building industry. Anand and
Amor (2017) showed that from 2011 — 2015, the number of buildings-related
publications increased by 300%, and Yilmaz and Seyis (2021) observed a similar
increase from 2015-2021. Furthermore, establishing EU Norms for LCA in the building
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industry confirms this trend. EN 15978 gives ground rules for building LCA, while EN
15804 establishes one for building products. Both norms refine the framework given by
the 1ISO norms and give instructions and rules for conducting an LCA. One example of
this refinement is the establishment of the life cycle phases of buildings and building
products, as seen in Figure 2-5. The product stage (Modules Al to A3) includes the
extraction of raw materials (Al), transportation to the manufacturing site (A2), and the
actual manufacturing processes (A3). The construction process stage (Module A4 - A5)
encompasses the transport to the construction site and the construction/installation of
the building product. The use stage (Modules B1 to B7), the building product's usage,
repair, maintenance, and operational energy and water demand are evaluated. The end-
of-life stage (Modules C1 to C4) covers the deconstruction/demolition of the building
product, transport to waste processing, waste processing itself, and final disposal.
Potential benefits and loads beyond the system boundary can be reported in Modul D.
These are additional environmental impacts related to the reuse, recovery, or recycling
of materials. (Achenbach et al., 2018)

ADDITIONAL
Y
BUILDING LIFE CYCLE INFORMATION
CONSTRUCTION : POTENTIAL
PRODUCT PROCESS USE END OF LIFE BENEFITS & LOADS
M A2 A3 M | A5 B! B2 B3 B4 B5S B6 B7 C1 C2 C3 Cd D
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Figure 2-5: Different Phases of an LCA according to EN 15978. (Giordano et al., 2021)

However, none of these standards explicitly outlines specific conventions or regulations
for building LCASs, such as defining system boundaries, determining the duration of the
study period, or establishing cut-off criteria (E. P. Schneider-Marin, 2022).

Another indicator showcasing the importance of LCA is the implementation of LCA as
part of major sustainable building certifications like Building Research Establishment
Environmental Assessment Method (BREEAM), Deutsche Gesellschaft fir
Nachhaltiges Bauen (DGNB), and Leadership in Energy and Environmental Design
(LEED) (Anand & Amor, 2017). In LEED, credits can be earned to reach a specific
certification level by conducting a whole building LCA and using products with
environmental product declarations (EPD) (U.S. Green Building Council, 2013).
Similarly, the DGNB certification awards points for conducting an LCA and grades the
actual environmental impact of the building compared to a base case. However, this is
only possible as the DGNB defines more detailed rules than the EU norms on how an
LCA should be conducted. This includes, but is not limited to, a defined length of the
study period of 50 years, cut-off criteria, and system boundaries (e.g., included building
parts, including life cycle phases), enabling a comparison of the results between
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buildings and enabling the DGNB to rate the building following predefined benchmarks.
(DGNB, 2023). An overview of further challenges and limitations regarding LCAs can be
found in Chapter 2.2.2.4.

Figure 2-6 gives an overview of areas where LCA is applied in the building industry. For
this paper, the area of EPDs and LCAs for non-residential buildings is essential.

FCA Building Industry

Building Products ( Buildings Built environment

—

Residential Buildings

Figure 2-6: Overview of areas of the building industry where the LCA method is applied
(Goldstein & Rasmussen, 2018; Weil3enberger, 2016)

2.2.2.1 Environmental Product Declarations for Building Products

EPDs are documents that provide quantified environmental data for a product over its
life cycle and are the results of an LCA of parts or the entire life cycle of a product. These
documents are third-party verified and follow specific product category rules (PCR).
These PCRs include information that has to be found in the EPD. (Pichette et al., 2023)
This includes rules that must be met for the LCA of any product in the category to ensure
a comparison between similar products that are part of a PCR. (Gelowitz & McArthur,
2017) Though EPDs do not validate the environmental friendliness of a product, they
enable stakeholders to pinpoint emission-heavy processes in the manufacturing
process of the product or compare two products of the same category, e.g., insulation
materials, and select the one product that is less environmentally harmful (Hauschild et
al., 2018).

In the EU, EPDs for building products follow the norm EN 15804. The most important
parts it governs are which life stages must be included in the analysis, namely A1-A3,
C1-C3, and D, and which impact category must be part of the analysis. Furthermore, it
defines the data quality for the underlying LCA, thereby ensuring transparency and
comparability. In February 2020, the new standard EN 15804+A2 was introduced, and
comprehensive changes were made to impact indicators of EPDs. Table 4 lists the new
impact categories. In general, the old indicators were expanded / diversified.
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(Rasmussen et al., 2021) However, as many EPDs from the old standard are still valid,
understanding the differences is important.

Table 4: Overview of the expanded indicators in EN 15804 (Rasmussen et al., 2021).

Indicators according to EN Indicators according to EN
15804+A1 15804+A2 Units
Global Warming Potential Climate Change Total kg CO2-eq.
Climate Change Fossil kg CO2-eq.
Cllmate_Ch_ange Biogenic Removals kg CO2-eq.
and Emissions
Climate Change Land Use and Land
Use Change kg CO2-eq.
Depletion of Stratospheric Ozone Depletion kg CFC-11-eq.
Ozone
Acidification Acidification kg SO2-eq.
Eutrophication Eutrophication Aquatic Freshwater kg P-eq.
Eutrophication Fresh Marine kg N-eq.
Eutrophication Terrestrial mol N-eq.
Photochemlcal Ozone Photochemical Ozone Formation kg NMVOC-
Formation eq.
Abiotic depletion of Fossil | Abiotic Depletion- Minerals and ka Sb e
(resources) Metals 9 q-
Fossil Fuels MJ
Water Use m3

EPDs are helpful in the construction sector as they function as building blocks, relieving
practitioners of the LCA of a building from the need to detail the manufacturing process
of each building material (E. P. Schneider-Marin, 2022). Generally, EPDs can be
differentiated between generic, average, and specific types. Generic EPDs rely on
publicly available statistics and other literature sources. Average datasets rely on
industry-wide average data, such as the German cement industry, and product-specific
EPDs estimate the environmental impact of a specific product from a specific production
facility or company. (Gantner et al., 2018)

2.2.2.2 System Boundaries for LCA in the Building Industry

Though the norms establish a base framework for an LCA in the building industry, whole-
building LCAs are not part of the current design process as mandated by governmental
rules (E. P. Schneider-Marin, 2022). Therefore, no general system boundaries have
been defined, and the study's authors are responsible for them. In the literature, different
definitions were identified. For the temporal component, mainly the reference study
period, the most common time frames range from 30 — 100 years. WeilRenberger (2016)
analysed 21 case studies and multiple metastudies and found that 43% used a
reference study period of 50 years. Figure 2-7 shows the distribution of all reference
study periods he encountered.
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Figure 2-7: Overview of the reference study periods mainly used in buildings LCA. a=
years, n.l.=no Information (adapted from Weil3enberger, 2016)

Izaola et al. (2022) and E. P. Schneider-Marin (2022) agree with this assessment that
50 years are the most commonly used reference study period but highlight that longer
study periods emphasise the use phase, while shorter periods prioritise the initial and
final phases of a building's life cycle. The selected duration of the study should follow
the objectives and scope, taking into account key features of the building, like its function
and construction quality. Furthermore, Germany's two main certification systems, DGNB
and BNB, use a 50-year reference study period (DGNB, 2023). Building components
also have an estimated lifetime, but these are pre-set in the used program eLCA. These
pre-set service lives of building components are defined by the “Bundesinstitut fir Bau-
, Stadt-und Raumforschung” (Federal Institute for Research on Building, Urban Affairs
and Spatial Development, BBSR) in their published BNB service life of components
document from 2017 (BBSR, 2017).

The spatial system boundaries include the LCA stages, functional units, and
construction components. Izaola et al. (2022) compared the spatial system boundaries
of European building certification programs. Table 5 shows the results of his findings.
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Table 5: Different spatial system boundaries of building certification systems in Europe.
(Izaola et al., 2022)

Building
Certification
Name and Indicator Impact Building
Country Code/Name Stages Categories Elements
Indicators
PE1.4.4,
NF Habitat: RCE4.1, Related to the :
France (HQE) REM2.4.1, N/A indicators Potentially any
DEC1, and
DEC2
VERDE: Spain dzll\loilmlgzgz;t:s AL, A2, A3, A4, | GWP, ADP, AP, | Envelope, inner
(GBCe) A5, B4, C3,C4 | EP, POCP, ODP partitions

de construccion

DGNB-System

Intze(;;gt:cc;r:al BU|Ld|2|geI|fe AL A2, A3, B2,
. y B4, B6, B7, C3, All Impacts All
buildings: assessment c4 D
Germany (ENV1.1) '
(DGNB)
BREEAMNL: |\ AT1: material | AL A2, A3, At least three
The Netherlands specification roduct-based GWP materials
(DGBC) P P
EN:7.0
embodied
HPI: Ireland impacts of Al, A2, A3, A4, EgVF;’rggZ’PA:s: Whole buildin
(IGBC) homes and LCA, A5 » OF % 9
possible
plus exemplary
points

It highlights the differences in spatial system boundaries even though they all are within
the framework of the EU norms. Similar observations for the included stages were
observed in the 21 analysed case studies by Weil3enberger (2016). Though all included
A1-A3, only 76% included Phases B2-B5 and C3-C4. Although the operational energy
demand (Stage B6) was included in all cases, the basis of the calculation differed as
different energy demands were included or excluded, e.g., household electricity
demand. In the DGNB certification system, Phase B6 includes all energy demand that
is part of the German Energy Pass according to the “Gebaudeenergie Gesetz” (German
Building Energy Act, GEG) (DGNB, 2023). Lastly, Module D is only included in one
certification system. The inclusion of Module D in the LCA of buildings is often viewed
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critically due to the uncertainties associated with the end-of-life phase of building
materials. The nature of end-of-life processes is highly uncertain, as the fate of building
materials can vary based on future technological advancements, regulatory changes,
and market conditions. This uncertainty can significantly influence LCA results, making
it difficult to predict the precise environmental impacts of materials post-demolition
(Sandin et al., 2014). Additionally, methodological choices and assumptions, such as
the type of waste treatment (e.g., recycling versus incineration) and selective demolition
practices, can lead to considerable variations in the outcomes of LCAs (Vitale et al.,
2017)

The functional unit for the LCA also differs in the literature. The DGNB and BNB suggest
that besides the reference study period, the functional unit should include the net floor
area in m? defined after DIN 277 (BBSR, 2015b; DGNB, 2023). Generally, geometry-
based functional units are common, but newer publications suggest including user-
centred functional units to highlight the per capita floor area increases in developed
countries (E. P. Schneider-Marin, 2022).

In Germany, building components are structured after their CG as defined in DIN 276.
Table 6 shows the different CGs and their subgroups defined after DIN 276 and whether
they are included after the certification systems BNB (BBSR, 2015a) and DGNB
(DGNB, 2023), and the publications by Kénig (2017), E. P. Schneider-Marin (2022), and
WeilRenberger (2016).

Table 6: Overview of the different CGs included in the LCA Methodologies. CGs marked
with an x/(x) are included / partially included.

BNB DGNB Koénig Schneider- | Weillenberg
Cost Group Cost Sub Group Subgroup Description (2015) (2023) (2017) Marin (2022) (2016)
Building - Construction
310|Excavation
320 | Foundation X X X X X
300 330 Ex!eT\or walls X X 3 X X
340 Interior walls X X X X X
350| Ceilings X X X X X
360|Roofs X X X X X
370|Structural i X
Building - Technical installations
410|Sewage, water and gas systems X X X X X
420|Heating systems X X X X X
430|Air conditioning systems (x) X X X
440|Power installations (x) X X X
400 450 Telecommunications and information technology
systems X X X
460| Conveyor systems (x) X X
470(Usage-specific and process engineering systems X
480|Building and plant automation X
490|Other measures for technical systems
outdoor facilities
500 Building constructions in outdoor areas X
Technical installations in outdoor facilities (x)

Note that in each certification system and publication, the cost sub-groups 310-360 are
included, as well as 410 — 430.

In summary, system boundaries differ across all major certification systems in Germany
and publications, and therefore, a clear trend can not always be identified. Furthermore,
some boundaries must be adjusted to fulfil the goal and scoop definitions of the LCA.
However, a transparent presentation of the system boundaries is crucial for
comprehensibility and, consequently, for the transferability of results.
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2.2.2.3 eLCA & OKOBAUDAT

For this analysis, the software eLCA in version 0.9.7 is used. The BNB developed the
tool to create a free tool that planners could use to conduct an LCA for the sustainable
building certification “Bewertungssystem nachaltiges Bauen” (Assessment system for
sustainable building, BNB). The BNB is a certification program for planning and
evaluating the sustainability of building projects in Germany, generally public buildings.
ELCA helps practitioners link the building's material quantities to EPDs and calculate
the resulting emissions. (Figl et al., 2017)

ELCA accesses the Okobaudat database, which the BBSR also manages. Okobaudat
is the first database that fully complies with the DIN EN 15804 standard. The database
provides EPDs sorted into three categories (A, B, C) to ensure data consistency.
Category A data consists of life cycle assessment data from environmental product
declarations (EPDs) that adhere to DIN EN 15804 standards. These EPDs are part of a
program operating under DIN EN 1SO 14025, with program instructions and product
category rules available to the public and compiled according to DIN EN 15804 and DIN
EN ISO 14025. (Figl et al., 2017)

Category B data, on the other hand, includes verified EPDs or LCA data complying with
EN 15804 but not generated within a DIN EN ISO 14025-compliant EPD program
(Category B1) or not published as part of an EPD (Category B2). Despite this, Category
B data undergoes external verification or critical review similar to Category A data.
Coordination with the OKOBAUDAT Users’ Advisory Group is necessary for submitting
Category B data, ensuring compliance with DIN EN 15804 through external verification
or critical review. (Figl et al., 2017)

Category C data, or "generic datasets," is based on DIN EN 15804 but lacks external
review by an independent third party. This data may include replacement data provided
by OKOBAUDAT for product categories lacking Category A or B data. Safety margins
of 10% to 30% are applied during data generation. The BBSR commissions necessary
generic datasets, and while some datasets are verified internally by the supplier, others
undergo external critical review. Category C data not commissioned by the BBSR is not
included in OKOBAUDAT. (Figl et al., 2017)

The most recent amendment, EN 15804+A2, was published to replace EN 15804+A1.
Impact indicators calculated according to the new standard cannot be compared with
those of the old DIN EN 15804+A1 and should not be used together. Therefore, datasets
compliant with DIN EN 15804+A2 are displayed in a separate OKOBAUDAT database.
However, this change led to complications regarding data availability for many building
products used within this analysis, such as the dataset used, the OBD_2023 | _A2.
(BBSR, 2021)

Though the OKOBAUDAT is one of Europe's leading EPD databases, further
shortcomings have been identified. In the OKOBAUDAT, technological advances for
generic datasets are considered insufficient. On the one hand, this refers to changes in
the background system, like improvements in the electricity mix used to produce a
product. On the other hand, changes in the foreground system (advances in developing
product-specific technologies) can also affect the environmental impact of products. This
includes, for example, a higher efficiency in the production of a product or a significant
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change in production location. A good example of this is the production of photovoltaic
modules. Furthermore, generic datasets for common building materials and HVAC
systems are missing, or only insufficient options are available. (Gantner et al., 2018)

Similar shortcomings could be observed in this analysis. See further information in
chapter 3.3.2.

2.2.2.4 Challenges and Limitations of LCA in the Building Industry

As LCA in the building industry becomes more common, different challenges and
limitations have been identified. E. P. Schneider-Marin (2022) highlights that Building
LCA differs from consumer product LCAs in the following and makes them, therefore,
more complex:

- Buildings are unique, and therefore, each building needs its own LCA

- Buildings consist of a lot of different products rather than a small number of raw
materials

- Each building is built at a different location, and the corresponding site-related
processes like transportation and construction processes differ

- Building life cycles are usually longer than product life cycles

In the study conducted by Anand and Amor (2017), different challenges and limitations
of LCAs in the building industry were identified and allocated to functional units, system
boundaries, LCI, and LCIA. In the case of the functional units, the different definitions of
a functional unit made comparing the results of different LCAs difficult or impossible.
Furthermore, a lack of reliable information regarding the calculated service life of a
building can lead to different results regarding the influence of operational emissions
and the impact of refurbishments in a building. In general, the lack of a clear method or
rules to determine the system boundaries is a major challenge to comparing results and
underlies the subjective choices of the practitioner. Variations in LCI stemming from
different sources like the building industry, databases, or EPD, as well as differences in
data age and collection methods, impact decision-making and comparability in building
LCAs. The lack of standardised data collection methods and insufficient guidance from
current standards exacerbate these issues, making it challenging to ensure data quality
and requiring urgent development of standardised methodologies and data quality
checks. In building LCA studies, while energy demand and GWP are commonly
analysed as impact categories, they may not always be the most impactful on the
environment. The selection of impact categories often lacks clarity and standardisation,
resulting in essential impacts being overlooked due to stakeholder preferences or tool
limitations.

Furthermore, different LCA studies highlight the lack of data or accessibility to data to
correctly display the emissions of the building materials used in the construction and
highlight that the results can only be as robust as the underlying data (Dascalaki et al.,
2020; Martinopoulos, 2020b; Weil3enberger, 2016). This challenge remains even if
databases like OKOBAUDAT are available (cf. chapter 3.3.2).
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2.3 Energy Simulation

Energy simulations are an established method to predict the operational energy demand
of a building. They can be used to optimise building parameters or as input to estimate
the operational emissions for the LCA in stage B6. For the simulations, different
parameters are divided into technical information, like HVAC configurations, geometry,
and thermal characteristics of the building hull; climate data information, like
temperature and wind; and non-technical data, like occupancy, clothing, and user
behaviour, which are important. (Kampelis et al., 2020) Similar to LCA, the definition of
system boundaries is critical in simulation studies. For instance, it is important to
determine whether the surrounding geometry of a building, including elements such as
trees or neighbouring buildings, is considered for shading effects. Additionally,
specifying which internal loads, such as heat gain from occupants, are included.

This chapter will explore static and dynamic calculation methods, discuss the simulation
performance gap, and describe how to validate these simulations to ensure accuracy
and reliability in energy performance assessments.

2.3.1 Quasi-steady-state Simulations

Quasi-steady-state building energy simulations (QSS) are simplified methods used to
estimate the energy demand of buildings. They typically involve monthly calculations
and consider basic factors like geometry and infiltration. (Dalla Mora et al., 2021) In
Germany, the GEG regulates how the energy demand of a building has to be calculated
to ensure comparability of results and limit the energy demand of a building compared
to a benchmark building. Normally, a QQS is required after DIN V 18599: 2018-0, but it
allows the performance of a dynamic energy simulation in special circumstances.
Furthermore, it defines system boundaries for the simulation, excluding the demand for
electrical user applications. (GEG, 2020/10/16/2023) This method assumes that
boundary conditions remain constant over each calendar month, using averaged
conditions. The heating demand is calculated monthly, assuming constant outdoor
temperatures depending on the climate date. This leads to steady heat flows through
building components, with fixed transmission and ventilation heat losses. Solar and
internal gains are also treated as constant over the month. Transitions between months
are abrupt, and thermal storage capacity is accounted for using generalised factors, not
dynamic calculations. Relevant climate data are provided in DIN 18599-10:2018-09 for
selected locations in Germany. (DIN, 2018)

The Dalla Mora et al. (2021) study demonstrates that the QSS method accurately
predicts building energy demand, comparable to results from two dynamic energy
simulation tools when only geometry and infiltrations are considered inputs. However,
its limitations become apparent with the introduction of internal loads, leading to a
significant underestimation of energy demand. This makes it a tool to estimate energy
demand in the early design stages.
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2.3.2 Dynamic Energy Simulation

The literature differentiates between two types of dynamic energy simulations: white box
(physical model) and black box (data-driven) (Kampelis et al., 2020; Zhao & Magoulés,
2012). In a white box model, a physical model is developed to evaluate energy
consumption based on heat and mass transfer equations between the building and the
surrounding environment. These physical models can be broken down into single zones
or multi-zone models. The environment is considered homogeneous inside one zone,
meaning that variables like temperature, pressure, and relative humidity are the same.
Heat transfer equations are calculated at these zones' convergence depending on the
specific load, building elements, and HVAC systems. This approach proves highly
efficient for assessing the energy performance of buildings with numerous thermal
zones, as it requires relatively little computational time for year-round simulations and is
therefore suitable for examining the effect of various energy efficiency measures of a
building. (Kampelis et al., 2020) Further advantages are that certain outputs, e.g., room
temperature, can be evaluated for each room/zone for different time steps (hours, days,
months, years), and no training data for the model is required. (Krsti¢ & Teni, 2017)
Prominent white box engines for energy simulation are Energy Plus, TRNSYS, and IDA-
ICE (Shahcheraghian et al., 2024).

A black box model, called data-driven modelling, feeds real/observed data into an
algorithm to predict future energy consumption and behaviour. Data-driven techniques
are often categorised by the type of statistical models they use (e.g., Support Vector
Machines, Artificial Neural Networks), the nature of the data (empirical or pre-simulated),
and the specific variables they predict. One major advantage of data-driven models in
building applications is that they do not require detailed knowledge of the building's
physical properties. By analysing input data like weather conditions and occupant
behaviour and output data such as energy usage, these models can reveal underlying
patterns and relationships without the need for complex physical equations.
(Shahcheraghian et al., 2024) Further advantages are that besides the required training
data, the actual model development is short as only a limited amount of input data is
required (Krsti¢ & Teni, 2017).

In general, in a white box model, all governing principles are known, allowing for explicit
modelling of the relation between input and output, whereas, in the black box model, the
relation between input and output is based on machine learning that captures the
correlation by learning from correlated data pairs without any knowledge of the internal
workings of the system that causes this correlation. Both models use dynamic data,
such as weather data. They can calculate the energy demand or temperature hourly or
even each second of a day, depending on the changing environment, like shadows or
the sun's position. Therefore, the results have a higher resolution than a static simulation
and can reveal more details. (Wilde, 2018)

2.3.3 Energy Performance Gap

Though energy simulations are an important tool to assess the energy demand of a
building, the actual (measured, observed, or monitored) performance of a building can
be worse. This energy performance gap (EPG) is defined in the literature as the
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difference between simulated and actual energy demand. (Li et al., 2023; Menezes et
al., 2012; Wilde, 2014). Reducing this discrepancy is crucial as most building standards,
like the GEG in Germany or the EPBD in the EU, regulate and evaluate the
environmental sustainability of a building based on the predicted operational energy
demand. This is important as higher energy demand leads to more emissions in the
current energy mix. The magnitude observed of the EPG differs between the building
types, e.g., office buildings, residential buildings, and school buildings, and can be
between 20 — 550% more energy demand than the simulation predicted. This range of
values shows, on the one hand, the significance of the EPG and hints that there are
multiple reasons for this discrepancy resulting in such a wide range. (Li et al., 2023)
According to a study conducted by van Dronkelaar et al. (2016), the average EPG of a
building is +34%, which could significantly affect the LCE performance evaluation.

Wilde's (2014) classification of the reasons for an EPG, the design stage, construction
stage, and operational stage, is used to give a better overview of the different reasons
for this deviation in performance. During the design stage, miscommunication between
the simulation operator and the planning team or plan discrepancies can misrepresent
the building. Furthermore, necessary simplifications of a model can lead to a lack of
appropriate detail, which can further reduce the model's accuracy. (Wilde, 2014) Also,
assumptions of important input parameters like the assumed room temperature can
further deviate results (Cozza et al., 2021).

In the construction phase, the quality of the air tightness and insulation performance can
heavily influence the energy performance of a building, and the lack of a good handover
process of important technical information after the completion of the construction phase
reduces the effectiveness of the HVAC system (Li et al., 2023). During the operational
stage of the building, three main reasons for the EPG were identified. The first is a
malfunction or underperformance of the technical equipment in the building, like the
heating system, which leads to a worse performance than simulated (Cozza et al.,
2021). The most often cited reason for the EPG is occupancy behaviour. This can be
divided into wrongly simulating the occupancy behaviour, for example, assuming the
user turns off the lights once sufficient daylight is available, misusing technical
eguipment, or misunderstanding the technical functions. A good example is opening the
windows even though the room is mechanically ventilated, which leads to heat losses.
(Li et al., 2023) Lastly, a lack of post-occupancy monitoring and optimisation of the
buildings and user behaviour wastes the potential to reach the simulated performance
(Kuwabara et al., 2013; Li et al., 2023).

As the reasons for the EPG are manifold, so are the solutions. Zou et al. (2019) suggest
methods for most reasons mentioned. For once, he suggests improving the
communication between planners by introducing feedback loops to reduce
undocumented changes during the design process. Furthermore, machine learning,
data from similar buildings, and occupation and nonoccupation hours can reduce the
discrepancy between the inputs and the actual building. Post—occupancy monitoring and
information campaigns for the users further reduce the EPG and can even lead to
overperformance. On the other hand, (Nagler, 2022) introduces a different approach.
He suggests that robust technical building equipment is necessary to reduce the EPG.
Robust in the sense that the technical building equipment is resistant to operational
failures, user errors, and climate change. This can be reached by implementing quality
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assurance measures during commissioning and building operations and by limiting the
technological sophistication of the technical building equipment by following the concept
of “As much technology as necessary and as little as possible”. (Nagler, 2022)

In conclusion, energy simulations are a vital tool to estimate the energy demand of a
building and corresponding operational emissions during the lifetime of a building.
However, the results of these simulations are only as accurate as the input data, the
simplification of the building design, and its handling by users. Simulation outcomes
should be compared with actual building operations to achieve better results.

2.3.4 Validation of Energy Simulation

There are three types of validation: analytical, logical, and empirical. These differ mainly
in terms of their data basis and applicability. Analytical validation involves performing an
exact, analytical solution for a calculation and comparing the result with the model. This
method is only applicable when an exact solution to a problem can be provided, typically
for simple test cases. It is often used in model development to verify if individual parts
of a model are correctly implemented. However, it is unsuitable for validating combined
parts and a complete model due to the lack of exact solutions. (Ryan & Sanquist, 2012)

Empirical validation compares the result of the model with real, measured data. These
data must be collected under known boundary conditions that can also be represented
in the model, usually achieved through expensive and complex experiments. This
method is considered the "gold standard" for accurately representing reality in a model.
(Ryan & Sanquist, 2012) One method to compare real data with simulation results is by
examining the energy bills of the building after the completion and
monitoring/adjustment phase. Alternatively, room temperature data can be measured
and compared with the simulation outcomes.

Logical validation involves comparing the model’s results with those of other models,
assuming the correctness and validation of the comparison models. However, it is
impossible to investigate and validate all combinations of parameters and all
applications of a simulation model. Therefore, validations often occur under idealised
conditions, neglecting user behaviour and considering an imaginary test space. These
test spaces can also exist in reality and provide comparative data through
measurements. Validation under realistic conditions considers user behaviour and
applies the model to real existing buildings. (Ryan & Sanquist, 2012) This approach is
used to validate the case study's energy simulation as the actual building's original
energy simulation is available.

2.4 Concepts Evaluating Future Emissions

Part of this analysis are two concepts, the time value of carbon and the inclusion of a
decarbonising energy grid, which influences the results of comparing OE and EE. As
both concepts underly certain data uncertainties and assumptions for the future, they
can lead to an unfair comparison of the results. However, they both showcase the
complexity of comparing future emissions and emissions from today.
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2.4.1 Time Value of Carbon

The concept of a time value for carbon emissions or other greenhouse gases is the idea
that there is a greater benefit to reducing the same amount of emissions today than
reducing it in the future (Strain, 2017). It is based on the assumption that GHGs remain
in the atmosphere for a long period. Therefore, the cumulative damage of these GHGs
on the environment is significant as they increase the frequency of extreme weather
events and affect infrastructure, agriculture, overall economic stability, and human
health. (Davis et al., 2010; Wahba & Hope, 2006) Furthermore, only limited time remains
to avert reaching climate tipping points, which makes it vital to reduce climate emissions
now rather than later (Lewis et al., n.d [2022]. Climate tipping points are elements of the
Earth system in which small changes can kick off reinforcing loops that ‘tip’ a system
from one stable state into a profoundly different state (ESA, 2023).

One way to weigh these damages over different periods is through the social costs of
carbon (SCC). SCCs are calculated by integrated assessment models like the “dynamic
integrated climate-economy model” or the “policy analysis of greenhouse effect model”.
They link a global economic model and a global climate model along an emission
scenario and simulate the expected damages due to the increase in GHGs at a certain
point in time. Future damages are converted into a present value by using a discount
rate. Economic discounting involves translating the worth of a future value into its
present-day equivalent. For instance, a dollar obtained in 50 years might be considered
less valuable than a dollar acquired today; discounting is used to weigh this difference
in value. (Resources for the Future & New york State Energy Research and
Development Authority, 2020) A benefit of this discounting process to a net present
value is whether a certain choice leads to an overall net benefit (National Academies of
Sciences, 2017). For example, is it better to reduce the GHGs during the operational
period of a building even though the EC in the construction materials rises?

However, the literature differs in estimating this discount rate for SCC as incremental
changes can already have big impacts as the periods observed are usually long, and
because weighing off between the damages for future generations and the benefits of
the current generation becomes an ethical question. (Cai & Lontzek, 2019; Loffler, 2021;
Parisa et al., 2022; Resources for the Future & New york State Energy Research and
Development Authority, 2020; Sarofim & Giordano, 2018).

For this paper, the discount rate of 1% of the Umweltbundesamt (German Federal
Environmental Agency, Umwelt Bundesamt, 2020) and a discount rate of 2.5%, which
is the variation range used by P. Schneider-Marin and Lang (2022), are implemented.

According to (Brealey et al., 2009) the discounting process follows the formula:.

Ce
1+t

n
Net Presenet Value = Z
t=0

Where

- Cirepresents the cashflow at the time t
- rthe discount rate
- tthe specific time in the future in years
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- nthe number of years of the investment period

For simplification, the cash flow represents the number of GHGs emitted or prevented
during the use phase B of the building, and n equals 50 years, the same as the estimated
building life for the LCA. Figure 2-8 shows the development of the present value of 1 kg
of CO2-Equ. Emissions for 50 years if they are discounted with the two discount rates.

Influence of the Discount Rate on the NPV
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Figure 2-8: Development of the NPV of 1 kg CO2-Equ. emissions with a discount rate of
1% and 2.5%.

Depending on the discount rate, the NPV of 1kg CO2-Equ. Emissions decrease by 40%
in a scenario with a discount rate of 1% and by 74% in a scenario with a discount rate
of 2.5%. This highlights, on the one hand, the impact of discounting and, on the other
hand, how much influence a change in the discount rate has.

2.4.2 Decarbonisation of the Energy Grid

The second concept deals with considering the decarbonisation of the energy grid. Two
factors influence the total emitted OE of a building. The first is the energy the building
needs during the life cycle, which can be assessed and optimised in an energy
simulation. The second factor is the energy mix provided by the grid at the location of
the building. As the building lifetime is generally assumed to be around 50 years or more,
the impact of these changes should be considered in an LCA. However, current rulings
or certification programs consider only today's energy mix (BBSR, 2015b; DGNB, 2023).

For instance, in Germany, the GWP per year of the electricity mix has been reduced by
40% from 1990 to 2021 and is expected to be further reduced by 83% from 2019 to
2050, showing the importance of the dynamic decarbonisation of the electricity mix for
an LCA (Harthan et al., 2023; Umwelt Bundesamt, 2022). Furthermore, Kiss et al.
(2020) showed that if the EU targets for the electrical mix in Hungary are reached and
are then taken into account, the total GWP of 1 MWh of electricity would be reduced by
83% in the year 2050, which would still be well in the timeframe of the operational stage
of a building. Ramon and Allacker (2021) and Ayagapin et al. (2021) also recognised
this development's significance and incorporated the energy sector's decarbonisation
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into their dynamic LCAs. Ramon and Allacker (2021) found that depending on the
underlying scenarios, the GWP of the entire building life cycle can vary between -59%
to + 33%, while Ayagapin et al. (2021) observed a 45% reduction.

Therefore, this paper will take one analysis of the decarbonisation of the German energy
grid into account, focusing on electricity production as the case study building only uses
electricity as the primary energy carrier (cf. 3.1.1.) Two different decarbonisation
scenarios will be compared: In the optimistic one, the targets for 2030 and 2045 of the
federal government are met. This means a reduction of 85% in CO2 emissions in
electricity production by 2030 compared to 2020 and a further reduction of 100% by
2045 compared to 2020. (Luderer et al., 2021) The second scenario assumes a linear
reduction of CO2 emissions that reaches zero in 2045. Figure 2-9 shows the three
decarbonisation scenarios for the German electricity mix used in this analysis.

120%
100%
80%
60%
40%
20%

0%
2015 2020 2025 2030 2035 2040 2045 2050

Scenario 1 Scenario 2 Scenario 3

Figure 2-9: Different decarbonisation scenarios for the German electricity mix.
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3 Approach and Methodology

In this chapter, the methodological approach of this thesis is explained. Furthermore,
the base case on which this analysis is built is introduced in detail, and the framework
conditions of the LCA and Energy simulations are defined.

3.1 Methodology

This master's thesis employs a systematic approach to assess the sustainability of a
refurbishment of a school building in Stuttgart compared to different variants where
different design decisions are altered. In Figure 3-1, the overall methodological
approach is shown.
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Figure 3-1: Methodological approach of this thesis.

The basis for the LCA is an extensive literature review that identifies the importance of
EE, which design decisions influence the LCE, the system boundaries for the LCA, and
the energy simulations (cf. Chapter 2). This involves examining relevant literature to
establish key boundaries (e.g., timeframe, LCA phases & module D, performance gap
of buildings) and secure data consistency and quality.

In the next step, the LCE of the base case and the variants are assessed. For this, the
quantities of used materials are estimated and documented in the LCI. With the help of
the software “eLCA”, environmental impacts are calculated, focusing on the global
warming potential. In addition, the method developed by the “Qualitatssiegel
Nachhaltiges Bauen” (Quality seal for sustainable buildings, QNG) is used to calculate
parts of the impact of the technical building equipment. If necessary, external EPDs will
be used to calculate the emissions of construction materials unavailable in “eLCA”.
Simultaneously, an energy simulation is conducted to estimate the energy demand of
the base case and the variants. These energy demands are the inputs for Module B6 of
the LCA. Overall, this step involves the analysis of various design variants of the building
to assess their impact on energy usage and, ultimately, emissions. Integrating the
energy simulation results into the LCA shows the relationship between OE, EE and the
overall effect on the LCE. This way, the research seeks to identify synergies and trade-
offs between the different building variants regarding the LCE and answer the research
question. Figure 3-2 shows the flow of information in the second step.

35



Approach and Methodology

Assesment of LCE

Case Study

( N
Geometry I

G)omponent Iayors/b—

LCA

— . N .
(/ technical ) : Quantity L Embodied
\__ information L determination ) Emissions

(/( climate data

\_ information Yy ( ~
- . . Operational
Ve >
( non-technical dagb— -LEnergy Simulation = Emissions
A\ / J
Yy
N .
Varied Inputs | Variants
\\
LCA
' . I .
o Quantity Embodied
determination ) Emissions
( ) Operational
~ : . perationa
> '_’ 5 E
KEnergy Simulation | Emissions
S

Figure 3-2: Flow chart of the overall methodological approach of the analysis.

Lastly, the development of the LCE under different scenarios is analysed. These
scenarios are based on the decarbonisation of the electricity grid, the time value of
carbon emissions and the expansion of the system boundaries to include Modul D. To
ensure the robustness of the study, sensitivity analyses are performed, evaluating the
influence of the performance gap of the building by varying the results of the building
energy simulation by +34%.

Ultimately, the research tries to show whether an energy-plus building is the right design
standard for optimising the sustainability of refurbished school buildings or if different
design decisions can lead to an overall better performance regarding the LCE. Drawing
on the insights from LCA and energy simulation, the thesis lays the basis for practical
guidance for future projects, enabling informed decision-making in sustainable building
design.
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3.2 Case Study and Variants

At the core of this analysis is assessing the amount of GWP of the major modernisation
of the Uhlandschule Rot in Stuttgart, Germany, and whether different design choices
and lower energy standards could have achieved better carbon performances. This
chapter gives a short overview of the modernisations that were conducted. Furthermore,
it lists the different alternative energy standards and design choices considered and why
these are part of the analysis.

Figure 3-3: Uhland school building. View from the South East on the fagade after the
finished refurbishments. (Uhlandschule Zuffenhausen-Rot, n.d.)

3.2.1 Case Study: “Uhland Schule Rot, Stuttgart”

The information used in this chapter has been compiled from the booklet about the
modernisation of the school (Wenger, 2018), architectural plans, and building
documents like the energy pass and the HVAC descriptions. The documents were
provided for a research project at the Technical University of Munich.

The original Uhland school building was built in 1954 and consists of a main building
with an extension and a secondary building from 2004. It is used for primary and
secondary education and can house up to 450 students. The entire complex was
modernised as an energy-plus building focusing on increased user comfort. Part of this
analysis is the main building and its extension. Figure 3-4 shows the different views of
the building.

Figure 3-4: Views of the school building. Starting in the upper left corner and rotating
clockwise north, west, east, and south view.
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The building has the following general characteristics:

e The building has three floors above and two below ground, though the heated
area is limited to the floors above ground

e The total building net floor space is 2761.14 m2

e The building is used for primary and secondary education. There are no further
usages in the building

¢ The building has three different stairwells (east, middle, and west)

o Interior walls are either dry walls, brick, or concrete walls, depending on their
load-carrying ability

e Exterior walls are concrete or brick walls with varying exterior insulation material.

e The roof is a north light roof where the south part is equipped with PV modules

Figure 3-5 shows the floor plan of the 1% floor and highlights the different usages.

A/ Traffic Areas - ! A —_ \\

Ce

Classrooms teachers!

Figure 3-5: Room usage types in the Uhland school building on the 15 floor

For this analysis, three areas of modernisation and the resulting design decisions are
important. Firstly, there are improvements to the hull; secondly, there is an entire revamp
of the HVAC; and thirdly, there is the incorporation of onsite energy production, namely
PV and geothermal energy.

3.2.1.1 Improvements to the hull

For the hull, the main focus was to reduce the thermal transmittance. Different insulation
materials were used for different sections of the building. The three main materials are
Expanded polystyrene foam (EPS), vacuum insulation panels, and mineral wool. All
windows were exchanged and now have triple glazing. With these changes, the thermal
transmittance could be reduced by 80%. Table 7 gives an overview of the changed U-
Values of the building.
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Table 7: Overview of the improved U-values after the refurbishment and the measures
taken to reach these values. (Wenger, 2018)

U value U value
(W/m?K) (W/m3K)
Component before after Measure
Exterior wall, gable side 1.70 0.17 Addlthnal 9 cm vacuum
sandwich element
Exterior wall 170 0.10 Addltlgnal 30 cm thermal
insulation
Exterior wall, ground floor, south 1.70 0.15 Addlt!onal 2.0 cm mineral
wool insulation
Parapet, upper floor, south 3.00 0.15 Addlt!onal 2.0 cm mineral
wool insulation
Triple-paned diamond glass,
Window 2.70 0.80 high thermal insulating

frames

Additional 30 cm EPS
Roof 1.60 0.10/0.15 |insulation /9 cm vacuum
insulation + EPS insulation

Additional 12 cm mineral

Floor/ceiling against ambient air 2.50 0.25 . .
wool insulation
- Additional 14 i I
Ceiling of the unheated cellar 1.80 0.20 ddlt!ona . cm minera
wool insulation
. Additional
Floor against substrate 3.10 0.47 dditional 3 cm vacuum

insulation

3.2.1.2 Improved HVAC System

In general, the overhaul of the HVAC system now embodies a heightened level of
technological sophistication. The building is divided into multiple zones adjusted to
settings based on several parameters: room occupancy, building operational hours,
weather conditions, and seasonal variations. Note that in this section, only the primary
components are discussed.

The heating system was changed from coal-fired boilers with radiators to geothermal
heat pumps. The heat is then distributed through capillary tube surfaces in the ceilings
and parapet areas. This enabled a lower flow temperature of 37°C in the system.
Furthermore, the regularly occupied spaces like classrooms and office spaces for
teachers are conditioned at 17°C during opening hours (7:30 — 17:17) and lowered to
15°C. Corridors, WC, and other ancillary areas are set to 15°C during opening hours
and lowered to 12°C. The entire tubing was changed to ensure minimal losses during
the heat transportation.

In winter months (1 October — 31 March), the ventilation system works based on the
CO2 concentration in the classrooms to reduce heat losses through natural ventilation.
The ventilation system must have a 90% heat recovery rate to ensure minimal losses.
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In the summer, the ventilation system is turned off and only operates at night to support
the building's night cooling.

The cooling system can be divided into passive night cooling and active cooling through
the reversed use of the heat pumps. The passive system automatically opens the
windows and special ventilation vents on the second floor to enable cross-ventilation (cf.
Figure 3-6: Schematic depiction of the night cooling through cross-ventilation. Special
air vents on the first floor open the classrooms to the corridor. However, the ventilation
vents and windows are closed if rain and wind are detected during the night, or the
outdoor air temperature is higher than the indoor temperature. Additionally, the windows
are closed if the room temperature falls below 18 °C.

Figure 3-6: Schematic depiction of the night cooling through cross-ventilation. Special air
vents on the first floor open the classrooms to the corridor. (Wenger, 2018)

The active cooling system utilises the ground probe field of the geothermal system by
transferring excess heat from the classrooms to the geothermal field. This option is only
available if the classroom heat exceeds 26 °C and is deactivated if it falls below 24 °C
or to recharge the probe field with heat if a certain temperature is reached.

The lighting system is controlled by presence detectors as well as daylight sensors. An
energy-efficient lighting concept was created with LEDs, low-light-density fixtures, and
external sun-shading devices.

3.2.1.3 Onsite Energy Production

The PV system is located on the southern portion of the roof and the south side of the
facade below the windows. 595 m? of PV area is located on the roof and 77m? on the
facade. The used modules are BOSCH c-si m60 monocrystalline solar cells. This
resulted in a capacity of roughly 100 kWp. Excess electricity is fed into the electricity
grid. However, it must be mentioned that the provided data differed between the
information brochure and the received plans. The data from the plan documents were
used for the calculations and simulations.

The geothermal probe field consists of 52 probes, mostly situated north of the main
building due to space constraints. Additional probes were sporadically placed on the
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south, east, and west sides. They are spaced at 8.5-meter intervals and drilled to
approximately 90 meters deep, reaching the HalRmersheim stratum, a part of the upper
shell limestone stratum. Further drilling was not feasible beyond this depth. In
combination with the four heat pumps, a heating capacity of 128 kW is available.

3.2.2 Energy Standards and Design Choices of the
Variants

The variants followed the design parameters for the energy demand in Chapter 2.1 and
the hypothesis stated in Chapter 1.2. One major design decision of the case study was
to reduce the energy demand by increasing the amount of insulation material. Therefore,
four variants with less insulation material will be examined (variants 1-4). Additionally,
the onsite energy production produces more energy than the building needs. Three
variants with different percentages of on-site energy production (variants 2-4) examine
whether this decision was right. To assess whether sustainable building materials could
reduce the LCE of the building, two variants with renewable building materials are
examined (variants 5-6). The chosen sustainable materials reflect an established
insulation material, wood fibre insulation, and a more ambitious insulation material,

straw. Table 8 lists all corresponding design decisions applied in the variant study.

Table 8: Overview of the design variants and the corresponding energy standards.

Variant

Design Decision

Aimed Energy Standard

Base Case Uhland School

Variant 1: KfW 40

Reduce insulation compared
to the base case to reach the
chosen Energy Standard
with no onsite energy

KfW 40 — 60% less energy
demand than the Reference
Building; transmission heat
loss 55% than the reference

production. building
Variant 2: Passive Heating Reduce insulation compared Passive House Heating
65% to the base case to reach the demand

Heating demand of a passive
building; on-site energy
demand covers 65% of the
energy demand.

Variant 3: Passive Heating
100%

Reduce insulation compared
to the base case to reach the
Heating demand of a passive
building; on-site energy
demand covers 100% of the
energy demand.

Passive House heating
demand & zero energy
building

Variant 4: Passive Heating &

Reduce insulation compared

Passive House heating

Sustainable Materials

Energy Plus to the base case to reach the demand and plus energy
heating demand of a passive building
building; use on-site energy

as the base case.
Variant 5: Passive Use the same amount of Energy Plus

insulation material but a
more sustainable one.
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Variant 6: Passive Use the same amount of Energy Plus
Sustainable Materials 2 insulation material but a
more sustainable one.

Though the revamp of the HVAC was also a major design decision, it was not changed,
as different variants could not be properly depicted in the energy simulation and/or the
LCA. In Honeybee (HB), the energy simulation program, different HYACs can be chosen
from a list of pre-programmed components that can be adjusted with certain inputs like
the system temperature or the heat recovery value. However, if certain parameters are
outside these available inputs, the practitioner must program a hew component, such
as heating sails. This was outside of the scope of this master’s thesis. Furthermore, the
number of available EPDs for technical building equipment in the Okobaudat was
limited, so a depiction of a varied HVAC system was further restricted.

The varied amount of on-site energy production was chosen based on the energy
standard in the case of variants 2-4. For variant 2, the amount was based on the GEG
that renewable sources should produce at least 65% of the energy in a new building
(GEG, 2020/10/16/2023). For all other variants, the amount of onsite energy production
stayed the same as in the base case.

3.3 Framework conditions of the ecological
analysis — LCA

An LCA is conducted to assess the GWP of the different building variants, which follow
the DIN EN 14040, DIN EN 14044, DIN EN 15643, and DIN EN 15978. As described in
chapter 2.2.1, an LCA consists of a goal and scope definition, LCI, LCIA, and
interpretation

This study aims to determine the GWP of the building structure components, technical
building components, and the corresponding energy demand of different energy-
intensive school building refurbishment design choices. The entire life cycle of the
modernisation of the building is examined, from production and use to disposal. Stage
D (reuse, recovery, and recycling) is assessed separately. The functional unit is m2 netto
floor space after DIN 277-1 of the school building with the same technical and functional
requirements over a study period of 50 years. The system boundaries of the analysis
are described in Chapter 3.3.1 for the LCA and Chapter 3.4 for the energy simulation.

For the LCI, all material quantities and types of the building components for the
construction, including the respective maintenance cycles, are recorded in a building
component catalogue. The amounts of energy required to operate the building are also
recorded. The LCl is part of Appendix A. The method and input parameters of the energy
simulation are presented in Chapters 3.4 and 4.2.

These determined energy and material values from the LCI are put into eLCA (version
v.0.9.7) and linked to the ecological data of the OKOBAUDAT databank
(OBD_2023_I_A2). Finally, by connecting the life cycle inventory of the buildings and
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the LCA data, the potential environmental impacts for the indicator GWP can be shown
across all life cycle phases.

3.3.1 Chosen System Boundaries

The overall system boundaries are the boundaries of the building, meaning that outdoor
installations like trees, parking spaces, or access areas are not part of the analysis.
However, all components enclosed by the building envelope are. Figure 2-3 visualises
the spatial system boundaries in red of the building.

Section C-C —— System Boundaries

!
c

Figure 3-7: Spatial system boundaries of the building are highlighted in red.

The considered modules of an LCA follow the included values in the available EPDs.
Therefore, the following modules of an LCA are part of the ecological evaluation of the
building. The product stages Al1-A3 (Raw material supply, transportation,
manufacturing) are part of each EPD used for the LCA and are, therefore, part of this
analysis. Modules “A4 Transportation to the construction site” and “A5 Construction
installation process” are not part of the analysis. This follows the principles of the DGNB
(see 2.2.2.2) and corresponds to the usage of generic data sets in eLCA where no data
for modules A4 and A5 are available in most cases. Module “B1 Use” will also not be
part of this analysis, as no data regarding the release of substances from the facade,
roof, flooring, and other surfaces during the usage of the building is available. Modules
B2 — B4 (Maintenance, Repair, Replacement) are considered by examining the
maintenance cycles stored in eLCA; however, they are summarised under the term
maintenance in the program eLCA. Module B5-Refurbishment is outside the system
boundaries as future changes like room layouts, building usage types, or envelope
changes are unknown and unlikely. Modul “B6 Operational energy use” will be
considered by calculating the energy demand of the building. The system boundaries
for the energy simulations will be explained in Chapter 3.4. Module “B7 — Operational
Water use” is not part of the analysis as no relevant emissions arise from this module.

43



Approach and Methodology

The energy demand for heating the service hot water is balanced in the energy
simulation. For similar reasons as to why the construction process stages A4-A5 are
not part of this analysis, the deconstruction processes “C1 Deconstruction/demolition”
and “C2 - transportation” will not be considered. However, modules “C3 Waste
Processing” and “C4 Disposal” will.

Different sub-cost groups could not be considered because of the spatial boundaries
and the data available for the chosen LCA modules. Table 9 lists whether or not a cost
group is part of the analysis.

Table 9: List of included sub-cost groups in the LCA.

Included Materials (CG 300)

310 | Excavation pit notincluded
320 | Foundation included
330 | Exterior Walls included
340 | Interior Walls included
350 | Ceilings included
360 | Roofs included
390 | Other Measures notincluded
Included Technical Building Equipment
(CG 400)
Sewage, Water, and Gas
410 [ installations included
420 [ Heat supply systems included
430 | Ventilation systems included
440 [ Power installations included
Telecommunications and
450 [ information systems included
460 | Conveyor systems included
480 | Building Automation notincluded
490 | Other Measures notincluded

Cost group 310 was excluded as the excavation pit is the same for all variants and
outside the spatial system boundary. Furthermore, reliable data regarding the machines
used for the excavation process and the excavated amount of material was unavailable.
Lastly, as the building was a refurbishment of an old building, only a limited volume was
excavated to renew and reinforce foundations and perimeter insulation, reducing the
influence of cost group 310 on the results. Even though major parts of the technical
building equipment are automated, the CG 480 could not be represented. On the one
hand, the amount of installed sensors, for example, for daylight control or present
detection, could not be accurately identified. Furthermore, the corresponding datasets
are unavailable on eLCA and using product-specific EPD data without the exact product
configurations would misrepresent the actual building automation equipment. Lastly,
WeilRenberger (2016) showed that CG 480 only has a marginal impact on the overall
ecological performance of a building and can therefore be neglected.

For the components of the existing building, neither manufacturing, maintenance, nor
end-of-life are considered. This follows the system boundaries of the DGNB for the
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certification of a refurbished building (DGNB, 2021). Nonetheless, the amount of
concrete and bricks in the old building is documented in the component catalogue but
not integrated into the LCA.

For the temporal component of the system boundaries, 50 years was assumed as this
is the most common time frame used in German certification programs and other LCAs
(cf. 2.2.2.2).

3.3.2 Data Foundation for the LCA

The data basis for the LCA calculation consists of a component catalogue for the cost
groups 300 and 400. This inventory data, meaning mass and material determination, is
primarily based on planning documents and the information provided by construction
contractors (such as measurements, order forms, and post-calculations), as well as
engineering calculations, including assumptions. In Germany, the building process is
divided into different service phases called “Leistungsphasen”. The available plan
documents are part of “Leistungsphase 5 — Ausrihurungsphase” (implementation
planning phase). “Leistungsphase 5" is a crucial stage in the architectural and
engineering design where detailed plans and specifications are developed. Determining
the exact materials, products, and systems to be used in the construction process and
creating comprehensive construction drawings and detailed plans that provide precise
instructions for construction and form a good basis for an LCA. A detailed breakdown of
the inventory data can be found in Appendix A; sections are shown in Chapter 4.1.

The LCA was then conducted in eLCA v.0.7.9 in conjunction with the database
OKOBAUDAT OBD_2023 | A2. The database provides generic, average, and product-
specific EPDs. If possible, generic datasets are chosen over average and product-
specific. As there was no generic or valid EPD for a vacuum insulation material in eLCA
available, a product-specific EPD from the company “Porextherm Dammstoffe GmbH”
with the declaration number EPD-POR-20200138-IBC1-DE was chosen (cf. Appendix
B). The EPD follows EN 15804+A1. Originally, it was intended to average the value from
different product-specific EPDs, but no other valid EPD could be found. The data from
the EPD was then added to the results from eLCA in an Excel sheet. The suggested
service life from the BBSR is used for the vacuum panels' service life, which equals 30
years (BBSR, 2017). This means that for the chosen reference study of 50 years, the
vacuum panels have to be exchanged once. A similar process was followed for the straw
insulation of the sustainable building variant. No dataset was available for the product
in the OKOBAUDAT database. Therefore, the EPD for “Straw as insulation material”
with the declaration number EPD-NIBE-20210706-2040 was implemented. The EPD
follows EN15804:2019+A2 (cf. Appendix C).

Furthermore, quantifying the length and thickness of electronic cables and pipes was
impossible. Additionally, only limited data sets in the OKOBAUDAT database and from
the company for technical building components were available, so the base amount from
the QNG was used. It includes the listed items in Table 10 sorted after their respective
cost groups. However, the base amount does not distinguish between the LCA stages
and only gives a value for the stages A1-A3, B4 and C3-4. The chosen value for the
building is 1.2 kg CO; equ./m?*a. (QNG, 2023)
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Table 10: Included components in the base mount of the QNG sorted after their respective
cost groups (QNG, 2023).

Cost Components Included in the Basic Amount
Group
410 Riser and fall pipes, connection pipes for apartments, and all sanitary objects
420 Pipelines, distributors for room heating devices, room heating devices
430 Pipelines, distributors, connection pipes for ventilation
440 Low voltage main distributors, cables, lines, sub-distributors
450 Empty conduits, cables, lines, personal call systems, light call and bell systems,
intercom and door opener systems

The QNG is a German state certification aimed at promoting sustainable construction.
It is awarded by the Federal Ministry of Housing, Urban Development, and Building to
buildings that meet stringent environmental, socio-cultural, and economic criteria. The
QNG seal is increasingly recognised and adopted within the construction industry. It
aligns with other certification systems like the DGNB. (BWSB, 2024)

3.4 Framework Conditions for the Energy
Simulation

This paper's simulations are conducted with a dynamic white box program called HB,
as the input parameters of the case study are well known, and the advantage of clear
relations between design variations only becomes present in a white box model. HB is
a plug-in for the visual programming language Grasshopper, which is used with Rhino,
a 3D modelling software. HB connects the geometry inputs with energy simulation inputs
like climate data or HVAC system configurations and uses Energy Plus and Open Studio
engines to calculate the energy demand. As Energy Plus is one of the most established
simulation engines (cf. chapter 2.3) and HB is open-source, HB was chosen as the
simulation program for this thesis.

In Grasshopper and HB, data can be put into the software by using the graphical user
interface, which relies on a library of pre-programmed building blocks called
components; alternatively, code-based instructions in Python can be used to program
specific solutions. Figure 3-8 shows a section from the Grasshopper canvas highlighting
HB’s graphical user interface in which building material is configured.
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Figure 3-8: Example of the graphical user interface of Grasshopper and HB. (own picture)

Note that the information flow works from left to right, and circular patterns are
impossible. Yellow boxes are panels that can be used to input data like the U-value of
a certain material layer or to visualise outputs from the components like the location of
the used weather file. Pre-programmed components (grey) have necessary inputs that
are marked at the beginning with an ”_” and optional inputs that are marked with an “_”
at the beginning and end. For most components, pre-set base values are set and can
be edited through different inputs or Python. However, this requires a higher level of
sophistication in the programming language and the technical workings of building
equipment.

Table 11 lists the versions of the program used for this paper, which, at the time of the
publication of this thesis, were the latest accessible versions to the author.

Table 11: Overview of the versions used in the energy simulation

Name Version
Rhino 3D 8.6.24101.5001, 2024-04-10
Grasshopper 10 April 2024 05:00 Build 1.0.0008
Honeybee 1.8.12
Energy Plus 23.1.0-87ed9199d4
Open Studio 3.6.1+bb9481519e

In general, the method for a simulation with HB follows these steps:

1. Generation of a geometry and zoning either in Rhino or through parameters
defined in Grasshopper

2. Input of technical and climate data information with HB

3. Run Simulation based on the “energy plus” and “open studio” engines.

4. Evaluate the results and, if necessary, adjust inputs

Figure 3-9 shows the simulation workflow and at which points the different inputs, plug-
ins, and engines intersect.

47



Approach and Methodology

Loads (Occupancy,
lighting,...)

Weather files (EPW)

HVAC - System

Architectual drawings se———

Zoning — Materials —

Geometry ™ 7 Technlca\ Data& \ /" simulation N " Evaluation

G % —ce—2

/

Figure 3-9: Work Flow of the Simulation Program HB

The following explains the workflow used in Rhino and HB in more detail. In the first
stage, the Geometry of the building is derived from the architectural plans and simplified.
This means that entire rooms are depicted as solids, and complex fagade structures are
simplified to reduce the computational time of the simulation. Common usage types of
rooms can then be combined into similar zones. Zones are parts of the building volume
and are thus the fundamental building blocks of a Building Energy Model (BEM). The
number and distribution of zones can be chosen according to the requirements of the
BEM. A finer division into zones generates more accurate results but leads to more
calculations and longer computation times.

In the second stage, the geometry is imported into Grasshopper and HB, and technical
and climate data are assigned to the different zones with the help of construction sets,
zone programs, weather files, and HVAC system components. A construction set
comprises different material components defined by a list of material layers, orientation,
and relations toward the outside. Materials are defined by thickness, thermal
conductivity, density, and specific heat capacity. Subsequently, materials are combined
into material components, following a specific order (cf. Figure 3-8). These components
are then assigned to the walls or floors of the zone depending on their orientation and
relationship to other walls or the outside, e.g., vertical components (walls), lower
horizontal components (e.g., floor slabs, ceilings), and upper horizontal components
(e.g., roof, ceiling), as well as three boundary conditions: component against outdoor
air, component against the ground, or adiabatic component. Typically, six faces define
a zone: exterior walls, roof/ceiling, windows, interior walls, and floor. Each face is
assigned the corresponding geometry (2D surface) of the zone in the building model.
Thus, each zone is formed. The composition of all zones constitutes the HB model
(building), based on which the BEM is executed.

In addition to the construction sets, boundary conditions for each zone are set via HB
programs. Boundary conditions include, for example, the type of heat generation,
internal loads (people, lighting, devices, and hot water), building tightness, ventilation,
etc. Boundary conditions can be set as static (constant over time) or dynamic (changing
over time). Generally, dynamic boundary conditions are chosen based on schedules, as
these reflect the actual use of a building. For example, the occupancy of a building can
be set dynamically. During the day, an office may have 100% occupancy, while at night,
it is assumed to be unoccupied.
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In the third stage, all zones are combined in the simulation component. The simulation
is run with the EnergyPlus engine. However, no knowledge of EnergyPlus is necessary
for running a BEM in HB; the programs run in the background, and all settings are made
before the simulation starts within the HB user interface in Grasshopper.

The overall system boundaries for the building energy simulation (BES) are shown in
Figure 3-10. They represent the demands for heating, hot water supply, support energy,
ventilation, lighting, appliances, and on-site energy production. Compared to a GEG
certification, the electricity demand for appliances is part of the analysis as it is important
to quantify it when analysing energy buildings. A newspaper article highlighted the
importance of quantifying the appliance's energy demand for the case study as the
originally planned PV area had to be increased as the new electronic whiteboards would
otherwise use more energy than provided by the PV system so that the energy standard
of a plus energy school could still be met (Schwarz, 2014).

I Ul Heating

\ o Hot Water
\ 'Jf'0 Support Energy

&% Ventilation

[ | s Lighting
+ ¢ =N : E] Appliances
s o6 B - .

| On-site Energy
Production

Figure 3-10:System boundaries for the BES. (translated from Mahler et al., 2019)

Furthermore, the internal gains from the occupancy, solar radiation, or resulting from
energy demands, e.g., waste heat from the lights, are also part of the simulation. Thus,
the system boundaries of the BES are at the building boundary. This means that
influences from other buildings and landscapes, such as context shading from other
buildings or vegetation and the waste heat from adjacent buildings, are not considered.
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4  Application of the
Methodology

Following the definition of the framework conditions, Chapter 4 explains the application
of the LCA and the BES. Furthermore, the variants stemming from the design choices
and energy standards are defined, and an overview of the scenarios that expand the
system boundaries is shown.

4.1 LCA

The calculations for the building components catalogue and the linked datasets in eLCA
follow roughly the same approach for each component of the same type. Therefore, only
three examples are explained in detail. The chosen items, Standard fagade — south
(alternating insulation), load-bearing interior wall, and Windows South Classroom
101;103-107 well represent the process. Furthermore, based on these three examples,
the linked datasets in eLCA are given. The remaining components can be found in
Appendix A.

In general, the process of calculating the amount of material followed these steps:

1. Identifying the dimensions from the plan documents (floor plans, if available,
sections and details, otherwise using logical assumptions)

2. Identify the component layer setup from the building physics report and plan

documents

Document findings in the building components catalogue

4. Incorporate material surface area and width into eLCA and link it with the
corresponding data sets.

5. Combine results of eLCA with additional data sets that are outside of the
OKOBAUDAT in Excel

w

In general, the component catalogue was divided into each floor. Furthermore, windows
and doors are listed in a different section, as are the walls of the stairwells. The reasons
for this are that the height of the stairwells differed from the height of the floors, and a
clear allocation to a single floor was impossible. Furthermore, the attics and pent ridges
of the roofs are also listed separately.

The different layers and corresponding dimensions of the standard fagcade—south
(alternating insulation) can be seen in Table 12. Furthermore, the names of the source
documents used for measuring the dimensions of the components are listed, as well as
the corresponding eLCA datasets.

51



Application of the Methodology

Table 12: Section from the building components catalogue: Standard facade — south
(alternating insulation)

Cost Sub Name of Cost |Name in Location in the Name of the Layer Amount |Sources - Documents Name Comments
Group - |[Cost Group the Building Building thickness [[m2]
CG Group Buildings Component [m]
Physic Layer
Report Linked eLCA Dataset
330 [Exterior Wall (AW Sud Exterior Wall South |Standard fagade IBP_Sanierung Uhlandschule; Parts of the
OG Beton - south 1A_211040G1- fagade have
MW mit PV (alternating 1_0(Wandaufbauten); Views: different
insulation) 1A_21022AS_l; Sections AA-FF; insulation
Window Details materials
440 442 Internal power Exterior Wall South  [PV-Modules 427 Photovoltaic system 1000
supply systems kWh/m?*a (no electricity
credits)
330 335 External wall Exterior Wall South  Synthic resin 0,015 1519
cladding outside plaster Synthtic resin plaster;
Synthetic resin
330 335 [External wall Exterior Wall South  (Isover Ultimate 02 74,0
cladding outside Mineral wool (facade
insulation); 46 kg/m3
330 335 External wall Exterior Wall South |Stone Wool 0,2 779

cladding outside N
Mineral wool (facade

insulation); 46 kg/m3
330 331 Load-bearing Exterior Wall South  (Concrete 03 151,9 Ready-mix concrete

exterior walls C25/30; Reinforcement
steel wire
330 336 Internal external Exterior Wall South |Plaster 0,01 1519
wall cladding Gypsum interior plaster;
1000 kg/m3

The component “standard fagade — south (alternating insulation) included two different
insulation materials: stone wool insulation and glass wool insulation. This was probably
necessary as using PV modules on the facade resulted in different requirements for fire
safety. However, in eLCA, only generic datasets for mineral wool for fagades consisting
of 50% stone wool and 50% glass wool were available. Therefore, the same eLCA
dataset was chosen. Most of the load-bearing walls (both interior and exterior) were
unchanged from the original design. Therefore, these were not included in the LCA, and
the amounts were marked in black in the component catalogues.

The amount of new load-bearing structure was calculated in a separate Excel sheet.
Table 13 shows a section from the Excel sheet calculating the volumes of new brick and
concrete walls, foundations and floor slabs. In eLCA, the data set “Brick (unfilled)” was
chosen for a brick wall, and for a concrete wall, the dataset “read-mix concrete C25/30”
in combination with “reinforcement steel wire” was chosen. The degree of reinforcement
was set at 2%. The strength of the concrete for concrete walls, foundation and floor
slabs is based on the static calculations conducted by “Monke H6ss Bauingenieure” for
the school building.

Table 13: Section from the calculations to determine the new concrete and brick wall
amount.

Location [Material Length [width [Hignt [Area [Volume — [Comment — [Screenshot

Interior Wall

Interior Wall;  [Brick Wall 2,26 0,3 3,43 7,75 2,33 Assumption:

Stairwell East, Filling of old

Orientation entrance door

South

Interior Wall; Concrete 4,27 0,3 3,045 13,00 3,90 Assumption:

Stairwell Filling of old

middle, entrance door

orientation

South

Interior Wall;  |Brick Wall] 0,885 0,24 3,43 3,04 0,73 |Repairof load- _'|~ &

Building bearing inner l‘,'f,ba-f""

extension, wall

Section K-L 5
0 .7@\3‘“
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The calculation sheet has a description of the location of the new section in the plan
documents, the type of material used, the dimensions, a comment on why the new
section was necessary and a screenshot of the measurements taken. Furthermore, if
assumptions were necessary, the corresponding cell was marked with a comment. For
example, for both brick walls in Table 13, no section was available to determine the
height of the new brick wall. Therefore, it was estimated that the entire section from the
floor to the ceiling had to be renewed. This represents a conservative estimation.

Part of the component catalogue is a list of all windows, a section of which is provided
in Table 14. The component catalogue includes the name of detailed plan documents,
a description of the window's location, a component name, the amount of this window
design in the building, the dimensions, and the corresponding name of the component
in eLCA.

Table 14: Section from the component catalogue: Windows South Classroom 101;103-107

Source Name of the

Cost |Sub Cost Document Location |Component Name Amount Width Area [m’] | components in

Group | Group

Name eLCA
340 334 109 2.1.36 Windows |Window with PV 6 8,095 18,53
Hauptgebaude |South 1 Fenster OG 1
1.0G Classroom Siid Fenster
101;103-
107 Klasse101;103-

107 Teil Nicht
offenbar
2Fenster0OG1
Siid Fenster
Klasse101;103-
107 Teil offenbar

The windows were modelled in eLCA with the help of the window designer. The window
frame's width, frame materials, glazing, fittings, handles, sun shade, and interior and
exterior window sill can be defined. However, with the help of the window designer, no
alternating window panels with a blind frame and a sash or only a blind frame can be
modelled. Therefore, the windows were split into different components. In the case of
the “Windows South Classroom 101;103-107”, two eLCA components were necessary
to accurately depict the actual window. Table 15 lists the different input parameters in
eLCA for both components.
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Table 15: Different inputs for the two components of the “Windows South Classroom

101;103-107”
Component 1 Operable Component 2 not Operable
Dimensions Width [m] 4,44 4,2
hight [m] 2,06 2,06
Connection joint [mm] 20 20
Blind Frame [cm] 4,9 2,4
Sash [cm] 6,2 -—
Windowsill interior [cm] 2x40 2x40
Windowsill exterior [cm] - -—
Devision Post 5 4
Bolt 0 0
Datasets Blind Frame Aluminium wing sash profile, powder coated
Sash Aluminium wing sash profile, powder coated
Glazing Insulated glazing, triple pane
Connection Joint Elastomer joint tape, polyurethane
Window fitting for tilt and turn
Fittings window -
Handles Window handle -
Sun Shade Sun protection (metal blinds)
Windowsill interior Artificial stone slab (epoxy-resin bound)
Windowsill exterior - -
The eLCA datasets were chosen according to the details provided by the plan

documents. If no information was available, for example, the material used for the
connection joints, assumptions were made.

4.2 Simulation

The following describes the parameters applied to the BES and on-site energy
production simulation. The simulation was divided into the on-site energy production and
the BES. This was done as the on-site energy production used a better representation
of sun rays to more effectively depict the solar radiation necessary for a PV simulation.
This results in a higher simulation time and would have otherwise made the variant
studies of the building hull extremely time-consuming.

4.2.1 Building Energy Simulation

Zoning — The building is divided into 26 Zones with four different usage types.

o Classrooms (marked in green)
e Utility Rooms
e WC (marked in blue)

o Corridors (marked in grey)

Figure 4-1 depicts the different zones for the 1st floor. Part of Appendix D is the zoning
plan for the remaining floors.
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Figure 4-1: Zone types for the different areas of the building.

Different rooms can be combined into the same zone if they have the same parameters
set for the conditioning of the rooms, construction sets (U-values), programs (internal
loads like occupancy and lighting levels), schedules (dynamic temperature values for a
day), HVAC Systems (ventilated or not ventilated). For example, even though the usage
differs for the classrooms and the teacher's office spaces, the remaining parameters are
the same, so they get the same zoning parameters as a classroom in the BES.

Construction sets — each zone has its own construction set representing the
component layers in the building. Table 16 lists the different construction sets for each
zone type. The construction sets represent the average U-values for the external
envelope components derived from the building physics report.

Table 16: List of different construction sets for each zone with the insulation material and
the corresponding U-Value for the other envelope components.

Zone Envelope Insulation Corresponding U-
Component Typ Material [mm] value [W/Km?]
Classroom Exterior wall Mineral wool 0.14
Interior wall n.a. 0.31
Roof EPS 300 0.096
Ceiling n.a. 0.70
Exposed floor Mineral wool 120 0.24
Window Tripple pane 0.80
Corridors Exterior wall EPS 300 0.095
Interior wall n.a. 0.31
Roof EPS 300 0.096
Ceiling n.a. 0.70
Exposed floor Mineral wool 120 0.24
Window Tripple pane 0.80
Utility Rooms Exterior wall Mineral wool 200 0.15
Interior wall n.a. 0.31
Roof EPS 300 0.096
Ceiling n.a. 0.70
Exposed floor Mineral wool 120 0.24
Window Tripple pane 0.80
wC Exterior wall VIP 90 0.16
Interior wall n.a. 0.31
Roof EPS 300 0.096
Ceiling n.a. 0.70
Exposed floor Mineral wool 120 0.24
Window Tripple pane 0.80
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Further material information, like density or specific heat capacity, was taken from EPDs
of the product type. This also applied to products used in the variants.

Note that only a single component type can be defined for each zone. This means that
the changing facade insulation materials can only be limitedly depicted for the
simulation. For example, the classroom in the southwest has a different component layer
compared to the actual building for the exterior wall to the west. However, this
simplification is limited to a small surface area, and the differences in the U-value are
small.

Programs & schedules — the different programs govern the internal gains like heat
from occupancy or lighting levels. Furthermore, through schedules, dynamic occupancy
or lighting use can be modelled. The internal loads and gains are based on the building
physics report. The appliance load is the same for the entire zone as it is derived from
an analysis of the school building and results to the 2.72 W/m2. As the study does not
indicate how the electricity demand varies in the different areas of the building, the
average value was chosen for all zones. (Jacobsen et al.,, 2015) Table 17 lists the
various parameters of each zone program and the schedules used. An exemplary
overview of the different schedules for the classroom zone is given in Table 18. The
remaining schedules are part of Appendix E.
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Table 17: List of the different program parameters for each zone.

Parameter Zone Zone Zone Utility Zone WC
Classroom Corridor Rom
Occupancy 0.337 0 people/m? 0.377 0 people/m?
people/m? people/m?
Schedule Occu. Occu.
Classroom Classroom
Lighting 5.72 W/m2 4.08 W/m2 5.72 W/m? 5.95 W/m?
Schedule Lighting Lighting Lighting Lighting
Classroom Corridor Classroom Classroom
Daylight Yes Yes Yes Yes
control
Set Point 300 Ix 100 Ix 300 Ix 200 Ix
Service 0.75 L/hm?
Hot Water
Schedule Service Hot
Water WC
Infilatration 0.000227 0.000227 0.000227 0.000227
m3/sm2 m3/sm? m3/sm? m3/sm?
Schedule
Heating Yes Yes Yes Yes
Schedule Classroom Corridor Classroom | WC Heating
Heating Heating Heating
Cooling Yes No Yes No
Schedule Classroom Classroom
Cooling Cooling
natural Yes Yes Yes Yes
Ventilation
Schedule always always always always
T min - 22-25°C 22-25°C 22-25°C 22-25°C
max inside
T min - 15-26°C 15-26°C 15-26°C 15-26°C
max
outside
% operable 50% 50% 50% 50%
Area
mechanical Seasonal No Seasonal Yes
Ventilation
Schedule Classroom Classroom wC
Ventilation Ventilation Ventilation
Heat 75% --- 75% 75%
Recovery
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Table 18: List of different schedules of the zone Classrooms. A fractional schedule
represents a certain % of the availability of the system. A temperature schedule represents
the set point temperature of a system. W=Weekday, WE= Weekend, H=Holiday

Hour Occupancy Lighting Heating Cooling Ventilation | Ventilation
s of classrooms class- class- class- class- class-
the Fractional rooms rooms rooms rooms rooms
day fractional temp. temp. winter summer
fractional fractional
W|lWE|H|W[WE[H|]W[WE]|H WIWE‘HWWE‘H WIWE‘H
0 0 0 oo o Jolaz]| 127 |15 26 0 0 0
1 0 0 0o lof] o Jolaz]| 127 |15 0
2 0 0 oo o Jolaz]| 127 |15 0
3 0 0 0o lof| o Jola7]| 17 |15 0
4 0 0 0 lof| o JoJa7]| 17 |15 0
5 0 0 0 lof| o Jola7]| 17 |15 0
6 0 0 oJo|] o o7 17 |15 0
7 0 0 oJo|] o o7 17 |15 0
8 1 0 o1 o |o]19]| 17 |15 1
9 1 0 0o l1] o]oJao]| 17 |15 1
10 1 0 0o l1] of]oJao]| 17 |15 1
11 1 0 oJ1] o o] 17 |15 1
12 1 0 oJ1] o o] 17 |15 1
13 1 0 oJ1] o o] 17 |15 1
14 1 0 0 o] o JoJ19]| 17 |15 1
5
15 1 0 0 o] o JoJ19]| 17 |15 1
5
16 1 0 o Jo | o fof]a7| 17 |15 1
5
17 0 0 oJo|] o o7 17 |15 1
18 0 0 0o lof| o ola7| 17 |15 1
19 0 0 0o o Jola7]| 17 |15 1
20 0 0 0 lof| o Jola7]| 17 |15 1
21 0 0 oo o o7 17 |15 1
22 0 0 oJo|] o o7 17 |15 1
23 0 0 oJo|] o o7 17 |15 1

A weekday is defined as Monday-Friday, weekends are from Saturday to Sunday, and
the holidays follow the school calendar of the federal state of Baden Wirttemberg. A list
of the holidays used is shown in Appendix F. The following describes how the schedules
are read with the stored zone programs. An example of a fractional schedule and a
temperature schedule is provided. The fractional occupancy schedules mean that during
weekdays from 8-17, the full occupancy value of 0.337 people/m? is assumed. During
the remaining time, the zone will be unoccupied. The temperature schedule for the
classroom zone governs the set point temperature for heating and cooling. For example,
during occupancy on a weekday between 8-17, the classroom zone is conditioned at
19°C by the heating system. Outside the occupancy hours, the temperature drops to
17°C, and during longer unoccupied days like holidays, the temperature is lowered to
15°C.

58



Application of the Methodology

HVAC — The HVAC is modelled with a preprogrammed component from HB called ideal
air. It is used when the user aims to evaluate a building's performance without having to
model an entire HVAC. This decision was made because of two reasons. Since HB is
designed for American buildings, the exact modelling of conventional energy systems
for the European market is complex and beyond this thesis. The second reason is that
the subsequent LCA focused on the building envelope and on-site energy production as
they had the biggest share in EC (cf. Chapter 5.1), and only limited datasets are
available on eLCA for different HVAC, so a good representation of a changing HVAC is
not possible.

Weather files and simulation parameters — The weather file “Stuttgart-Schnarrenberg
BW DEU107390TMYX” is used for the simulation. The location of the weather station is
less than a kilometre away from the project location and represents, therefore, perfectly
the climatic conditions. The distance was measured with Google Maps. Further
simulation parameters are listed in Table 19.

Table 19: List of additional simulation parameters

Simulation Parameters Set Values
Simulation Output Zone Energy use, System Energy Use,
Gains and Losses, Reportfrequenzy Monthly
Shadow Calculation Minimal Shadowing, Method Polygon
clipping, Frequency Periododicly,
Analysis Period Hole Year
Holidays 91 Valus, the List is in Appendix F

4.2.2 PV-Simulation

The PV system simulation followed the same principles as the energy simulation except
that the building was reduced to a single zone as the interior performance of the building
does not matter, only the geometrical shape and the resulting shadows. Figure 4-2
shows the final geometrical shape of the building in grey, while the surfaces of the PV
area are highlighted in green. The positions and sizes were taken from the architectural
documents and the technical data sheets from the PV modules.

1k dE

it

e ————

Figure 4-2: Model used for the PV-Simulation of the Base Case. Areas in green highlight
the PV Modules.
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After importing the geometries into Grasshopper and HB, the properties for the building
and PV systems can be assigned. In this simulation, all pre-set construction sets and
programs are used to generate the HB rooms, as further input is unnecessary for the
onsite electricity generation. The material properties of the PV models can be applied to
the surfaces using the “HB photovoltaic properties component”. It allows the following
inputs:

- Rated efficiency in per cent of the PV module

- Active fraction in per cent: the proportion of the PV module area to the PV cells
area

- The module type which corresponds to the rated efficiency

- Mounting Typ: Fixed open rack, fixed roof-mounted, one-axis, one-axis with
backtracking, and two-axis

- Loss fraction in per cent: including soiling, snow, wiring losses, electrical
connection losses, manufacturer defects/tolerances/mismatch in cell
characteristics, losses from power grid availability, and losses due to age or light-
induced degradation

- Ground coverage ratio for one-axis arrays

Table 20 shows the actual input for the simulation. The default inputs were used for the
components ,HB Room to solid“ and ,HB Shade“as they do not influence the output of
the simulated PV modules.

Table 20: Overview of the inputs of the different components for the PV simulation

Component Inputs Value
Hb Room to Solid Construction set default
Programm default
Conditioned default
HB Shade Construction Set default
Transmittance Schedule always opaque
HB Photovoltaic Properties Rated efficiency 0.168954
Active fraction 0.9 (default)
module type Standard

Mounting Typ

Fixed Roof-Mounted

Loss fraction

0.14 (default)

Ground coverage

not applicable

The rated efficiency was calculated after the following formula (Engasser, 2023):

kWy of the PV panel [kW] 0.28
Area of the PV panel [m2]  0.99x1.674

r [%] = = 0.168954 % (3.1)

The data was taken from the data sheet of the used PV model “Bosch Solar Module c-
Si M 60”. The data sheet is part of Appendix G. The default values were chosen for the
input's active and loss fraction, as no detailed information about the system is available.
Lastly, the zoning and material properties were combined in the HB Model component,
one of the inputs for the HB Generation Loads simulation component. Table 21 shows
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the different inputs of the component, though mostly the default values were chosen as
no additional information about the actual systems was available.

Table 21: Overview of the different inputs for the HB Generation Loads.

Component Inputs Value
Hb Generation Loads HB objects Output of the HB Model
Component
Epw file Stuttgart-Weissenburg BW
DEU-107370-TMYX
North 0°
Inverter efficiency 0.96 (default)
Direct current to alternating 1.1
current

The outputs of interest were the total alternating kWh and each photovoltaic object's
direct current to better understand the impact of the roof PV and facade PV models. The
entire Grasshopper canvas is part of Appendix H.

4.3 Variants

The energy simulation and the LCA had to be adjusted to achieve the energy standards
with the varied design choices presented in Chapter 3.1.2. This included the thickness
of the insulation, the chosen insulation material and the onsite energy demand.
However, as mentioned earlier (cf. Chapter 3.2.2 & 3.4), the HVAC system, with the
underlying programmes and loads, was not adjusted. Table 22 shows the adjusted
materials, thicknesses and on-site energy production. The used materials in the variants
are based on the base case's most commonly used insulation material, except for the
variants where a more sustainable insulation material was used. The thickness of the
insulation non-renewable materials was defined to fulfil the requirements of the energy
standard. The thickness of the renewable materials is based on the thickness of the
corresponding insulation material in the base case, as a thickness of more than 300mm
seems unrealistic. Furthermore, it was kept the same in areas where the insulation
material needed to fulfil a specific function that sustainable material could not, for
example, for the fire protection strip or the insulation for the elevator. The onsite energy
demand also followed the definitions of the energy demand. In the case of the plus
energy building standard, the surface area of the base case was chosen as the standard
only defines that more energy has to be produced over the year but not a precise
amount.
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Table 22: Design decisions and corresponding energy demand of the variants.

Variant Insulation material Insulation Share of Surface Final
thickness on-site area of energy
[mm] energy PV- demand
production | modules [kWh/a]
[%] [m2]
Base Case Exterior Wall: EPS, 300, 90, 140 672 70,000
Uhland VIP, Mineral Wool 200
School Roof: EPS 300
Exposed Floor: VIP, 40, 120
Mineral Wool
Variant 1: Exterior Wall: EPS n.a. n.a. n.a. n.a.
KfW 40 Roof; EPS
Exposed Floor: XPS
Variant 2: Exterior Wall: EPS 120 65 376 87,400
Passive Roof: EPS 150
Heating 65% | Exposed Floor: Mineral 100
Wool
Variant 3: Exterior Wall: EPS 120 100 585 87,400
Passive Roof: EPS 150
Heating Exposed Floor: Mineral 100
100% wool
Variant 4. Exterior Wall: EPS 120 110 672 87,400
Passive Roof: EPS 150
Heating & Exposed Floor: Mineral 100
Energy Plus Wool
Variant 5: Exterior Wall: wood 300 132 672 73,500
Uhalnd fiber insulation board
School with Roof: wood fibre 300
Sustainable insulation board
Materials Exposed Floor: VIP, 40,
Mineral Wool 120
Variant 6: Exterior Wall: straw 300 135 672 71,900
Uhalnd insulation board
School with Roof: straw insulation 300
Sustainable board
Materials 2 Exposed Floor: VIP, 40,
Mineral Wool 120

During the simulation process, to identify the parameters of the variants, it was
impossible to create a model for the KW 40 energy standard that met all the
requirements. This was because the calculated energy amount permissible for a KfwW
40 building, while simultaneously meeting the necessary insulation standards of a Kfw
40 building, could not be achieved, thereby officially failing to meet the energy standard.
This conclusion is based on the results of the reference building, which requires a total
of 80.3 kWh/m2a. The reference building was constructed according to the specifications
of the GEG. Compared to the reference building, however, the Uhlan school already
performs well enough to meet the required energy demand of a KfW standard, even with
limited insulation material insulation. The main reasons for this include lower room
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temperatures during heating, higher room temperatures during cooling, lower or higher
system temperatures of the heating and cooling system, and a higher degree of heat
recovery from ventilation. Therefore, the Variant 1 KfW 40 was no longer part of the
analysis.

4.4 Overview of Different Scenarios

For the analysis, seven different scenarios are considered to evaluate the impact of
varied system boundaries on the analysis. The first three consider three different
amounts of GHGs in the electricity mixes. In the first one, the amount of GHGs in the
German electricity mix remains constant from the values of 2024. In the second one, the
amount of GHGs in the electricity mix decreases dynamically to be in line with the targets
set out by the Government of the Federal Republic of Germany (cf. 2.4.2). To also
account for a slower decarbonising grid, the third scenario, is based on a constant
decline in the amount of GHG in the electricity mix. In both scenarios, the electricity mix
will be carbon-free by 2045. Scenarios 4 and 5 account for the time value of carbon by
discounting future flows of GHGs to a net present value. For scenario 4, a discount rate
of 1%, and scenario 5, a discount rate of 2.5% is used (cf. Chapter 2.4.1). OE emissions
and EE of Modul C are discounted in the year they occur, while the EE of Modul B is
discounted all after 25 years. Furthermore, in the evaluation interface of eLCA, it is
impossible to assign the emissions from Phase B to a specific product and, thus, to the
exact time of its replacement. Nevertheless, the assumption that all emissions from
repair and replacement occur after 25 years is conservative, as future emissions are
less heavily weighted due to discounting. Scenario 6 represents a combination of
Scenario 2 and 4 to show the influence of overlapping these scenarios. Lastly, in
scenario 7, the system boundaries of the LCA are expanded to account for Module D,
where benefits beyond the buildings from recycling, reuse and recovery are considered.
Table 23 lists all scenarios and how they vary the system boundaries.

Table 23: Overview of the different expanded system boundaries.

Scenarios Expanded System Boundaries
1 Base Case, constant GHGs in the electricity mix
2 GHGs in the electricity mix decline, based on the targets the Government

of the Federal Republic of Germany set out. Zero emissions will be
reached in 2045.

3 GHGs in the electricity mix decline constantly until zero emissions are
reached in 2045.
4 Accounts for the time value of carbon by discounting future emissions with
1%.
5 Accounts for the time value of carbon by discounting future emissions with
2.5%.
6 Combines the expanded system boundaries of Scenario 2 and 4.
7 Includes the Moduld D in the LCA
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5 Results

In Chapter 5, the results of the LCA for the base case and the variants under different
scenarios are presented. First, the base case's performance under various scenarios
highlights the impact of expanding the system boundaries. Secondly, the variants are
compared to the base case under the different scenarios. Lastly, the energy simulation
results are validated by comparing the results to the building physics report, and a
sensitivity analysis is conducted to highlight the impact that a possible EPG of the
simulation could have on the results.

5.1 LCE of the Case Study

Table 24 shows the LCE of the case study in kgCO,-Equ./m2. It is divided into the EE of
the cost group 300 and 400 and the OE due to the energy demand or the negative
emissions from the fed in electricity. The OEs are shown under the assumptions of
Scenario 1, where the share of CO.-Equ. emissions in the electricity mix stay constant.

Table 24: LCE in kgCO2-Equ./m2 of the case study divided into EE and OE for areference
study period of 50a.

Calculated values for the construction part (Sum GWP
of Modules Al - A3, B2-B4, C3, C4) [kgCO2-Equ./m?]
Sum of Cost Group 300 327,3
320 Foundations 1,7
330 Exterior Walls 161,7
340 Interior Walls 64,4
L 350 Ceilings 67,7
360 Roofs 31,8
Sum of Cost Group 400 237,4
Base Rate 60,0
420 Heat Supply Systems 17,4
430 Ventilation Systems 1,1
440 Power installations 153,0
460 Conveyor systems 59
Calculated values for the operation Energy -226,0
w demand (B6)
O
Sum 338,7
w
S

More than half of the embodied emissions stem from the CG 300. In it, the sub-CG 330
has the most significant share in the emissions. For CG 330, the amount of insulation
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material is responsible for most of the emissions. CG 400 is responsible for slightly less
than half of the embodied emissions. The biggest emitters are the base rate and the CG
440 power installations. Here, the number of PV modules is the dominating factor. The
two largest emitting sub-CG 330 and 440 combined are responsible for more than 50%
of all embodied emissions. At the same time, it greatly influences the operational energy
demand as the insulation material reduces the amount needed, and the number of PV
modules increases the amount fed in electricity. Therefore, varying these design choices
can show whether the trade between EE and OE is worth it.

Figure 5-1 looks at which LCA Phase the embodied emissions arise.
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Figure 5-1: The EE in kgCO2-Equ./m2 distribution for the different life stages of CG 300 &
400 for a reference study period of 50a.

For CG 300, 52% stem from phases A1-A3, 37% from phases B2-B5, and 11% from
phases C4-C5. Similarly, in CG 400, 60% arise in phases A1-A3, while in phases B2-
B5, 37% and only a marginal amount of 3% in phases C4-C5. However, it should be
mentioned that for CG 400, 84% of the emissions of phases B2-B5 come from the PV
modules alone. A further investigation into the PV modules showed that the modules
mounted on the rooftop are responsible for 84.5 % of the solar capacity and also hold a
similar share of 83.9% share in the surface area. As the roof-mounted modules are
slightly more efficient than the fagade mounted modules, the facade modules were
exchanged first if the solar capacity was lowered in the variants.

Looking at the LCE emissions under the scenarios presented in Chapter 4.4, negative
GHGs from the operational stage are reduced as either the amount of substitutional
emissions is reduced or future emissions are discounted to a present value. Figure 5-2
shows the development of the LCE if the German electricity mix decarbonises.
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Figure 5-2: Development of the LCE of the base case under scenarios with a
decarbonising electricity mix 1, 2, 3, and 6 over a reference study period of 50a.

Each scenario starts with the EE from Phase A. Then, the LCEs decrease depending
on the substituted CO»-Equ. emissions from the electricity mix achieved through the
excess electricity produced. Depending on the scenario path, the achieved value varies.
After 25 years, all emissions from Phases B2-B4 are accounted for together. The
resulting sudden increase in LCE is seen. Since no further substitution occurs in
Scenarios 2, 3, and 4, the LCE remains at the same level. Lastly, the CO»-Equ.
emissions from Phase C occur after 50 years, leading to a slight increase in LCE.

Figure 5-2 highlights how sensitive the final LCEs are depending on how much CO2-
Equ. emissions remain in the electricity grid. The LCEs increased from Scenario 1 to
Scenario 2 by almost 160%. Furthermore, the weighting of future emissions seen in
scenario six only has a marginal effect compared to the other scenarios with a
decarbonising grid, as only the emissions from Modules B and C are discounted.

This marginal effect of the time value of carbon on the LCE can also be observed in
Scenarios 4 and 5 (cf. Figure 5-3).
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Figure 5-3. Development of the LCE of the base case under scenarios with different
discount rates (Scenario 1 0%, Scenario 4 1%, Scenario 5 2.5%) over a reference study
period of 50a.

The LCE at the end of the reference period of 50 years only differs between Scenario 1
and 5 by 8%. This raises the question of whether the time value of carbon is essential
in a study period of 50 years, where the majority of emissions happen right at the
beginning. At the same time, hypothesis 3c is proven to be true. The expansion of the
system boundaries to include the time value of carbon results in different LCE. However,
as the impacts of scenarios 4, 5, and 6 are so small, they were neglected in the variant
study.

5.2 Comparision of the Life Cycle
Emissions of Different Variants under
various scenarios

Table 24 shows the EE and the percental change compared to the base case of the
different variants. Only the sub-cost groups 330, 350, 360 and 440 are shown, as they
are the only ones affected by the varied design decisions. Variants 2-4 have the same
thickness and type of insulation material. Therefore, the EE does not change between
these variants. Compared to the base case, the EE of CG 300 for variants 2-4 are 15%
lower. The amount of energy demand the solar modules cover affects the EE of CG 400.
Depending on the total surface area of the PV modules, the EE changes between 0-
36% for Variants 2-4.
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Table 25: Embodied Emissions of the different Variants and how they change compared
to the base case for a reference study period of 50a. Only the cost groups in which a
change occurs are shown.

Base Variant 2 Variant 3 Variant 4 Variant 5 Variant 5
Case
cwP Chang Chang Chang Chang Chang
[kgCO2- | GWP N % GWP N % GWP N % GWP N % GWP N %
Equ./m?]

CG

300 327,3 2796 | -15 [279,6| -15 |279,6 | -15 | 335,8 +3 248 -24

330 161,7 138 -15 138 -15 138 -15 |160,4 -1 94,3 -42

350 67,7 50,5 -25 50,5 -25 50,5 -25 67,7 0 67,7 -0

360 31,8 25 -21 25 -21 25 -21 416 | +31 | 19,8 -38
EOGO 237,4 1529 -36 |217,6 -8 237,4 - 237,4 - 237,4 -
440 153 85,6 -44 1 133,2| -13 153 - 153 - 153 -

Variants 5-6 reflect the change in the insulation material type. The EE of CG 300
increased for variant 5 even though wood fibres are considered a more sustainable
insulation material. The higher emissions can be explained by the fact that the service
life of wood fibres is only 40 years compared to EPS insulation, which has a service life
of 50 years. This means the wood fibres must be exchanged once during the study
period. In the case of the straw insulation in variant 6, the embodied emissions
decreased by 24%.

The changed design decisions of variants 2-6 consequently affected the yearly energy
demand and, therefore, the OE. The increase or decrease in the annual electricity
demand and electricity production of the different variants are shown in Figure 5-4.
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Figure 5-4: Comparison of the base case and variants' yearly electricity demand and
production in kWh/a.

The lower energy standard of a passive house and the consequential rise in energy
demand is reflected in variants 2-4. Similarly, the switch to renewable insulation
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materials also increased the energy demand of the building (cf. variant 5-6). Fewer PV
modules decrease the on-site electricity production (cf. Variant 2-4). The effect of these
changes can be seen in Figure 5-5. Here, the LCE emissions of all variants under
scenario 1 are shown.
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Figure 5-5: Comparison of the EE, OE and LCE of the different variants in scenario 1in a
reference study period of 50 years.

In this scenario, only the LCE of variant 6 is lower than that of the base case. This is
because the emission credit for the feed-in electricity outweighs the increased EE
compared to variants 2-4; however, scenario 1 assumes a constant level of CO;-Euq.-
emissions in the electricity mix for the study period. This might overemphasise the
impact of the fed-in electricity. Nothlesse, a lower energy standard did not result in fewer
GHG emissions under the specified system boundaries, disproving hypothesis 1. To
further investigate the influence of a change in the system boundaries, the two scenarios
that account for the influence of a changing electricity mix are considered (cf. Figure
5-6).
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Figure 5-6: Development of the LCE of each Variant for Scenarios 2-3 with a reference
study period of 50 years.

In both scenarios (2-3) with a decarbonising grid variant 4, the school building with a
passive house heating demand and an overall plus energy building performance
outperforms all other variants. Compared to the base case, the LCE of the building
decreased by 19% in scenario 2 and 16% in scenario 3. The best performance of variant
4 was achieved under scenario 3 with a constant decrease in CO2-Eug.-emissions in
the energy mix. Generally, the plus energy building standards performed better under a
slower decarbonising grid as they got more negative carbon emissions for their fed-in
electricity. A closer look at the differences between the LCE of variants 3 and 4 under
scenario 2 shows that quicker decarbonisation of the electricity mix results in a smaller
difference in LCE compared to the scenario with slower decarbonisation. This raises
the question of whether the zero-energy building could outperform the plus-energy
building at a later starting time of the analysis. Nonetheless, variants 2-4 show that an
increased onsite energy production results in lower LCEs. Furthermore, they show that
an increase in energy demand can lead to lower LCESs, as variants 2-4 outperformed
the base case for scenarios 2 and 3, provided that the increase in energy demand goes
along with a decrease in EEs. This highlights again how important system boundaries
are for the results of an analysis of the LCE, confirming hypothesis 3b.

This is highlighted by variants 5 and 6. Though using sustainable building materials
increased the energy demand of the building, they did not lower the LCEs in the case of
variant 5 as the EEs did not decrease. For variant 6, this was the case, resulting in
overall lower LCEs. Therefore, a general claim that natural building materials like wood
fibres or straw decrease the overall LCE can not be observed, disproving hypothesis 2.
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5.3 Comparision of the Life Cycle
Emissions of Different Variants with the
Inclusion of Phase D

In scenario 7, phase D of a LCA is included in the calculations of the LCE. For the
comparison, the best-performing variant of the passive house standards, variant 4, and
the best-performing variant of the sustainable building materials, variant 6, are included.
Figure 5-7 shows the LCE under scenarios 1-3.
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Figure 5-7: Development of the LCEs of different Variants, including module D, under
various scenarios with a reference study period of 50 years

If the system boundaries of the LCA are expanded to include phase D, the overall best-
performing design standard is variant 6 with the sustainable insulation material straw.
Overall, all building standards emit fewer GHGs if module D is included. This shows the
potential of a circular material stream through the reusing or recycling of building
materials on the LCE of the building industry. However, challenges remain in data
availability, methodological consistency, and integrating these assessments into
practical building processes and a concept that would ensure reuse in the future (cf.
chapter 2.2.2.2). Therefore, hypothesis 3a, “The results vary depending on the inclusion
of Module D in the LCA”, is proven to be true.

5.4 Validation of Results

The result of the dynamic energy simulation carried out in this work is validated by
comparing the result with the result from the energy simulation conducted by the building
physicist (cf. Table 26). The different input parameters can explain the remaining
differences in the results. In the simulation conducted in HB, the weather files from a
nearby weather station of the school building were used. In contrast, the building physics
report assumed a general reference climate for Germany. Furthermore, the energy
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demand of the appliances and corresponding exhaust heat are part of the HB simulation.
This results in varying heating and cooling demands. The missing cooling energy
demand in the building physics report can result from the modelled night cooling that the
author could not simulate in HB. Furthermore, the cooling of the building is also used to
increase or replenish the thermal energy of the geothermal prob field. It should,
therefore, not be allocated to a cooling demand. Nonetheless, the cooling demand
represented in the HB simulation will be considered, especially as this might increase
as the climate gets more extreme.

Table 26: Comparison of the different results of the energy simulations divided into the
different outputs.

Final energy | Final energy | Final energy | Final energy | Final energy
demand demand demand demand demand
Heating Hot Water Lighting Cooling Total
[kWh/m?2a] [kWh/m?2a] [kWh/m?2a] [kWh/m?2a] [kWh/m?2a]
Report by the 7.3 1.8 1.3 0.0 10.3
building
physicist
Honeybee 7.7 1.8 1.2 0.75 11.4
Deviation 5.2% 0.0% 7.3% - 9.6%

The energy demand for the appliances could not be validated by comparing the
simulation as the report to show compliance with the GEG does not require it. However,
as these values are derived from observed values, they are assumed to fit the
installation.

The PV-simulation results were validated using the rule of thumb that 1kWp represents
1000 kWh/a. With an installed capacity of 100 kWp in the case study, the simulation
results of 97,069.0 kWh/a seem plausible.

The LCA Results of the base scenario were compared to the results of a study that
examined different building standards and their embodied emissions and found that
renovations to higher energy standards result in 3-8 kgCO;-Equ./(m2a). The base case
emits 11.29 kgCO,-Equ./(m2a). This difference can be explained by the far lesser
heating demand of the base case scenario (7.7 kWh/m2a) compared to the refurbished
buildings in the study (35-141 kWh/m?2a), resulting in using more insulation material and
the amount of solar panels used. Additionally, the technical building equipment is
balanced in the LCA through conservative estimations in this analysis, e.g. the base rate
from QNG. (Mahler et al., 2019)

5.5 Sensitivity Analysis

To investigate the sensitivity of the analysis stemming from the energy demand during
the operational use of the building and incorporate the performance gap between BES
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and actual energy demand of the building, the result of the BES of the base case and
the variant 4, as it was the overall best-performing variant, is changed. The energy
demand increases from the original results by 34%, representing the identified average
deviation between BES and actual performance (cf. Chapter 2.3.3)

Figure 5-8 shows the increase in LCE of the base case and variant 4 under scenario 1
if an EPG of 34% is included in the analysis.

700,0

600,0

> 500,0
400,0
300,0
200,0
100,0

0,0

Base Case Variant 4

//m?

GWP in kgCo2-Equ

B Simulation Results B With EPG of 34%

Figure 5-8: Increase in LCE if the actual energy demand increases by 34% compared to
the simulation over a study period of 50 years for scenario 1.

The LCE of the base case increased by 50%, while in the case of variant 4, the LCE
increased by 61%. This highlights the sensitivity of the analysis. The higher increase in
variant 4 can be attributed to the fact that after the increased energy demand, the
building is no longer a plus energy building and, therefore, no longer generates negative
emissions by feeding electricity into the grid. However, even if an EPG of 34% is
considered, variant 4 outperforms the base case in scenarios 2 and 3 (cf. Figure 5-9).
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Figure 5-9: Different LCE under scenarios 1-3 with the consideration of the EPG of 34%
over a study period of 50 years.

75



Results

76



Limitations

6 Limitations

During the application of the methodology, several limitations were identified. First, the
impact of important design decisions regarding the technical building equipment, like the
HVAC system or building automation, could not be quantified. This had two main
reasons. The HVAC system could only be represented in limited detail in the building
simulation, as this would have required more extensive modifications to the program's
programming language. At the same time, only a limited number of datasets for technical
building equipment are available in the OKOBAUDAT database, which means that the
changes could not be transferred to the LCA. However, the energy simulation of the
reference building showed that the HVAC has an enormous influence on the energy
demand of a building. At the same time, the EEs of CG 400 are significant. Representing
this influence on the LCE could be a field of future research, provided that the limitations
identified in this research can be overcome.

Second, additional limitations due to the chosen database influenced the results. Only
one option is available for the technical building equipment datasets. This often
represents a worst-case scenario for the environmental impacts of the technical building
equipment, which could result in an overestimation in the analysis. Furthermore, no
generic or valid EPD was available for new insulation materials like straw insulation or
vacuum insulations. They must be added to ensure these EPDs are created using the
same stringent methods as other EPDs in the OKOBAUDAT. This is especially
important because the potential of straw insulation to reduce the LCE is high.

Third, the analysis only included the GWP. To ensure that these design changes also
positively affect other indicators, the goal and scope of the LCA should be expanded.
Only then is it possible to claim that certain design decisions result in the most
sustainable building.

Fourth, during the quantity estimation to create the building catalogue, the dimensions
of the building components were not always clearly defined. For example, sections to
identify all new structural components' heights were missing, so assumptions had to be
made. If a building model had been created, human errors or assumptions would have
been smaller. Consequently, the quantity estimation would have a higher resolution, and
the resulting emissions could have been estimated more accurately. Accurate building
models are necessary for future research or, in general, to better predict LCE in the
building industry.

Lastly, the analysis was conducted on a single school building with extremely low energy

demand and specific climate conditions. Different building types and climate conditions
should be considered to validate the results and make them applicable in other contexts.
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7 Conclusion

To reduce the negative impact of the building sector on the environment, the EU
introduced legislation that focused on reducing the buildings' operational emissions.
However, this entails increased embodied emissions from the increase in materials,
potentially leading to higher life cycle emissions. Hence, this research aimed to identify
energy standards and design decisions that would lead to lower life cycle emissions
based on the example of a refurbished school building. The research question was:
Which building energy standard and design decisions, accounting for embodied and
operational emissions, offer the most effective pathway toward sustainable construction
in non-residential buildings?

The study presented the theoretical background to asses LCE by first defining LCE,
highlighting the impact energy standards and design decisions can have on the LCE
and introducing LCA, a method to assess potential environmental emissions of
buildings. The theoretical background established key system boundaries for the LCA
and how varying them can influence the final results. Chapters 3 and 4 define the system
boundaries of the LCA and how it is applied based on the research. In Chapter 5, the
results of the variant study are shown under different scenarios. In scenario one, where
the energy demand of the building is converted with a constant amount of GHG
emissions into the OE, the variant with straw insulation but a slightly higher energy
demand than the base case achieves the lowest LCE. In scenarios two and three, the
decarbonisation of the German electricity mix is considered to reflect future
developments. The plus energy building with a passive house heating demand performs
best here. However, the base case is also outperformed by the variants with only a
passive house standard and lower on-site energy production. The influence of the time
value of carbon is only minimal on the LCE. One reason is that most emissions occur at
the beginning of the construction and are therefore not discounted, especially in
scenarios with a decarbonising energy grid. The second reason is that the discount rates
of 1% and 2.5% are quite low. Lastly, with the inclusion of module D, the impact of
sustainable building materials and the general potential of reducing the LCE of buildings
by reusing or recycling building materials is shown. In this last scenario, variants 4 and
6 outperformed the base case; in this scenario, variant 6 has the lowest LCE. To ensure
that the results can be applied even if the simulation results from the energy simulation
differ from the actual performance, a sensitivity analysis with the average performance
gap of an energy simulation was conducted. It showed that even though the results of
the LCA are highly sensitive to changes in the energy simulation, the overall results do
not change. Variants 4 and 6 still outperformed the base case.

Based on the results obtained from this study, the answer to the research question and
the validity of the hypothesis is as follows: No clear energy standard can be singled out
as the best-performing energy standard as it highly depends on the system boundaries
chosen, validating hypothesis 3, and the actual energy demand that has to be covered
by the on-site energy production. Furthermore, changing to sustainable building
materials results in higher energy demand but does not automatically lower the LCE of
a building, disproving hypothesis 2. Nonetheless, two key findings concerning design
decisions could be identified:
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1) All scenarios showed that the amount of insulation materials used in the base case
to reduce the energy losses of the building was too much as a lower energy performance
can potentially produce less LCE. Highlighting that when evaluating the performance of
a building, embodied emissions should also be considered and validating hypothesis 1.

2) The analysis showed that the full potential of onsite energy production should be
harnessed as all variants with the same energy demand performed better the more PV
modules were installed.

Therefore, to reduce the building sector's GHG, future legislation and designers should
also consider the embodied emissions when evaluating the sustainability of a new
building.
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Appendix

Appendix B: Front page of the EPD used for the vacuum insulation material.

Deklarationsinhabar
Herausqeber
Programmhaiter
Dekiarationsfaiummer

Ausstellungsdatum
Giiltig bis

Porextherm D3mmstoffe GmbH
Institut Baven und Umwelt & V. {IBU)
Institut Bauen und Umweit . V. (IBU)
EPD-POR-20200138-IBC1-DE
25.08.2020

24 08.2025

www.ibu-epd.com | https://epd-online.com

k4

Institut Bauen
und Umwelt eV.
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Appendix C: Front page of the used EPD for the straw insulation material.

:M S :'-' Wi~

Environmental product declaration
In accordance with ISO 14025 and EN 15804:2012+A2:2019 for:

Straw as insulation
material- UK

SCHOOL OF
NATURALFS

Up-Straw - School of Natural Building (SNaB)

Calculation number: EPD-NIBE-20210706-20460
EPD-registration number.  S-P-03854 S-P-03854
Generation on: 15-10-2021

Issue date: 15-10-2021

Revision date: 23-2-2022 (version 2}
Valid until: 15-10-2026

Status:

VERIFIED )
R<THiNK

Appendix D: Zoning of the energy simulation of the remaining floors.

Zoning Ground Floor

Zoning 2™ Floor

[IClassrooms Zones

[Corridor Zones
[ Utility Zone
[WC Zones
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Appendix E: Schedule of the Zones: WC, Corridors, and Utility Rooms

Appendix

Occupancy Lighting WC Heating WC Ventilation Service Hot
Hours WC WC Water
g;;he Fractional fractional class-rooms ;Nu'pntrenrefc fractional
temp. fractional
w | WE | H w | WE| H W | WE| H W | WE| H w | we| H
0 0 0 0 15 15 12 0 0
1 0 0 0 15 | 15 | 12 0 0
2 0 0 0 15 | 15 | 12 0 0
3 0 0 0 15 | 15 | 12 0 0
4 0 0 0 15 15 12 0 0
5 0 0 0 15 15 12 0 0
6 0 0 0 15 15 12 | 05 0
7 0 0 0 15 | 15 | 12 0 0
8 0.2 0 0 15 | 15 | 12 | 05 0.5
9 0.2 0 0 15 15 12 | 05 1.0
10 0.2 0 0 15 15 12 | 05 1.0
11 0.1 0 0 15 15 12 | 05 1.0
0 0 0
12 0.1 0 0 15 15 12 | 05 1.0
13 0.1 0 0 15 15 12 | 05 1.0
14 0.1 0 0 15 15 12 | 03 1.0
15 0.1 0 0 15 15 12 | 03 0.5
16 0.1 0 0 15 15 12 | 03 0.5
17 0 0 0 15 | 15 | 12 | 0.3 0.3
18 0 0 0 15 | 15 | 12 | 0.3 0
19 0 0 0 15 | 15 | 12 0 0
20 0 0 0 15 15 12 0 0
21 0 0 0 15 15 12 0 0
22 0 0 0 15 | 15 | 12 0 0
23 0 0 0 15 | 15 | 12 0 0
Hours Occupancy Corridors Lighting Corridors Heating Corridors
of the Fractional fractional class-rooms
day temp.
w | WE | H w WE H w WE H
0 0 0 0 15 15 12
1 0 0 0 15 15 12
2 0 0 0 15 15 12
3 0 0 0 15 15 12
4 0 0 0 15 15 12

123



Literatur

5 0 0 0 15 15 12
6 0 0 0 15 15 12
7 0 0 0 15 15 12
8 0.2 0 0 15 15 12
9 0.2 0 0 15 15 12
10 0.2 0 0 15 15 12
11 0.1 0 0 15 15 12
12 0.1 0 0 15 15 12
13 0.1 0 0 15 15 12
14 0.1 0 0 15 15 12
15 0.1 0 0 15 15 12
16 0.1 0 0 15 15 12
17 0 0 0 15 15 12
18 0 0 0 15 15 12
19 0 0 0 15 15 12
20 0 0 0 15 15 12
21 0 0 0 15 15 12
22 0 0 0 15 15 12
23 0 0 0 15 15 12
Occupancy | Lighting Cooling Veai'illﬁt'on
Utility Utility Heating Utility Ventilation Roomys
Hours Rooms Rooms Rooms summer
of the . Utility
day Fractional fractional Utility temp. Rooms fractional
Rooms winter
temp. fractional
Wl welH]|W]|WE[H]W]|WE|H W|WE|H w WE|H W|WE|H
0 oflo]o oo ] o]a17|17] 15 0
1 oloflo]Jo]o]|o]17]|17] 15 0
2 olofo]Jo]o]|o]17]|17] 15 0
3 olofo]Jo]o]|o]17]|17] 15 0
4 oflo]o oo ] o]a17|17] 15 0
5 oflo]o oo ] o]a17|17] 15 0
6 oloflo]Jo]o]|o]17]|17] 15 26 0 0 0
7 oloflo]Jo]o]|o]17]|17] 15 0
8 1lo]Jol1|oflo]1]a7]|1s 1
9 11o0fo 10| oj19]17]| 15 1
10 11o0fo 10| oj19]17]| 15 1
11 1lo]Jol1|oflo]1]a7]|a1s 1
12 1]1]0/fo0 10| o 1917|115 1
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13 1 |lo]Jo]l1|ofo0o]1]|17]|15
14 1 0 0 Jo5] 0| 01917 |15
15 1 0 0 |Jos5]) 0| 01917 |15
16 1 |o]o]os|of|o]1r]|17]| 15
17 olofo]Jo]o]|o]17|17] 15
18 olofo]Jo]o]|o]17|17] 15
19 oloflo]Jo|o]o 17|17 ] 15
20 0 0 0 ol o] o017 |17 | 15
21 olofo]Jo]o]|o]17|17] 15
22 olofo]Jo]o]|o]17|17] 15
23 olofo]Jo]o]|o]17|17] 15

Appendix

Appendix F: List of school holidays from 2024 in the federal state of Baden-Wittemberg

.1Jan

31.

29 May

62.

22 Aug

. 2Jan

32.

30 May
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. 3Jan
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31 May

64.
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25 Jul
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38.

29 Jul

69.

29 Aug

. 25 Mar

39.

30 Jul

70.

30 Aug

OO NO|O_|WIN|FL|O

. 26 Mar

40.

31 Jul

71.

31 Aug

[EEN
o

. 27 Mar

41.

1 Aug

72.

1Sep

[EEN
[EEN

. 28 Mar

42.

2 Aug

73.

2 Sep

[EEN
N

. 29 Mar

43.

3 Aug

74.

3 Sep

[EEN
w

. 30 Mar

44,

4 Aug

75.

4 Sep

[
N

. 31 Mar

45,

5 Aug

76.

5 Sep

[EEN
o

.1 Apr

46.

6 Aug

7.

6 Sep

[ERN
(o2}

.2 Apr

47.

7 Aug

78.

3 Oct

[ERN
~

. 3 Apr

48.

8 Aug

79.

28 Oct

[EEN
o]

.4 Apr

49.

9 Aug

80.

29 Oct

[EEN
©

.5 Apr

50.

10 Aug

81.

30 Oct

N
o

.1 May

51.

11 Aug

82.

31 Oct

N
[ixy

. 9 May

52.

12 Aug

83.

1 Nov

N
N

. 20 May

53.

13 Aug

84.

24 Dec

N
w

.21 May

54,

14 Aug

85.

25 Dec

N
N

.22 May

55.

15 Aug

86.

26 Dec

N
(2]

. 23 May

56.

16 Aug

87.

27 Dec

N
»

. 24 May

57.

17 Aug

88.

28 Dec

N
~

. 25 May

58.

18 Aug

89.

29 Dec

N
(o]

. 26 May

59.

19 Aug

90.

30 Dec

125



Literatur

29. 27 May

60. 20 Aug

91. 31 Dec

30. 28 May

61. 21 Aug
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Appendix

Appendix G: Technical data sheet of the used PV modules in the PV simulation.

Starke Leistung - hohe Stabilitat.

Bosch Solar Module ¢-Si M 60

EU30117 | EU30123

xmfe.m Bosch Solar ;nzun (H) Bosc H

Qualits
Sazsprubnetel und
Arrenonish Resstens 2o Uk

Unsere kristallinen Solarmodule Gberzeugen durch:

» Garantiert hohe Produktqualitat durch Verwendung bester
Komponenten nach europidischoem Standard

» Exzellente Verarbeltung und Langzeit-Stabllitat entlang der
Weartschopfungskette

» Hohere spezifische Ertrage durch positive Leistungssortierung

» Einfache und sichere Installation mit aufeinander abgestimmten
Bosch Solar Rack Produkten

Produategenschistton
Lelstusgssorterung -0y+4.99 Wp
Tenperaturicetiitiest P__ ~0A6%X

Wertse
Kralal - Waler - Zelle - Nodu!

ten
Strakturiertes Trontgles, NCE
Bosch Scbw Cell M 368

\¢
Garantie
Undets Zertifikate - Qualitin mit Srief end Skegel. w 10 Jutve Prodatgaretie

Bosch Solw Lowrgy Modete dusehlaen wil(end der unlerschiediotes 25 Jabvo Lobtungigw artie

Fertigungsatuten stienge Quatiatsprofusgen sach intermatidaaem Sundard.

C€ (/V\) 1 PV CYCLE =

M30% bis 10 Jafve. SO Bis 25 Jahvre)

Lalstengiblanian

235250 'Wo
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Bosch Solar Modu SHM S0 | ELBITI B

Wagefxi Brsis|y] Ashmsshdhe  Gesicki Arachismios  HechesBinderbn  Kabal Frpmipasrharlizha Monbapuhinmia;
= L ® e Montage usd Bevishunesng
il
s h-dasl i &
15510 mn = Fal T MacH - [ WL Do Ao e -
120 erligge in Borisontahir and v ikl

ynilir unig mglich = T

In P, 400,1; Garwicht in kg 4115
o

= Betrabrita mpesiturssech

<40 b 85
et asien U3 Wyg. 40 g 21 g 250 g Schvwachlichiverhatten:
Lelaisrquinrerung -0y g
oy Glui-Fale-Lamin g

I [l A o il e 1 msn

= Amch bendons | 17 054 mit 1 Dypa-Diodes [ ] an
= W1 ema ngubeatlind ige Adckuesiie nicls faeil| P on @
Ielen 0 Stk monokristslise Solarssllen in Formus 156 mm < 155 mm
01 =0l =L
Mschaniuche bulatbarkt SO0 P daflant, T400 F2, GRplagh Berail 1D E1I1S jarwederier Tex] - s -
11 =40 ~
D sl e ichasn Dt gafien Bal 15 °C
und A 15
=a = mun Bz i BET =
Elektrische Eigenschaften bel STC:
s ot mnan nao b ] L eiid =
240 240 0,00 Bin EAD WD =
i Fa g =00 Lt A0 [ 1] =

Fnchukiian dex Wiod shairk rg epraces bed Fichgang Sev Barrsblun gukirks von 5008 W' s 301 Wi (ks 15 CF

0,11 % |3 bt

wvichera Pipge =1 %

Thermische Elgenschafien:

Elektrische Eigenschatten bel NOCT:

=) Liz oS HE 7,41
s 1 T P8

o) i el Mo (11}
i 1A AT it (17

MOCT Fon il Cyeration GRATRA RS ARG A8 4 70: Brtrablcrgunicie B3 Wrer AR LS Terpssatur 1000,
Wirdgeecinsincigiosit 1n, slebasacher Leeriaal

Abmessungen’:

i yi2
|

i3

Bawch Salir Enangy A3
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Appendix

Appendix H: Grasshopper canvas of the PV-Simulation
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