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Abstract

The building sector is a major contributor to global greenhouse gas emissions, making the
decarbonization of the built environment a central priority in climate strategies. This thesis
investigates renovation strategies for the HIL building at ETH Zurich in light of the institution’s
net-zero targets. Using life cycle assessment (LCA), it quantifies and compares the embodied
and operational emissions of different scenarios, including demolition and reconstruction, typical
renovation, and targeted low-carbon interventions.

The findings show that demolishing and rebuilding the HIL building would generate the highest
emissions, while offering limited additional benefits. A typical renovation without major system or
material changes also results in high life cycle emissions and fails to meet ETH’s 2050 climate goals.
In contrast, a more strategic renovation, focusing on the replacement of just four components
(internal walls, internal floors, heating system, and photovoltaic panels), can reduce operational
emissions by over 80% and embodied emissions by around 13%, with minimal design trade-offs.
Biogenic carbon storage can also be significantly increased by choosing bio-based materials with
high carbon content.

The study highlights the importance of early and focused action, particularly the replacement of
the gas boiler and installation of photovoltaic panels. It also underlines the environmental value
of reusing existing materials and avoiding unnecessary demolition. Overall, the results show that
substantial emission cuts are achievable through relatively simple renovation strategies, making
them a practical and urgent step toward climate-resilient buildings.
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1 Introduction

1.1 The Global Climate Crisis

Climate change is one of the most urgent and far-reaching challenges of our time. The continuous

accumulation of greenhouse gases (GHGs) in the atmosphere, mainly due to human activities

such as the burning of fossil fuels, industrial processes, and deforestation, is causing global

temperatures to rise. This warming leads to a wide range of environmental consequences,

including more frequent and intense heatwaves, storms, droughts, sea-level rise, and the loss

of biodiversity (Intergovernmental Panel on Climate Change (2018), World Meteorological

Organization (2023)).

Scienti�c consensus indicates that limiting global warming to 1.5°C above pre-industrial levels is

essential to reduce the most severe risks for both ecosystems and human societies. According

to the Intergovernmental Panel on Climate Change (IPCC), even small increases beyond this

threshold will signi�cantly worsen climate-related damages, especially for vulnerable populations

and regions (Intergovernmental Panel on Climate Change (2018)).

Despite the urgency, current climate policies and national commitments remain inadequate. The

latest Emissions Gap Report published by the United Nations Environment Programme (UNEP)

projects that, under current trajectories, global average temperatures will rise by 2.5°C to 2.9°C

by the end of the century. This scenario would result in irreversible and potentially catastrophic

changes to the Earth system (United Nations Environment Programme (2023)).

Figure 1: Projected global emissions scenarios and pathways to limit warming to 1.5°C. Source:
IPCC.





         

Figure 1 shows the di�erent emissions trajectories depending on the level of climate action taken.

The baseline scenario, based on current policies, clearly diverges from the pathways needed to

meet the Paris Agreement goals. Without drastic and immediate emission reductions, the window

to limit global warming to 1.5 °C will close rapidly. As the �gure illustrates, delays in climate

action will require much steeper and more disruptive reductions in the near future to meet the

same targets (Intergovernmental Panel on Climate Change (2018), United Nations Environment

Programme (2023)).

To remain within the 1.5°C limit, global greenhouse gas emissions must decline by approximately

42% by 2030 compared to 2019 levels (United Nations Environment Programme (2023)). This will

require systemic transformations across all sectors, including energy, transportation, agriculture,

and particularly the built environment, which is responsible for a large share of global emissions.

1.2 The Role of the Building Sector

The building sector is one of the largest contributors to global greenhouse gas (GHG) emissions

and plays a decisive role in determining the success or failure of international climate goals.

According to the International Energy Agency (IEA), buildings are responsible for approximately

36% of global energy-related CO2 emissions, divided into 28% from operational emissions and

8% from embodied emissions (International Energy Agency (2022)).

Operational emissions originate from the daily energy use of buildings, including heating, cooling,

lighting, and appliances. These are directly in�uenced by energy e�ciency, the quality of the

building envelope, occupant behavior, and the carbon intensity of the energy supply. Reducing

operational emissions involves strategies such as retro�tting, electri�cation, passive design, and

the integration of renewable energy sources.

Embodied emissions, in contrast, refer to the emissions associated with the entire life cycle of

construction materials and processes. This includes raw material extraction, manufacturing

of components such as concrete and steel, transportation, on-site construction, maintenance,

and eventual demolition. Although often overlooked in the past, embodied carbon is now

gaining attention due to its increasing share in total building emissions, especially as operational

performance improves in newer, more e�cient structures (Röcket al. (2020)).

The building stock worldwide is expected to double by 2060, which is equivalent to adding an

entire city the size of New York every month for the next three decades (Global Alliance for

Buildings and Construction (2023)). Most of this growth will occur in urban areas of developing

countries, intensifying the demand for energy and materials. At the same time, many existing

buildings in developed regions are outdated and still dependent on fossil fuels. Renovating these

structures o�ers one of the most cost-e�ective and immediate ways to reduce emissions and

improve energy performance (United Nations Environment Programme (2022)).





         

Figure 2: Expected increase in global building stock until 2060, where the built environment is
projected to double. (Architecture 2030 (2023)).

Addressing climate change in the building sector requires a comprehensive life cycle perspective.

Both operational and embodied emissions must be taken into account to avoid unintended

trade-o�s. For instance, aggressively reducing operational energy through material-intensive

solutions may increase total life cycle emissions if the embodied impacts are not considered.

Therefore, circular design, low-carbon material choices, and integrated planning are essential to

ensure that construction and renovation e�orts are aligned with climate targets (Pomponi and

Moncaster (2016)).

Achieving a net-zero built environment will also require systemic changes involving architects,

engineers, developers, and policymakers. This transition must be supported by robust regulatory

frameworks, �nancial incentives, and digital tools such as building information modeling (BIM)

and life cycle assessment (LCA).

1.3 Switzerland's Commitment to Climate Neutrality

Switzerland has pledged to reach net-zero greenhouse gas (GHG) emissions by 2050, in alignment

with the Paris Agreement and the global e�orts to limit temperature rise to 1.5°C. This national

commitment was solidi�ed through the Federal Act on Climate Protection Objectives, Innovation,

and Strengthening Energy Security (KlG), approved by public referendum in June 2023 and

entering into force in January 2025. The KlG outlines a legally binding framework that sets both

long-term goals and interim targets for reducing emissions across key sectors such as buildings,

transportation, energy, and industry (Swiss Federal O�ce for the Environment (2025), Swiss

Confederation (2023)).





         

A central pillar of the act is its emphasis on public sector leadership. The federal government

is required to achieve net-zero emissions by 2040, a full decade ahead of the national goal.

This "exemplary role of the Confederation" serves as a strategic model for cantonal authorities,

municipalities, public institutions, and private actors. By showcasing best practices in energy

e�ciency, renewable energy deployment, and low-emission infrastructure, the public sector

is expected to drive innovation and foster widespread adoption of climate solutions (Federal

Department of the Environment, Transport, Energy and Communications (DETEC) (2024)).

Within this framework, the building sector receives particular attention, given its signi�cant

contribution to national emissions and its substantial potential for reductions. Measures include

tighter energy standards, �nancial incentives for renovation and electri�cation, and support for

sustainable building materials. These e�orts are not only environmentally necessary but are also

positioned as opportunities to enhance energy security, promote economic resilience, and improve

the quality of life for future generations.

1.4 ETH Zürich's Net-Zero Strategy

As a leading institution in science, engineering, and sustainability research, ETH Zürich has

committed to reaching net-zero greenhouse gas (GHG) emissions across all scopes by 2030. This

ambitious target re�ects not only the university's dedication to climate action but also its role as

a public institution expected to set an example in accordance with national climate legislation

such as the KlG (ETH Zürich (2023), Swiss Confederation (2023)).

ETH's decarbonization strategy is structured around three main pillars:

1. Decarbonizing Campus Operations: A key focus is the phasing out of fossil fuels from

building heating systems. The university is gradually replacing natural gas-based heating

with renewable district heating and heat pumps powered by electricity from low-carbon

sources. The long-term goal is to eliminate direct emissions from building operations.

2. Improving Energy E�ciency and Promoting Renewable Energy: ETH is investing

in deep energy retro�ts, building envelope upgrades, smart building management systems,

and on-site renewable energy production, such as photovoltaics. These measures aim to

reduce energy demand while supplying remaining energy needs through clean sources (ETH

Zürich Energy Commission (2022)).

3. Addressing Scope 3 Emissions: Emissions from sources that are not directly under the

control of the university, such as procurement, construction activities, commuting, and

business travel, account for a signi�cant portion of ETH's overall carbon footprint. To

tackle this challenge, ETH is developing speci�c tools and policies aimed at measuring,

monitoring, and ultimately reducing these indirect emissions. One concrete example is the

integration of life cycle assessment (LCA) approaches into building renovation processes

and procurement practices (ETH Sustainability O�ce (2023)).





         

In addition to operational measures, ETH sees its net-zero roadmap as an opportunity to

align institutional practices with its research and teaching mission. Pilot projects, such as the

renovation of existing buildings using low-carbon materials and design principles, are leveraged

as testbeds for innovative climate solutions and data collection. This enables ETH not only to

reduce its own emissions, but also to contribute knowledge and tools for the global transition

toward climate-neutral campuses.

The university also emphasizes transparency and accountability by publishing regular sustain-

ability reports and collaborating with academic and public institutions in Switzerland and

abroad.





         

2 Literature Review

The transition toward a net-zero building stock requires a thorough understanding of both

operational and embodied greenhouse gas (GHG) emissions. This literature review summarizes

key �ndings from academic research, technical standards, and applied case studies that inform

the methodology and objectives of this thesis.

2.1 Life Cycle Analysis of Retro�tting: Case of a Norwegian Of�ce Building

Rabani et al. (Rabani et al. (2021)) conducted a detailed life cycle assessment (LCA) to evaluate

the greenhouse gas (GHG) emissions associated with di�erent retro�t scenarios for a Norwegian

o�ce building constructed in the 1980s. The study assessed two HVAC con�gurations, a demand-

controlled ventilation (DCV) system and a hydronic radiator-based system, and evaluated their

impacts on both operational and embodied emissions using the OneClick LCA software and

IDA-ICE simulation tool.

One of the key takeaways from this research is the importance of timing and material choice

in retro�t scenarios. The study found that while operational emissions decreased by over 30%

due to improved energy e�ciency, embodied emissions from material production, transport, and

end-of-life disposal gained greater relative weight. Speci�cally, transportation accounted for

24�31% of embodied emissions, while demolition and replacement of materials such as internal

walls and ceilings signi�cantly contributed to the total carbon footprint.

The best-performing scenario achieved a 52% reduction in total life cycle emissions (from 1336

to 637 kg CO2-eq/m2), con�rming that substantial carbon savings are possible when retro�ts are

designed with a life cycle perspective.

For this thesis, several aspects of Rabani's methodology are particularly relevant:

ˆ Scenario-based modelling: The study illustrates the value of modeling multiple renova-

tion con�gurations to compare carbon impacts holistically. This supports the decision to

evaluate multiple scenarios for the HIL building in this thesis.

ˆ Trade-o�s between operational and embodied emissions: Rabani shows that

achieving lower operational emissions may come at the cost of increased embodied emissions,

reinforcing the need to optimize both aspects simultaneously.

ˆ Impact of material replacement: The results highlight that material choices (e.g.,

internal �nishes, ventilation equipment) strongly in�uence embodied emissions, suggesting

that alternative, lower-impact materials can help improve renovation outcomes. This

directly informs the goal of this thesis to explore material substitutions as a mitigation

strategy.





         

ˆ Benchmark values: The reported total emissions before and after retro�t o�er quantitative

benchmarks that can be used to contextualize the emissions intensities of the HIL building

scenarios.

Overall, this case study supports the core objective of this thesis: to demonstrate that e�ective

reduction of operational emissions through renovation is achievable, but only climate-bene�cial if

embodied emissions are carefully managed through smart design choices, e�cient planning, and

the use of alternative low-carbon materials.

2.2 Cost-Effective Energy and Emission Optimization

Almeida and Ferreira (Almeida and Ferreira (2014)), as part of the International Energy Agency's

Annex 56 project, developed a structured framework for evaluating building renovation strategies

with the dual aim of reducing energy demand and minimizing life-cycle greenhouse gas (GHG)

emissions, while also considering economic feasibility.

One of the central contributions of their work is the integration of environmental and economic

performance metrics into a single decision-making approach. Instead of focusing solely on energy

e�ciency, the methodology emphasizes the importance of optimizing across multiple dimensions,

including embodied emissions, operational energy, and life-cycle costs.

The project introduces the concept of cost-optimal renovation pathways, which are renovation

packages that achieve the highest energy and emissions savings for the lowest possible cost over

a building's life cycle. This idea is particularly relevant in contexts where deep renovations may

involve higher upfront investment but lead to long-term economic and environmental bene�ts.

For this thesis, several key aspects provide valuable insights:

ˆ Balance between depth and return: The �ndings suggest that the deepest renovations

are not always the most cost-e�ective or environmentally bene�cial, depending on the

context. This supports the need to evaluate multiple renovation depths for the HIL building,

rather than assuming �deeper is always better.�

ˆ Embodied emissions in decision-making: Annex 56 explicitly incorporates embodied

carbon into the evaluation of renovation measures, which reinforces the thesis goal of

ensuring that emission savings are not o�set by high material-related impacts.

ˆ Scalability of approach: The methods used in Annex 56 are designed to be adaptable

to di�erent building types, climates, and policy frameworks, which validates the use of

similar LCA-based scenario modeling for institutional buildings like those on ETH Zürich's

Hönggerberg campus.





         

In summary, Annex 56 provides a robust analytical foundation for this thesis, demonstrating that

e�ective renovation strategies must strike a careful balance between energy performance, carbon

footprint, and cost. Its decision-making approach reinforces the value of comparing multiple

design and material options in order to identify the most climate- and cost-e�ective solution.

2.3 Carbon Budget Framework for ETH Zurich

Blass (Blass (2023)) develops a carbon budget framework for campus-level decarbonization using

ETH Zürich as a case study. The work is situated within the broader context of science-based

climate targets and highlights the need to allocate emission budgets not only at the national or

sectoral level, but also at the institutional and even building scale.

A central contribution of the study is the introduction of a method for allocating a �nite CO 2

budget to campus buildings based on their expected lifespan, �oor area, and usage type. This

budget allocation approach is consistent with the remaining global carbon budget de�ned by the

IPCC to limit warming to 1.5 °C, and aligns with Switzerland's national climate targets.

The thesis presents operational greenhouse gas emission data for several ETH buildings, including

the HIL building, which is directly relevant for this work. It shows that while operational

emissions can be signi�cantly reduced through energy retro�ts, the embodied emissions from

renovation activities often occur in a short time window and can temporarily exceed the building's

proportional budget. This phenomenon is referred to as "carbon debt".

The concept of carbon debt emphasizes the temporal mismatch between immediate embodied

emissions and future operational savings. While a renovation may lead to long-term climate

bene�ts, the upfront carbon expenditure can cause the building to overshoot its allocated share of

emissions in the near term. This highlights the importance of not only evaluating total life-cycle

emissions, but also considering when those emissions occur, especially in relation to short-term

decarbonization pathways.

For this thesis, the framework proposed by Blass is useful in several ways:

ˆ It justi�es the use of building-level carbon budgets as a constraint when designing and

evaluating renovation strategies.

ˆ It provides a structure to compare the timing of emissions across scenarios, rather than

only cumulative totals, which is relevant when trying to minimize early-stage carbon debt.

ˆ It strengthens the argument for selecting renovation options with lower embodied emissions

or faster payback periods in terms of avoided operational emissions.

ˆ It validates the use of carbon budgeting as an evaluation tool that goes beyond traditional

LCA indicators, connecting building-level decisions with global climate responsibility.





         

This thesis builds on Blass's insights by applying the carbon budgeting perspective to the

renovation of the HIL building, aiming to identify strategies that minimize both total life-cycle

emissions and short-term budget overshoot.

2.4 Payback Times of NZEB Retro�ts

Asdrubali et al. (Asdrubali et al. (2019)) investigated the energy and environmental payback

times of a nearly-zero energy building (NZEB) retro�t applied to a school building in central

Italy. The authors de�ned two key metrics: the energy payback time (EPT), representing the

number of years required to recover the embodied energy invested in the renovation through

energy savings, and the carbon payback time (CPT), representing the time needed for the avoided

operational emissions to compensate for the embodied CO2 emissions associated with retro�t

activities.

The study demonstrated that both EPT and CPT were signi�cantly lower than the building's

remaining service life. Speci�cally, energy and carbon payback times ranged between 4 and 9

years, depending on the renovation depth and the baseline assumptions. These �ndings support

the long-term sustainability of deep renovation measures, especially in the context of buildings

with expected lifespans of several decades.

For the purpose of this thesis, this research o�ers valuable insights:

ˆ It highlights the importance of incorporating time-dependent metrics in the assessment of

renovation strategies. While life-cycle totals provide cumulative impact values, payback

times help evaluate the short-term e�ectiveness of interventions, which is especially relevant

under a carbon budget framework.

ˆ It supports the idea that embodied emissions can be justi�ed when operational savings

occur rapidly enough to o�set them within a reasonable timeframe. This aligns with the

concern raised by Blass (Blass (2023)) about carbon debt and budget overshoot.

ˆ It o�ers methodological guidance on how to calculate EPT and CPT, which can be adapted

in this thesis to assess the relative performance of di�erent renovation scenarios for the

HIL building.

ˆ It reinforces the rationale for choosing retro�t strategies that combine quick operational

improvements with low embodied carbon, especially when the remaining building lifespan

is limited.

This time-sensitive perspective adds an important layer to the evaluation of renovation strategies,

encouraging the selection of solutions that deliver not only cumulative emissions savings, but

also early climate bene�ts.





         

2.5 Synthesis and research gap

The reviewed literature consistently emphasizes the importance of life-cycle thinking in renovation

planning, the growing role of embodied emissions, and the usefulness of carbon payback time as

a key decision metric. Studies also show that the material composition and depth of intervention

greatly in�uence the climate performance of retro�ts.

However, few studies apply these concepts to real institutional buildings within the Swiss context,

especially under the constraints of national policies such as SIA 390 and KBOB standards.

This thesis addresses that gap by applying scenario-based life cycle assessment to the HIL

building, a representative case on ETH Zürich's Hönggerberg campus. Through this approach,

the work contributes to the development of quantitative methods and benchmarks that support

climate-responsible renovation at the building scale.

2.6 Aim and Scope of this Thesis

This thesis investigates how building renovation can be leveraged to reduce operational greenhouse

gas emissions without signi�cantly increasing embodied emissions. The objective is to highlight

how strategic design choices and the adoption of alternative low-carbon materials can lead to

renovation outcomes that are not only energy-e�cient but also materially responsible. Rather

than defaulting to conventional solutions, the study explores whether rethinking renovation

approaches, such as selecting more sustainable �ooring, insulation, or structural systems, can

help strike a better balance between operational e�ciency and embodied carbon. In this context,

the research seeks to answer the following question:

Which renovation strategy is the most e�ective in minimizing life-cycle emissions of

the HIL building while maximizing carbon storage and material e�ciency?

By addressing this question, the thesis aims to contribute to the development of climate-

conscious renovation frameworks that align with institutional decarbonization goals and broader

sustainability transitions in the built environment.

This thesis does not aim to provide a de�nitive renovation blueprint, but rather to inform ETH

Zürich and similar public institutions about the trade-o�s inherent in low-carbon renovation

strategies. By evaluating both operational and embodied greenhouse gas emissions, the study

highlights how design and material choices a�ect the building's total climate impact over its life

cycle.





         

The central message is that energy e�ciency alone is not su�cient to meet climate goals, especially

when it leads to an increase in embodied emissions. Therefore, this thesis advocates for integrated

renovation approaches that achieve net bene�ts not only cumulatively, but also in the short term,

aligning with Switzerland's interim 2030 targets. The results aim to support renovation planning

that is both climate-aligned and operationally feasible.





         

3 Methodology

This chapter presents the methodological foundations used to evaluate the climate performance

of di�erent renovation strategies for the HIL building at ETH Zürich. The analysis adopts a life

cycle perspective, considering both embodied and operational greenhouse gas (GHG) emissions

over a 60-year time horizon. The primary objective is to assess how renovation design choices

in�uence the total carbon footprint of the building, in line with ETH's long-term decarbonization

goals.

The methodological framework is based on established Swiss standards for environmental assess-

ment in the construction sector. In particular, SIA 2032 (SIA (2010)) de�nes the structure and

steps of a building life cycle assessment (LCA), including goal de�nition, inventory compilation,

impact assessment, and interpretation (see Figure 3). Additionally, SIA 390 (SIA (2025)) sets

target values for operational and embodied emissions in public buildings. For university renova-

tions, the recommended limits are 5 kg CO2-eq/m2/year for both categories, averaged over 60

years (see Figure 3).

Figure 3: Life cycle stages and system boundaries in building LCAs, based on SIA 2032.





         

The embodied emissions associated with each renovation scenario are quanti�ed using the KBOB

2022 database (KBOB (2022)), which provides standardized environmental pro�les for Swiss

construction materials and systems. This dataset integrates the Ecological Scarcity Method 2021

and includes updated rules for system boundaries, material classi�cation, and the accounting of

biogenic carbon. Its application in this thesis ensures methodological consistency with national

benchmarks and facilitates transparent comparisons across scenarios.

Figure 4: SIA 390 benchmark values for embodied and operational emissions in various building
types.

The analysis adopts a cradle-to-grave system boundary and uses 1 m2 of heated �oor area over

60 years as the functional unit, as prescribed by SIA 2032. This allows results to be expressed in

kg CO2-eq/m2/year, supporting compatibility with national reference values and international

literature.

This structured approach o�ers a robust and policy-relevant framework for evaluating whether

renovation strategies for the HIL building can deliver meaningful climate bene�ts while aligning

with Swiss decarbonization goals.

3.1 Establishing the Baseline – Materials Quanti�cation

Before assessing renovation strategies, it was necessary to understand the current state of the HIL

building in terms of material composition and spatial distribution. The goal of this phase was to

construct a reliable baseline to identify carbon-intensive components and serve as a reference for

all subsequent comparative analyses.

To this end, a detailed 3D model of the HIL building (Figure 5) was provided by ETH Immobilien

as a Rhino (.3dm) �le, containing geometric representations of the entire building. Using this

model and the building plans (Figure 6), a meticulous measurement process was conducted to

quantify all major surfaces and construction components.
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