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Abstract
While it is commonly perceived that increasing insulation thickness improves per-
formance by reducing heat loss through the foundation, this also increases material
use and environmental impact. In parallel, interest in alternative foundation mate-
rials has grown, driven by the need to reduce embodied carbon and enhance energy
efficiency. This thesis investigates the thermal and climate performance of slab-on-
grade foundations across three building types: warehouse, residential building, and
school/preschool. Three foundation systems, concrete, cross-laminated timber, and
the Koljern system, are evaluated under two heating scenarios: heat pump and dis-
trict heating. The study combines energy simulations in IDA Indoor Climate and
Energy with Life Cycle Assessment covering material use (A1–A3) and operational
energy (B6).

Thermal transmittance, zone-wise insulation configurations, and total climate im-
pact measured as Global Warming Potential are determined for each combination
of system and scenario. U-values are calculated in accordance with Sandin’s model,
which accounts for the influence of thermal zones in slab-on-grade constructions.
Results are presented through line diagrams, stacked bar charts, and supporting
tables. The analysis highlights how varying insulation thickness across different
thermal zones influences the balance between emissions from material use and emis-
sions from operational energy.

The results show that the cross-laminated timber system consistently achieves the
lowest total climate impact across all buildings and heating scenarios. For the other
two systems, the lowest climate impact varies depending on building type and heat-
ing system. Further, the results show that the most climate-efficient foundation
design is not necessarily the one with the lowest U-value, but the one that effec-
tively balances material use and operational energy. In summary, the study shows
that strategic choices, such as selecting a different slab-on-grade system or aligning
insulation strategy with the heating system, can lower a building’s overall climate
impact. However, the results also indicate that in certain cases, such as buildings
with a relatively small slab-on-grade area, the benefits of insulation optimization
are limited.

Keywords: slab-on-grade foundation, cross-laminated timber, concrete, Koljern, life
cycle assessment, material use, operational energy, insulation optimization, thermal
transmittance, global warming potential.
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1
Introduction

This chapter introduces the context, objectives, and methodological framework of
this thesis. It begins by outlining the climate impact of the construction sector, em-
phasizing the growing regulatory and environmental focus on foundation systems,
particularly slab-on-grade. The chapter then presents the aim of this thesis and the
research questions, which guide the investigation of energy performance and climate
impact across different foundation systems and building categories. The method-
ology section describes the structured approach taken, covering literature review,
modeling, optimization, and environmental assessment, to evaluate foundation per-
formance. Finally, the limitations section clarifies the boundaries and assumptions.
Together, these sections establish the foundation for this thesis by defining its rele-
vance, scope, and approach.

1.1 Background
The construction and real estate sector is a major contributor to global resource con-
sumption and greenhouse gas emissions, therefore playing a crucial role in the tran-
sition toward sustainable built environments (Fossilfritt Sverige, 2024). In Sweden,
the sector accounted for approximately 22% of national greenhouse gas emissions in
2021, with emissions arising from various stages of a building’s lifecycle, including
material extraction, construction, operation, and demolition. Historically, most of a
building’s lifecycle emissions originated from operational energy use, primarily due
to fossil fuel-based heating. As fossil fuels have been phased out for heating and
electricity, the relative share of operational emissions has decreased. However, heat-
ing still accounts for approximately one-quarter of the sector’s total emissions and
further reductions can be achieved through improved energy efficiency. Given the
long lifespan of buildings, reducing emissions in both the material and operational
stages is essential to meet climate targets and moving toward more environmentally
sustainable buildings.

As of 2022, newly constructed buildings in Sweden requiring a building permit must
submit a climate declaration to assess and report their environmental impact (Bover-
ket, 2023b). This declaration includes all building components, such as the slab-on-
grade foundation and its insulation, with the primary aim of reducing emissions from
the construction phase. However, current regulations do not yet specify threshold
values for acceptable climate impact. Recognizing the urgency of emission reduc-
tions, the Swedish National Board of Housing, Building and Planning, commonly
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referred to as Boverket, is preparing to introduce mandatory climate impact limits in
2025. These limits will serve as a prerequisite for obtaining building permits and will
apply to all new construction projects. Additionally, by 2027, climate declarations
and their associated limits are expected to expand to cover the entire lifecycle of
buildings, incorporating both operational and end-of-life emissions. These national
initiatives align with broader European policies, such as the Energy Performance
of Buildings Directive (EPBD), which establishes energy and emission performance
requirements for buildings. This initiative is expected to be integrated into Swedish
law in 2026 (Boverket, 2024a). The directive mandates that all new buildings con-
structed from 2030 onward must qualify as zero-emission buildings, while the entire
EU building stock aims to achieve zero-emission status by 2050. A zero-emission
building is defined as one with high energy performance and minimal greenhouse
gas emissions from fossil fuel-based energy sources during operation.

As a fundamental component of the building envelope, slab-on-grade foundations
affect thermal efficiency, moisture control, and structural stability, all of which
contribute to overall performance. Fossilfritt Sverige (2024) highlights that slab-
on-grade foundations represent a significant portion of the total climate impact,
particularly in low-rise buildings. The thickness of the slab, which includes both the
load-bearing material and insulation, directly affects embodied carbon and resource
consumption. While it is commonly perceived that increasing insulation thickness
improves performance by reducing heat loss through the foundation, this also in-
creases material use and environmental impact. This underscores the importance of
strategic material selection and design optimization to enhance environmental sus-
tainability. Concrete slab-on-grade foundations are the most commonly used type,
valued for their structural strength, durability, and ease of construction. However,
according to Malmqvist et al. (2023), this foundation system contributes substan-
tially to a building’s total climate impact. Furthermore, building with a uniform
insulation thickness across the entire slab area is common practice. However, opti-
mizing thermal performance and material use can be achieved by applying different
insulation thicknesses in different thermal zones of the slab-on-grade.

In recent years, alternative materials have gained attention as potential replacements
for concrete in slab-on-grade foundations, driven by the need to reduce embodied
carbon emissions and improve energy efficiency. However, this transition presents
challenges related to structural performance, durability, and compatibility with ex-
isting construction techniques. One alternative is Cross-laminated timber (CLT).
This renewable and low-carbon material offers structural integrity while significantly
reducing environmental impact compared to the traditional concrete slab-on-grade
(Gustafsson, 2017). Another alternative is Koljern, a prefabricated system consist-
ing of cellular glass insulation, commonly referred to as Foamglas, and embedded
steel beams, offering a lightweight and thermally efficient solution compared to con-
ventional slab-on-grade designs (Evia, 2024b). As the construction industry moves
toward lower-carbon solutions, understanding the potential and limitations of these
alternatives is crucial for sustainable foundation design.
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1.2 Aim and research questions
This master thesis aims to evaluate and compare the energy performance and cli-
mate impact of different slab-on-grade foundation systems across various building
categories, including a combined school and preschool, warehouse, and residential
building. For simplicity, the combined school and preschool will be referred to as
school/preschool. By analyzing the effects of insulation placement and thickness
as well as material selection, this thesis seeks to identify foundation solutions that
reduce Global Warming Potential (GWP) from both material use and operational
energy use over the building’s lifetime, 50 years. An additional objective is to assess
the extent to which the slab-on-grade contributes to the total GWP of the building.
The aim is to provide insights and practical recommendations that support founda-
tion selection, contributing to more sustainable construction practices. To achieve
this, the following research questions will be addressed:

1. How do insulation thickness and placement affect the GWP, considering both
material use and operational energy use?

2. How do the environmental impacts of various slab-on-grade systems differ
when considering both material use and operational energy use?

3. To what extent can an optimized foundation design, in terms of insulation
thickness and material selection, reduce the overall environmental impact of a
building?

By addressing these questions, the aim is to evaluate how foundation choices influ-
ence sustainability in the built environment. Given the increasing focus on emissions,
optimizing foundation design is crucial for reducing embodied carbon and improving
energy efficiency. This research contributes to the transition toward environmentally
responsible construction by identifying resource-efficient foundation solutions that
align with evolving sustainability regulations and industry goals.

1.3 Limitations
This study is limited to buildings with slab-on-grade foundations, assuming stable
soil conditions and negligible risk of elevated groundwater levels, thus eliminating
the need for additional structural support such as piles. Structural calculations or
analyses are excluded from the scope, but a validity assessment is conducted in
collaboration with structural engineers from PE Teknik & Arkitektur and manufac-
turers to validate practical applicability. Acoustic analyses are also excluded. In
this thesis, the foundation is parametrically optimized, which is the only element of
the climate envelope analyzed.

The environmental impact of the foundation materials is assessed using Life Cycle
Assessment (LCA), focusing on selected life cycle stages and using GWP as the
climate impact indicator. For the construction stage, only the product stage (A1 to
A3), comprising raw material extraction, transport, and manufacturing, are quan-
titatively analyzed to determine GWP. Due to data limitations, the construction
process stage (A4 to A5), encompassing transport to the site and construction, are

3



1. Introduction

not included in the quantitative analysis and is instead briefly addressed within the
discussion. For the use phase (stage B), only B6 (operational energy) is quantified
through energy simulations, assuming a building lifespan of 50 years. For this thesis,
the focus is specifically on the energy used for the heating of the building. There-
fore, the energy demand for domestic hot water and property electricity are not
considered or included in the analysis. Other components of the use phase, such as
maintenance and repair, are excluded from quantitative evaluation and considered
only at a general level in the discussion. Similarly, stages C and D, which include
demolition, waste processing, and potential reuse or recycling, are only mentioned
in general terms due to data constraints and uncertainties surrounding future con-
ditions. Furthermore, LCA calculations for the entire building are only conducted
for the cases where input data is provided by PE Teknik & Arkitektur. No whole-
building LCA calculations is carried out independently by the authors as part of
this thesis.

1.4 Ethical aspects
To ensure the reliability and academic integrity of this thesis, several ethical aspects
have been taken into account. Academic integrity has been maintained throughout
the thesis process. The AI tool ChatGPT has been utilized primarily for improving
the clarity and readability of the authors’ written text, such as checking grammar,
spelling, and language formulation. However, the tool has not been employed to
generate content, write sections of the thesis, or conduct research and gather infor-
mation. All research findings, analyses, and interpretations presented in the thesis
are the result of the authors’ work. Furthermore, to support the reliability of the
results, all calculations have been performed in accordance with relevant regulations
and industry standards, with all assumptions stated. Environmental aspects are
a central focus of the thesis, to identify slab-on-grade systems for various building
types that minimize GWP over the life cycle.
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1.5 Overview of methodology
The methodology of this master thesis is structured into four phases: the initial
phase, the modeling phase, the optimization phase, and the environmental impact
assessment phase. A flowchart is presented in Figure 1.1 outlining the phases of the
study, each phase includes specific tasks and simulations.

Phase 1
Initial

Phase 2
Modeling

Phase 3
Optimization

Phase 4
Climate impact assessment

Literature review

Data collection –
material data, EPD

Dimensioning of
slab-on-grade

Framework for
thermal transmit-
tance calculations

Reference build-
ing information

Development of
IDA ICE models

Verification

Simulations for
reference cases

Varying the insu-
lation thickness

U-value calculations

IDA ICE simulations
to derive energy use

LCA calculations

Material Energy use

Total climate impact

Figure 1.1: Flowchart outlining the four phases of the methodology: initial re-
search, modeling, optimization and climate impact assessment.

The initial phase focused on establishing a theoretical and technical foundation
through an extensive literature review and preliminary design calculations. The
literature review investigated existing research on slab-on-grade foundations, with
particular emphasis on the structural, thermal, and material properties of concrete,
Expanded Polystyrene (EPS), CLT, and the Koljern system. This review incorpo-
rated peer-reviewed articles, industry standards, and technical reports to ensure a
comprehensive understanding of each foundation type’s performance attributes and
suitability for the three building categories. In parallel, this phase involved dimen-
sioning slab-on-grade foundations to the three reference building types, addressing
preliminary load-bearing capacity and thermal insulation requirements. Addition-
ally, a computational framework was developed in MATLAB to calculate the two-
dimensional thermal transmittance of a slab-on-grade foundation. The framework
is based on the method proposed by Sandin, referred to as Sandin’s model in this
thesis, enabling quantitative assessment of heat transfer properties to support para-
metric analysis in the optimization phase (Sandin, 2010).

The modeling phase entailed the development of energy simulation models for the
three reference building types using IDA Indoor Climate and Energy (IDA ICE),
a dynamic building performance simulation software. Each type of building was
modeled with the three different slab-on-grade foundations, integrating site- and
building-specific information such as climate data, internal gains, and characteris-
tics of the Heating, Ventilation and Air Conditioning (HVAC) system. The output
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of this phase was a set of baseline models that served as a reference for the opti-
mization process. These models were verified to ensure accuracy and reliability in
the simulation results.

The optimization phase aimed to systematically refine the thermal performance of
the slab-on-grade foundations by varying the insulation thickness for each slab-on-
grade type across the three building models. A parametric approach was adopted,
where insulation thickness was incrementally adjusted, guided by the U-value calcu-
lations from the initial phase. For each iteration, energy simulations were conducted
in IDA ICE to determine the annual energy demand.

The environmental impact assessment phase evaluated the performance of the foun-
dation designs by integrating data on energy and material use. The environmen-
tal impact was quantified using LCA, in which operational carbon emissions were
calculated from the energy demand, derived from the optimization phase. Simulta-
neously, embodied carbon emissions associated with material use in the optimized
designs were estimated using emission factors derived from established Environmen-
tal Product Declarations (EPDs). These metrics were analyzed to assess trade-offs
between operational energy efficiency and material-induced environmental impacts,
ultimately identifying the design solution with the lowest GWP for each building
type.
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This chapter establishes the theoretical foundation for the thesis by introducing
structural and thermal principles related to slab-on-grade foundations. It presents
three different foundation systems, concrete with EPS, CLT with EPS, and the Kol-
jern system, highlighting their construction methods and material properties. The
chapter then explains heat transfer mechanisms, including thermal resistance and
U-value calculations, using Sandin’s model. Finally, it outlines the LCA methodol-
ogy used to evaluate environmental impact, with a focus on GWP. Together, these
sections form a framework that connects construction principles, thermal perfor-
mance, and environmental evaluation, supporting the comparative analysis in later
chapters.

2.1 Slab-on-grade
As described by TräGuiden (2020), a slab-on-grade foundation consists of a struc-
tural slab placed directly on the ground, providing the base for the building. This
foundation method is widely used across various building types. The primary func-
tion of a slab-on-grade is to offer structural stability, transfer loads from the building
to the underlying soil, and act as a component of the building envelope. Because
the slab-on-grade is in direct contact with the ground, it influences the building’s
heat transfer characteristics and long-term durability. The system is susceptible
to thermal and moisture dynamics, making it essential to address these factors in
the design. To enhance energy efficiency and protect against moisture-related issues,
slabs are typically insulated beneath and around the perimeter. This insulation helps
maintain comfortable indoor temperatures, minimizes the risk of thermal bridges,
and reduces overall heat loss. Additionally, it ensures the slab-on-grade remains
warm, thereby supporting the long-term performance and durability of both the
foundation and the building.

2.1.1 Requirements and construction
The design and construction of a slab-on-grade must fulfill several structural and
thermal requirements to ensure stability and energy efficiency. A key considera-
tion is load-bearing capacity, as the slab must support both imposed loads from
occupants and furnishings as well as the dead loads of the building itself. Ac-
cording to TräGuiden (2020), edge beams are integrated into the slab to support
load-bearing walls, distribute loads evenly, and minimize the risk of settlement. To
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enhance thermal performance and prevent heat loss at the slab perimeter, these
beams are typically insulated using specialized masonry blocks or cellular plastic
elements with pre-fabricated plinth cladding. Their dimensions vary depending on
the building category, reflecting the specific structural requirements of different con-
struction types. Additional support elements such as beams or footings may be
incorporated to enhance structural stability. Footings are typically placed where
load-bearing walls and columns are located to provide adequate load distribution
and prevent settlement. See Figure 2.1 for an illustration of both an edge beam and
a footing.

Figure 2.1: Illustration of a slab-on-grade showing an arbitrary footing and edge
beam.

Additionally, moisture control measures, such as a moisture barrier or a capillary-
breaking layer, are essential in preventing water ingress, reducing the risk of mold
growth, and material deterioration. In cold climates, frost protection is particu-
larly crucial, as insufficient insulation can lead to frost heave and structural damage
(Roots & Hagentoft, 2004). Furthermore, thermal insulation plays an important
role in minimizing heat loss and ensuring compliance with energy efficiency stan-
dards, helping to maintain indoor comfort and prevent frost-related damage to the
foundation. Both load-bearing capacity and thermal insulation are crucial factors
as they directly impact material use and energy efficiency.

2.1.2 Slab-on-grade systems and materials
This master thesis explores the environmental benefits of alternative foundation
systems by using a concrete slab with EPS insulation, the most widely used slab-on-
grade foundation, as a reference. Additionally, two emerging alternative foundation
systems are analyzed: CLT with EPS insulation and the Koljern system, composed
of Foamglas and steel beams. For simplicity, the concrete slab with EPS insulation
and CLT with EPS insulation types are hereafter referred to as the concrete system
and CLT system, respectively. These systems are gaining attention for their sustain-
ability potential and have already been implemented in several Swedish construc-
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tion projects. For instance the Koljern system was used in the fossil-free preschool
project Hoppet in Gothenburg (FOAMGLAS, 2025), and also in the Rosendals-
gatan preschool project (Göteborgs Stad, 2025), illustrating its growing application
in building foundations. The CLT system has been applied in several residential
buildings where the system is delivered by the manufacturer Klara Byggsystem
(Klara Byggsystem, 2025b). The construction process of a slab-on-grade founda-
tion, regardless of the specific system used, follows a systematic approach to ensure
proper load distribution, thermal insulation, and durability. The process begins
with soil preparation, where the subgrade is compacted to create a stable and uni-
form bearing surface. If soil conditions require additional stabilization, a gravel or
crushed stone layer is introduced beneath the insulation to enhance drainage and
prevent excessive moisture accumulation. Once the subgrade is prepared, insulation
is installed directly on the compacted soil or gravel layer, with its thickness de-
termined by thermal performance and structural load requirements. A waterproof
membrane is often applied above the insulation to further reduce moisture ingress.
Following insulation placement, load-bearing elements are installed in accordance
with structural design specifications. Additional moisture protection measures, such
as sealants and protective coatings at connection points and around penetrations,
may be implemented. Proper site drainage management, including sloped grading
around the foundation and perimeter drains, is essential to minimize the risk of
moisture-related deterioration.

2.1.2.1 Concrete system

Concrete exhibits excellent compressive strength but limited tensile capacity, which
necessitates the use of steel reinforcement to resist both vertical and lateral loads.
In slab-on-grade foundations, reinforcement is essential for controlling cracking, dis-
tributing loads, and ensuring structural stability under various service conditions.
Concrete has relatively low thermal insulation capacity, therefore EPS is incorpo-
rated beneath the slab to minimize heat loss and improve energy efficiency. EPS, a
lightweight closed-cell polymeric foam, serves a dual function in slab-on-grade ap-
plications: it acts as a thermal insulator, reducing heat transfer between the ground
and indoor environment, and functions as a capillary-breaking layer, mitigating
moisture ingress from the underlying soil. EPS have different compressive strengths
depending on the type, for example, EPS S200 has a higher compressive strength
than EPS S100. In some cases, extruded polystyrene (XPS) is used instead of EPS,
particularly where higher compressive strength is required. By preventing capillary
rise, EPS helps reduce the risk of frost heave in cold climates and enhances the long-
term durability of the foundation system. Once the EPS layer is installed, concrete
is poured, leveled, and finished to achieve the required surface characteristics. To
enhance structural integrity and service life, crack control measures, such as appro-
priate reinforcement layout, are implemented. Curing is a critical step to prevent
premature drying, which could otherwise lead to shrinkage cracking and reduced
durability. Furthermore, optimizing the water-cement ratio and selecting a suitable
exposure class based on site-specific conditions help ensure long-term performance.
To mitigate the environmental impact of cement production, low-carbon concrete
alternatives, such as mixes with lower clinker content or supplementary cementitious
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materials, are increasingly used in foundation systems. Depending on the specific
mix design and production method, these alternatives can result in varying levels
of GWP reduction. A commonly used low-carbon concrete mix typically achieves
around a 20% reduction in GWP compared to conventional concrete (A. Akram,
Personal communication, 5 Maj 2025).

2.1.2.2 CLT system

The CLT slab examined in this master thesis is based on a system developed by Klara
Byggsystem, see Figure 2.2. The system is a prefabricated alternative to traditional
concrete slab-on-grade constructions, utilizing CLT as the primary load-bearing ma-
terial and omitting the use of concrete (Klara Byggsystem, 2025a). In this system,
CLT is combined with EPS insulation to optimize thermal performance and mini-
mize heat loss through the foundation. According to Gustafsson (2017), CLT has
a significantly lower embodied carbon footprint than concrete due to the renewable
nature of timber. It exhibits high strength and stiffness, allowing it to support
structural loads while offering design flexibility. However, its vulnerability to mois-
ture necessitates additional protective measures to ensure long-term durability and
energy performance. Preventing capillary rise is crucial, as excessive moisture expo-
sure can lead to swelling, reduced mechanical strength, and biological degradation
such as mold or fungal growth. According to E. Goverde (Personal communication,
25 April 2025) the system includes a weather-resistant coating (labelled as No.3 in
Figure 2.2) designed to enhance moisture protection during transportation, assembly
and construction. This self-adhesive protective layer remains on the element after
installation and is designed to shield wood-based materials from moisture-related
degradation by forming a barrier that prevents liquid water infiltration while al-
lowing controlled vapor diffusion. Before floor installation, a gas- and vapor-tight
membrane is applied (labelled as No.4 in Figure 2.2). It consists of a reinforced
polymer material with a thin aluminum layer, which serves as an effective barrier
against gaseous emissions and moisture ingress. This membrane acts as a complete
barrier against both odors and moisture, ensuring that the foundation system meets
indoor environmental requirements related to emissions from biological processes in
the soil as well as radon.

Figure 2.2: Illustration of a CLT slab-on-grade, detailing the materials and place-
ment used in this master thesis. Inspired by figure from Klara Byggsystem (2025a).
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In this type of foundation, the load-bearing elements, such as beams or footings,
are typically constructed from concrete. In cases where higher compressive strength
is required, an additional concrete screed may be applied. A concrete screed is a
thin layer of self-leveling concrete that distributes load more evenly and enhances
the foundation’s structural performance. Additionally, careful consideration of site-
specific conditions is crucial in designing a robust foundation system (Gustafsson,
2017). The load-bearing capacity of the CLT panels is influenced by their thickness,
lamination configuration, and the overall building design.

2.1.2.3 Koljern system

The Koljern system is a prefabricated foundation solution that replaces the tradi-
tional concrete slab-on-grade, as described by Evia (2024b). This system entirely
eliminates the use of concrete and cellular plastic. Koljern is composed of Foamglas
and galvanized steel light-gauge beams, making it an inhomogeneous system. See
Figure 2.3 for an illustration of an element and the placement of the steel beams.
The steel beams are embedded between the Foamglas panels to ensure adequate
compressive strength. Foamglas handles 500–1600 kPa of pressure depending on
the product (Evia, 2024a). The assembly forms a structural element with standard
dimensions of 12 m × 4 m. The elements are assembled together on-site to form a
complete slab-on-grade foundation. Typically, Foamglas T3+ is used for this type
of system (N. Holmquist, Personal communication, 18 February 2025). According
to Evia (2024a), the Koljern foundation exhibits similar properties to a conventional
concrete slab-on-grade while offering high performance, long durability and a sig-
nificantly lower environmental impact. The system is designed for buildings with a
timber structure of up to five stories. In this type of foundation, the support ele-
ments, beams or footings, are typically made of steel (Evia, 2024a). However, CLT
and concrete alternatives are also viable (N. Holmquist, Personal communication,
18 February 2025). A concrete screed can also be included in this system, when the
compressive strength is insufficient.

Figure 2.3: Illustration of a Koljern system with Foamglas panels and steel beams.
Based on figure from Evia (2024b).
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According to Evia (2024a), the top layer of the subgrade must be carefully leveled
to ensure even load distribution and to account for varying soil conditions. The
ground must have a bearing capacity of at least 150 kPa to provide a reliable foun-
dation. Following subgrade preparation, foamglas elements are placed directly on
the compacted surface, serving as an additional insulation layer beneath the Kol-
jern element. Due to their closed-cell glass structure, the panels provide complete
resistance to capillary water absorption, preventing moisture accumulation within
the foundation and mitigating risks associated with freeze-thaw cycles.

2.2 Heat transfer analysis
Understanding heat transfer mechanisms in slab-on-grade foundations is essential
for accurately predicting energy performance in buildings. Rantala (2005) describes
how a slab-on-grade structure is unique within the building envelope, as it is in
direct contact with the soil, which serves as a heat sink, continuously transferring
heat away from the building. The heat exchange between the slab and the ground
is a complex three-dimensional process influenced by indoor temperatures, outdoor
climate conditions, and the thermal properties of the subsoil. The rate of heat flow
into the ground is determined by the indoor temperature, potential thermal stresses
from floor heating systems and the thermal resistance of the slab structure. Near
the building perimeter, the impact of seasonal outdoor temperature variations is
more pronounced, particularly at corners, where heat loss is typically higher. This
increased heat loss at building corners is an example of a thermal bridge.

Further supporting these observations, Carl-Eric Hagentoft (2001) defines thermal
bridges as regions of increased heat loss that typically occur at junctions between
structural elements, such as at the intersection of two walls or at the connection be-
tween a wall and a slab-on-grade. The thermal bridges not only amplify conductive
heat losses but also contribute to a reduction in internal surface temperatures, po-
tentially leading to condensation and moisture-related degradation. Given that the
floor represents a large portion of the building envelope, a significant fraction of the
total heat loss occurs downward into the soil. Additionally, the presence of a thermal
pillow beneath the foundation, a zone where ground temperatures remain elevated
due to sustained heat dissipation from the structure, demonstrates the complex heat
transfer mechanisms occurring within the soil.

As described by Sandin (2010), thermal bridges in structural elements, such as edge
beams in slab-on-grade constructions, introduce additional heat loss that cannot
be accurately estimated using simple analytical methods. Due to the complexity of
the geometry and varying material properties, numerical methods are often required
for precise calculations. Thermal bridges occur where materials with high thermal
conductivity disrupt the continuity of the insulation layer. This is particularly ev-
ident at the edges of slab foundations, where heat loss becomes more pronounced
due to the interaction between the foundation, surrounding ground, and structural
elements. The heat transfer in these areas is often two- or even three-dimensional,
increasing the overall thermal loss of the building. Additionally, support elements
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of the slab, such as footings, further contribute to thermal bridging effects. These
elements have a significantly higher thermal conductivity leading to localized heat
loss. The impact of thermal bridges in slab-on-grade constructions is relevant when
considering overall building energy efficiency. If not properly managed, they can
contribute to increased heating demand, condensation risks, and discomfort due to
uneven indoor surface temperatures.

2.2.1 Sandin’s model
Sandin’s model provides a detailed explanation of the complexities involved in heat
transfer for building components in direct contact with the ground. When heating
begins, a thermal pillow develops beneath the building because the ground’s high
heat capacity delays heat flow from the interior. The maximum heat flux aligns
with the period when the temperature difference between the interior and exterior
is highest. The steady-state heat flow through a slab-on-grade is illustrated in
Figure 2.4, demonstrating how the heat flow varies depending on the distance from
the center of the slab. In the figure, Tinterior represents the indoor temperature
maintained within the heated space, while Texterior refers to the outdoor ground
surface temperature. This temperature difference drives the heat loss from the
building, with the largest gradients and the greatest heat flow occurring near the
slab edges. Sandin’s model presented in this section is based on Sandin (2010).

Figure 2.4: Illustration of the heat flow through a slab-on-grade. Figure from
Sandin (2010).

To accurately calculate the heat flow, it is necessary to integrate the flow over the
entire slab surface. Since a point near an exterior wall has a significantly shorter path
to the outdoor air than a point at the center, the thermal resistance near the wall
is considerably lower. This variability makes exact calculations more complex and
typically requires advanced computer simulations. For practical purposes, a slab-on-
grade is typically divided into three thermal zones, each assigned a specific thermal
resistance depending on the distance from the building edge and the underlying soil
conditions, as illustrated in Figure 2.5. Zone 1 (0–1 m) represents the slab edge
closest to the outdoor environment and is most exposed to heat loss. Zone 2 (1–6
m) covers the intermediate area, while Zone 3 (>6 m) represents the central, least
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exposed part of the slab. This zoning reflects the varying heat transfer characteristics
across the slab and is used in both modeling and insulation optimization.

Figure 2.5: Illustration of three different thermal zones for a slab-on-grade. Figure
from Sandin (2010).

Practically applicable thermal resistance values for ground conditions are provided
in Table 2.1. These values exclude surface heat transfer resistance at the inter-
faces, which is essential to account for in the calculations. The provided values
assume that no snow is present on the ground. Additionally, a drainage layer with
a minimum thickness of 150 mm can contribute with an extra thermal resistance of
0.20 m2 · K/W.

Table 2.1: Thermal resistance values for different soil types.

Key performance indicators
Soil Type Thermal resistance [m2 · K/W]

0-1 m 1-6 m >6 m
Clay, drained sand and gravel 1.00 3.40 4.40
Silt, moraine, undrained sand and gravel 0.70 2.20 2.70
Crushed stone 0.60 1.80 2.20
Bedrock 0.50 1.40 1.80

In practice, the construction sector primarily relies on the methodology described
by Sandin (2010) for calculating heat transfer in slab-on-grade foundations. This
method is used by PE Teknik & Arkitektur, as it provides a practical and empir-
ically validated approach that aligns with real-world applications. An alternative
method is outlined in SS-EN ISO 13370:2017, which offers a standardized framework
for determining thermal transmittance, Utot, and thermal resistance, Rtot (Swedish
Standards Institute [SIS], 2017). However, its application in the industry is limited
compared to Sandin’s approach. To ensure alignment with established practice and
to produce results relevant for practical implementation, this master thesis adopts
the method described by Sandin (2010), which is presented below.
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Thermal resistances of material layers
The total thermal resistance of a zone is composed of multiple material layers, each
contributing to the overall resistance. The thermal resistance, Rlayer,j, of an individ-
ual material layer j within a given zone is calculated with Equation 2.1, where the
sum of all layer resistances is included in the total thermal resistance.

Rlayer,j = dj

λj

(2.1)

where Rlayer,j Thermal resistance of material layer j, in m2 · K/W
dj Thickness of material layer j, in m
λj Thermal conductivity of material layer j, in W/(m · K)

Thermal resistance for each thermal zone
For practical calculations, the foundation is divided into three thermal zones, see
Figure 2.5, based on the distance from the exterior wall, with corresponding ground
resistances Rground,i. The total thermal resistance for each thermal zone is given by:

Rtot,i = Rsi +
n∑

j=1
Rlayer,j + Rdrainage + Rground,i + Rse (2.2)

where Rtot,i Total thermal resistance of zone i, in m2 · K/W
Rsi, Rse Internal and external surface resistances, 0.04 and 0.17

respectively, in m2 · K/W
Rlayer,j Thermal resistance of material layer j within thermal

zone i, in m2 · K/W
Rdrainage Thermal resistance provided by the drainage layer, in

m2 · K/W (assumed to be 0.20 m2 · K/W)
Rground,i Ground resistance for thermal zone i, in m2 · K/W (val-

ues can be found in Table 2.1)
n Total number of layers in the construction

The total heat transmittance for each thermal zone is then calculated as:

Ui = 1
Rtot,i

(2.3)

where Ui Thermal transmittance (U-value) of thermal zone i, in
W/(m2 · K)
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Weighted average U-value
To obtain the overall thermal transmittance of the slab-on-grade foundation, a
weighted average U -value is computed based on the area distribution of each ther-
mal zone:

Utot = A1U1 + A2U2 + A3U3

Atot
(2.4)

where A1, A2, A3 Areas of the three thermal zones, in m2

Atot Total slab area, in m2

This method provides a structured approach to determining the U -value of slab-on-
grade foundations, accounting for varying thermal resistances across different zones.
The mathematical framework presented here serves as a basis for evaluating the
thermal performance of different foundation configurations. However, this approach
is applicable only to homogeneous components. If a component consists of both
homogeneous and inhomogeneous layers, the thermal resistance, Rlayer,j must be
computed using a different method, see Section 2.2.2.

2.2.2 Thermal resistance of inhomogeneous layers
According to SS-EN ISO 6946:2017, for a slab-on-grade consisting of both homo-
geneous and inhomogeneous layers, the total thermal resistance is calculated with
Equation 2.5 as the mean value of the upper and lower thermal resistances (SIS,
2017). This thermal resistance should replace ∑n

j=1 Rlayer,j in Equation 2.2.

Rlayer, inhomogeneous =
(

Rtot, upper + Rtot, lower

2

)
(2.5)

where Rtot, upper Upper limit of the total thermal resistance, in
m2 · K/W

Rtot, lower Lower limit of the total thermal resistance, in
m2 · K/W

The upper limit of the total thermal resistance is given by:

Rtot, upper =
n∑

l=1

ml∑
k=1

fk,l · Rk,l (2.6)

where fk,l Area fraction of material, k, in layer l (dimension-
less), with ∑

k fk,l = 1
Rk,l Thermal resistance of material, k, in layer l, in

m2 · K/W
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ml Number of materials in layer l

The lower limit of the total thermal resistance is given by:

Rtot, lower =
n∑

l=1
Rl (2.7)

For homogeneous sections:
Rl = dl

λl

(2.8)

For inhomogeneous sections:
Rl = dl

λeq,l

(2.9)

where the equivalent thermal conductivity is:

λeq,l =
ml∑

k=1
λk,l · fk,l (2.10)

where λk,l Thermal conductivity of material, k, in layer l, in
W/(m · K)

dl Thickness of layer l, in meters (m)
Rl Thermal resistance of layer l, in m2 · K/W

2.2.3 Thermal performance of slab-on-grade types
The thermal performance of slab-on-grade foundations plays a crucial role in a build-
ing’s overall energy efficiency and indoor climate stability. Different slab-on-grade
construction methods utilize various materials, each with distinct thermal charac-
teristics that impact heat loss, thermal bridges, and temperature regulation. This
section examines the three different slab-on-grade types focusing on their respective
thermal properties and insulation solutions.

2.2.3.1 Concrete system

The thermal conductivity of concrete is relatively high compared to insulation mate-
rials, making it a poor thermal insulator on its own. To address this, EPS insulation
is incorporated beneath the slab to enhance energy efficiency and indoor thermal
comfort. The thickness and density of EPS are determined based on the required
U-value, which dictates the slab’s ability to minimize heat loss. The combination
of concrete and EPS is homogeneous and exhibits uniform thermal properties. For
the calculation model used to determine thermal transmittance, see Section 2.2.1.
EPS insulation plays a critical role in reducing thermal bridges. Additionally, the
thermal mass of concrete helps stabilize indoor temperatures by storing and slowly
releasing heat, reducing temperature fluctuations. The long-term performance of
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EPS is influenced by factors such as moisture resistance, compression strength, and
durability. In practice, the thermal conductivity (λ) of EPS typically ranges from
0.033 − 0.041 W/(m · K), depending on its density, with a specific heat capacity
of approximately 1.400 J/(kg · K). In contrast, concrete has a significantly higher
thermal conductivity of approximately 1.7 W/(m · K) and a specific heat capacity
of around 900 J/(kg · K), which highlights the necessity of incorporating insulation
to reduce heat loss in concrete slab-on-grade constructions.

2.2.3.2 CLT system

CLT provides both structural integrity and thermal performance in slab-on-grade
constructions. The combination of CLT and EPS is homogeneous. For the calcula-
tion model used to determine thermal transmittance, see Section 2.2.1. According to
Gustafsson (2017), CLT exhibits minimal thermal expansion, making it stable under
varying temperatures. Its thermal conductivity is relatively low, typically ranging
from 0.12 − 0.13 W/(m · K). Additionally, CLT has a high specific heat capacity of
approximately 1.300 J/(kg · K). To optimize energy efficiency and reduce heat loss
to the ground, EPS insulation is often incorporated beneath the CLT slab. The
thickness and density of EPS are selected based on the required U-value, ensuring
an effective insulation layer.

2.2.3.3 Koljern system

The Koljern system composed of foamglas and galvanized steel light-gauge beams
is inhomogeneous and exhibits non-uniform thermal properties. For the calculation
model used to determine thermal transmittance, see Section 2.2.2. Foamglas has
a low λ, typically around 0.036 W/(m · K). The prefabricated nature of Koljern
slabs ensures consistent quality and thermal properties, reducing onsite variability
in insulation performance. In practice, cellular glass has a specific heat capacity of
approximately 800 − 1000 J/(kg · K). The combination of insulation and structure
in a single element reduces the overall thickness of the foundation while maintaining
high energy efficiency. However, to further enhance thermal performance, additional
layers of foamglas insulation is added beneath the load-bearing Koljern element.

2.3 Environmental impact
Environmental impact refers to any change to the environment, whether positive
or negative, resulting from human activities, products, or services. This includes
impacts associated with material production, energy use, and emissions throughout a
system’s life cycle. These impacts are typically quantified using LCA methodologies.
In this thesis, climate impact is evaluated using GWP as the primary metric, where
the values of construction materials are obtained from EPDs. Additionally, the
GWP of different heating sources is assessed to account for the emissions associated
with operational energy use.
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2.3.1 Life Cycle Assessment
LCA is a standardized method for assessing the environmental impact of a building
or product over its entire life cycle. As defined in SS-EN 15978:2011, this includes
raw material extraction, production, use, and end-of-life processes (SIS, 2011). By
analyzing these stages, LCA enables the identification of the most environmentally
significant stages, providing valuable insights for reducing a building’s overall en-
vironmental footprint. The life cycle is divided into four stages: construction (A),
operation (B), end-of-life (C), and beyond-system-boundary effects (D). Table 2.9
provides an overview of the various life cycle stages and presents the modules within
each stage.

Table 2.9: Overview of the building life cycle stages.

A: Product stage A1: Raw material supply
A2: Transport
A3: Manufacturing

A: Construction process stage A4: Transport
A5: Construction process

B: Use stage B1: Use
B2: Maintenance
B3: Repair
B4: Replacement
B5: Refurbishment
B6: Operational energy use
B7: Operational water use

C: End-of-Life stage C1: Deconstruction, demolition
C2: Transport
C3: Waste processing
C4: Disposal

D: Benefits and loads D: Reuse, recovery, recycling
beyond the system boundary

LCA can incorporate multiple environmental impact indicators, including global
warming-, acidification-, eutrophication- and ozone depletion potential. As stated
by Boverket (2024b), GWP is widely regarded as the most critical indicator due
to the urgency of climate change. Consequently, it is common practice to focus
LCA studies of buildings primarily on GWP, see Section 2.3.2 for more detailed
information about GWP. Notably, the potential to minimize environmental impact,
including the GWP, is greatest during the early stages of the building process, where
design decisions can significantly influence resource efficiency, material selection, and
overall sustainability.
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The construction stage begins with the product stage (A1–A3), covering raw mate-
rial extraction, transport to manufacturing, and production of building components
(Gervasio & Dimova, 2018). Impacts from this phase include resource depletion,
energy use, and emissions, contributing significantly to GWP. In LCA, the envi-
ronmental performance of this stage is typically assessed using standardized data
sources, such as EPDs, which provide verified data on a product’s life cycle im-
pacts, enabling comparisons across different materials. The construction process
stage (A4–A5) includes transport to the site and on-site work. Module A4 include
transport-related emissions, depending on distance, fuel type, and material mass,
while A5 covers on-site activities like slab installation, involving electricity and fuel
use. Due to high variability and site-dependency, especially in A5, estimates often
rely on generalized or qualitative assessments.

The use stage, defined in SS-EN 15978:2011, covers the building’s operational life
from handover to deconstruction (SIS, 2011). It includes modules B1–B7, addressing
environmental impacts related to the building’s use, maintenance, and operation.
This encompasses the performance of construction products and systems essential
for indoor comfort, such as heating, cooling, ventilation, lighting, and water supply.
It also covers activities like maintenance, repair, and refurbishment. According to
Boverket (2025a) a significant contributor to environmental impact in this stage is
operational energy (B6). Energy consumption encompasses heating, cooling, ven-
tilation, and electricity use. The environmental footprint of these processes is in-
fluenced by factors such as energy efficiency measures, thermal performance, and
choice of energy source. The environmental impact of the energy source depends
on whether electricity, district heating (DH), or other energy carriers are used, as
different sources have varying GWP.

The end-of-life stage (C1–C4) begins when the building reaches the end of its ser-
vice life, covering deconstruction (C1), transport to processing facilities (C2), waste
processing (C3), and final disposal (C4) (SIS, 2011). Environmental impacts vary de-
pending on demolition methods, transport distances, treatment techniques, and the
share of materials that can be reused or recycled. Residual materials are disposed of
through landfill or incineration, contributing to long-term emissions. The choice of
selective demolition versus traditional demolition techniques can significantly influ-
ence recovery rates and total environmental impact. Lastly, module D accounts for
net environmental impacts or benefits from reuse, recycling, and energy recovery be-
yond the system’s life cycle (SIS, 2011). It considers components intended for reuse
and materials suitable for recycling or energy recovery as resources contributing to
future material cycles. Accurate assessment requires consideration of degradation,
composition, and recovery efficiencies. However, due to limited standardized return
rates and regional variation, assumptions are often generalized, complicating precise
life cycle assessments.
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2.3.2 Global Warming Potential
According to Makhnatch (2014) GWP is a standardized metric used to evaluate the
climate impact of greenhouse gases by comparing their radiative forcing to that of
carbon dioxide over a specified time period, typically 100 years. This metric quanti-
fies the total energy a given mass of a greenhouse gas contributes to global warming
relative to an equivalent mass of CO2. CO2, which has a GWP of 1 by definition,
other gases are assigned higher factors based on their heat-trapping capacity and
atmospheric persistence. For instance, methane’s GWP of 25 indicates that one
tonne of methane emissions equals 25 tonnes of CO2 equivalents (CO2e) in terms of
warming effect. By converting emissions into CO2e using these gas-specific GWP
values, the cumulative contribution of diverse greenhouse gases to global warming
can be uniformly assessed, providing a basis for evaluating the environmental per-
formance of materials and energy use across a building’s life cycle.

2.3.3 Environmental Product Declaration
An EPD describes the environmental impact of a product throughout its entire life
cycle. The development and structure of EPDs are governed by the standard SS-EN
15804:2012+A2:2019, which establishes the methodological framework and require-
ments for the construction sector (SIS, 2019). According to this standard, an EPD
must adhere to defined calculation principles and methodological rules to ensure
consistency and comparability. The purpose is to provide transparent, verifiable,
and comparable information on the environmental performance of a product, en-
abling scientifically based assessments and comparisons between different products.
An EPD consists of three main components: a product description, which presents
information about the product and its technical properties, a methodology section,
which outlines the assumptions and calculation principles used in the LCA and an
impact assessment, which quantifies the environmental effects of the product across
defined categories, such as GWP, resource consumption and acidification. To ensure
methodological consistency, product-category rules (PCR) must be followed when
conducting the LCA. These rules, also defined within the standard, provide guide-
lines concerning system boundaries, methodological choices, and calculation princi-
ples for different product categories, such as insulation materials. For a comparison
between two products to be valid, their EPDs must be based on the same PCR,
ensuring equivalent assessment criteria. To guarantee reliability, an EPD undergoes
independent review and verification by an external party. The validity of an EPD
is typically three to five years, after which it must be updated to reflect potential
changes in production processes, raw material sourcing, or regulatory requirements.
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2.3.4 Heat sources
Heating systems play a crucial role in the overall energy performance and envi-
ronmental impact of buildings. The choice of heat source significantly influences
operational energy demand and GWP. In this thesis, various heat sources are incor-
porated, including district heating and various types of heat pump (HP).

2.3.4.1 District heating

District heating is an efficient and environmentally sustainable energy system that
supplies heat to more than half of all commercial and residential buildings in Swe-
den (Rydegran, 2023). Heat production for district heating networks can originate
from different sources, including dedicated heat plants, which generate heat solely
through combustion. Another common source is combined heat and power plants,
which produce both electricity and heat. Additionally, surplus heat from industrial
processes can be recovered and supplied to the district heating network, further re-
ducing energy waste. The fuel mix for district heating in Sweden primarily consists
of renewable and recycled energy sources. A significant portion of the energy comes
from biomass residues from the wood industry, excess heat from industrial facilities
and data centers, as well as non-recyclable municipal waste. The reliance on fossil
fuels in district heating production has declined markedly since the 1980s, with fos-
sil fuels now accounting for only two percent of the total fuel mix. This transition
has resulted in a substantial reduction in carbon dioxide emissions, making district
heating one of the most sustainable large-scale heating solutions available. Accord-
ing to climate data derived from Boverket (2025b), the Swedish average GWP of
district heating is 0.056 kg CO2e per kWh.

2.3.4.2 Heat pumps

Heat pumps are thermodynamic systems designed to transfer heat stored in air,
water, or soil to the interior of a building. By utilizing electricity, heat pumps
achieve a coefficient of performance (COP) greater than one, meaning they can de-
liver more heat energy than the electricity consumed. The selection of heat pump
type is influenced by factors such as the heat source, the building’s energy require-
ments, and local climate conditions, including seasonal temperature variations and
the availability of natural heat sources. Heat pump systems are known for their en-
ergy efficiency, however, their environmental impact largely depends on the source
of electricity used to operate them. When powered by renewable energy, heat pumps
can significantly reduce greenhouse gas emissions. According to Boverket (2025c),
the CO2e per kWh for the Swedish electricity mix is 0.037 kg.

There are various types of heat pumps, each optimized for specific heating and
cooling requirements (Svenska kyl och värmepumpföreningen, n.d.). Air-to-air heat
pumps, for example, extract heat from outdoor air and transfer it to indoor air.
These systems are particularly beneficial for buildings that currently rely on di-
rect electric heating, as they offer a more energy-efficient alternative by reducing
electricity demand. However, an additional heating system is required because the
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air-to-air heat pump serves only as a complement and does not provide domestic hot
water. Another variant is the extract-air heat pump, which recovers heat from the
exhaust air, making it suitable only for buildings equipped with mechanical exhaust
ventilation. This type of heat pump supplies extracted heat to both a water-based
heating system and domestic hot water. Since an extract-air heat pump can only
recover energy present in the ventilated air, supplementary energy from an addi-
tional heat source, often an electric heater within the system, is required. Another
commonly used type is the air-to-water heat pump, which extracts heat from the
air and transfers it to a water-based heating system, such as underfloor heating or
radiators, as well as to provide domestic hot water. Ground-source (geothermal)
heat pumps, on the other hand, utilize solar energy stored in the ground, bedrock,
or groundwater. These systems operate through boreholes or horizontal loops em-
bedded in the soil and require a water-based distribution system to deliver heat.
Geothermal heat pumps are particularly well-suited for buildings with substantial
heating requirements and for regions characterized by cold climates, as the temper-
ature of the ground remains relatively constant throughout the year.
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Method

This chapter details the methodology applied to evaluate the energy performance
and environmental impacts of slab-on-grade foundations in the three building types.
The analysis utilized IDA ICE simulation software, which modeled each building’s
heating demand. Following the simulation setup, the U-value and LCA methodol-
ogy is presented. This includes an explanation of the insulation optimization process
and the zone-based U-value modeling using Sandin’s method, which allows for vari-
able insulation thickness across thermal zones. The chapter also describes how both
material and operational emissions were quantified, incorporating GWP-values from
EPDs and simulated energy use. Furthermore, an LCA for the whole building is pre-
sented. Together, the energy modeling and LCA form the foundation for evaluating
how different slab-on-grade designs influence GWP over a 50-year lifecycle.

3.1 Reference models
The reference buildings examined in this master thesis include a school/preschool,
a warehouse, and a residential building. These buildings serve as case studies for
evaluating energy performance. Their design and input parameters are based on ref-
erence projects provided by PE Teknik & Arkitektur, including the computer aided
design (CAD) model and input data from the project stakeholders. The input data
includes characteristics of the building envelope, ventilation system, and climate
data. Data that was not provided by PE Teknik & Arkitektur has been estimated
based on generalized data and industry standards.

To assess energy performance, each building was individually modeled and simu-
lated in IDA ICE, a building energy simulation software, well validated and widely
used in practice (EQUA Simulation AB, n.d.). IDA ICE specializes in analyzing
the thermal indoor climate, its interaction with the surrounding environment, and
the energy use of the entire building. The software utilizes dynamic thermal zone
modeling, where the building is divided into various zones that reflect differences
in usage, internal heat gains, and ventilation. These simulations generate detailed
energy balance assessments, providing insights into the annual energy consumption
and thermal performance of the buildings. Since this master thesis specifically fo-
cuses on the slab-on-grade foundation, the simulations were structured to isolate
the effects of this component. Variations in the slab-on-grade geometry and mate-
rial composition were systematically introduced by varying the U-value to evaluate
their influence on energy performance. To ensure that these effects could be clearly
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assessed, the rest of the building envelope was kept constant across all simulation
scenarios. Within IDA ICE, only the materials in the slab-on-grade with a signifi-
cant effect on thermal performance were included in the model. Non-thermally rele-
vant components, such as the interior floor layer, were excluded to maintain focus on
heat transfer dynamics. Additional construction layers, such as a geotextile or radon
membrane (if required by site-specific conditions), are not included in simulations or
shown in the illustrations of the various slab-on-grade configurations. Note that the
drainage layer is automatically included in the U-value calculations within IDA ICE.

It is important to highlight that according to Boverket (2025a) the energy demand of
a building corresponds to the total energy required for heating, ventilation, domestic
hot water, and property electricity over a typical year. However, for the purpose of
this thesis, the focus is specifically on the energy used for the heating of the building.
Therefore, the energy demand for domestic hot water and property electricity are
not considered or included in the analysis. For each reference building two heating
sources was evaluated, a HP and DH, to account for varying energy supply scenarios.

3.1.1 School/preschool
The analyzed school/preschool is a two-story structure located in an urban area of
Trollhättan, with a maximum height of 7.4 m. It is designed to accommodate a
maximum occupancy of 260 individuals. Figure 3.1 illustrates the south-west and
north-east facades of the building.

(a) South-west facade.

(b) North-east facade.

Figure 3.1: The reference school/preschool from two different perspectives.
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The southern section houses preschool facilities, while the northern section is desig-
nated for the primary school. Centrally located within the building is a kitchen and
dining hall and a technical room is situated on the first floor in the northern section.
Geometry and key performance indicators for the school/preschool are presented in
Table 3.1. The table includes essential building characteristics, such as area speci-
fications, the average thermal transmittance and the total heating energy demand
simulated in IDA ICE. To more accurately simulate the thermal dynamics of the
building, the energy model was divided into zones representing functional areas such
as the kitchen, dining halls, the technical room, and school and preschool spaces.
This zoning enables a realistic representation of internal heat gains, occupancy pat-
terns, and ventilation needs.

Table 3.1: Geometry and key performance indicators for the school/preschool.

Key performance indicators
Parameter Value Unit
Aslab 2121 m2

Agross
1) 4321 m2

Atemp 4081 m2

Aenvelope 6845 m2

Uaverage 0.20 W/(m2 · K)
Operational energy demand (HP) 61146 kWh
Operational energy demand (DH) 228074 kWh

1) Note that the corresponding Swedish term is bruttoarea (BTA).

3.1.1.1 Climate envelope

The building features a well-insulated timber structure for both the exterior walls
and roof. The reference slab-on-grade foundation for the school/preschool is con-
structed from concrete and EPS insulation, which are the main materials used in its
design. Figure 3.2 illustrates the slab-on-grade construction used in the simulation
model, detailing the materials and design layers.

Figure 3.2: Illustration of the slab-on-grade construction for the reference building.
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Table 3.2 presents the areas and U-values for each building part, along with the
corresponding transmission losses. The impact of thermal bridges is accounted for,
contributing an additional 15 % to the total heat loss. Additionally, the table shows
the relative contribution of each construction component, such as walls, roof and
floor, to the overall transmission losses, showing the thermal performance of each
element. Further, the energy model includes solar shading, with external shading
devices applied to the south and west facades and internal shading on the north and
east facades. The shading system is set to activate when solar irradiance exceeds
100 W/m2 on the windows.

Table 3.2: Input data for the IDA ICE energy model including thermal bridges for
the reference school/preschool.

U-values and transmission losses
Part Area U-value U·A Transmission loss

[m2] [W/(m2 · K)] [W/K] %
Exterior walls 1603 0.13 208 15.4
Roof 2336 0.09 210 15.6
Slab-on-grade 2121 0.10 212 15.7
Windows 532 0.94 500 37.2
Entrance doors 9 1.09 10 0.7
Thermal bridges - - 207 15.4
Total 6601 0.20 1347 100

3.1.1.2 Ventilation and heating system

The ventilation system was modeled based on provided specifications, consisting of
two mechanical supply and extract ventilation systems with heat recovery (FTX).
One unit serves the kitchen and two dining halls, while the other covers the as-
signed school and preschool areas. The ventilation system operates with variable
air volume (VAV) control for airflow distribution. In the energy model, the venti-
lation operation is assumed to follow the schedules for school/preschool outlined in
Boverkets guidelines BFS 2017:6 (2017). The only exception is the technical room,
which is modeled with a constant air volume (CAV) control of 0.35 L/(s · m2). The
building is modeled with balanced ventilation, meaning the extract airflow matches
the supply airflow. Furthermore, the building’s air tightness was specified as 0.3
L/(s · m2 ext.surf) at 50 Pa. The minimum indoor temperature is set to 22 °C for all
areas, except for the technical room, where it is set to 18 °C according to Boverkets
guidelines BFS 2017:6 (2017). A maximum indoor temperature of 27 °C is assumed
throughout the building. To enhance energy efficiency, a geothermal heat pump
with a COP of 3.7 was integrated into the system, transferring heat from the soil.
The parameters governing the ventilation and heating system, as implemented in the
energy model, are detailed in Table 3.3. These include the FTX unit efficiency, air-
flow characteristics, and specific fan power (SFP) for both air handling units. The
ventilation system in the energy model was assumed to operate according to the
schedule presented in Table 3.4. During all other hours, as well as during weekends
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and summer weeks, the ventilation rate was reduced to a minimum airflow.

Table 3.3: Ventilation system data for the reference school/preschool.

Ventilation system data
Parameter AHU 01 AHU 02 Unit
Efficiency FTX 83.8 80.7 %
Min. supply airflow 0.592 0.61 L/(s · m2 Atemp)
Max. supply airflow 1.316 2.41 L/(s · m2 Atemp)
Min. supply air temperature 17 17 °C
SFP 1.51 1.57 kW/(m3/s)

Table 3.4: Ventilation schedule for air handling units one and two.

Ventilation schedules for air handling units
Parameter AHU 01 AHU 01 AHU 02

School Preschool Kitchen/
Dining hall

Hours with 55% of max. air flow 09-16 07-17 06-18

3.1.1.3 Internal heat gains

The operational energy consumption and internal heat gains from occupants have
been modeled according to the guidelines provided by Boverket, BFS 2017:6 (2017).
for schools and preschools, incorporating values for lighting, equipment, as well as
their respective operating hours. Similarly, the internal heat gains from occupants
have been modeled by accounting for the duration of occupancy and the distribution
of heat generation across various areas of the building. The power distribution for in-
ternal gains from both operational energy use and occupants in the school/preschool
is assumed to follow the schedules presented in Table 3.5. The technical room is
modeled in accordance with the guidelines provided by Boverket, BFS 2017:6 (2017),
which prescribes zero internal heat gains from both operational energy use and oc-
cupancy throughout all hours.

Table 3.5: Hourly power distribution of internal gains from operational energy and
occupants in the school/preschool.

Power distribution for operational energy and occupants
Parameter School Preschool
Operational Energy

Hours with 50 % power 07–08, 17–18 06–08, 16–18
Hours with 100 % power 08–17 08–16

Occupants
Hours with 50 % presence 08–09:30, 15:30–17 07–11, 13–17
Hours with 100 % presence 09:30–15:30 11–13
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3.1.2 Warehouse
The examined warehouse is a single-story, heated storage facility with a pitched
roof, designed exclusively for goods storage without the need for continuous worker
presence. It features entrance doors, windows, and industrial doors on the north-
facing facade and does not accommodate forklifts or vehicles inside. A detailed
3D model of the reference warehouse is presented in Figure 3.3, providing a visual
representation of the building’s design and layout.

Figure 3.3: Reference warehouse, south- and west facade.

The reference warehouse is situated in a rural, open-country area outside Gothen-
burg, where the lack of surrounding buildings and vegetation results in high ex-
posure to wind loads, potentially increasing infiltration rates and convective heat
losses. The building has a maximum height of approximately 7.6 meters. The ge-
ometry and key performance indicators for the reference warehouse are presented in
Table 3.6.

Table 3.6: Geometry and key performance indicators for the warehouse derived
from the energy model in IDA ICE.

Key performance indicators
Parameter Value Unit
Aslab 1264 m2

Agross
1) 1264 m2

Atemp 1236 m2

Aenvelope 3535 m2

Uaverage 0.37 W/(m2 · K)
Operational energy demand (HP) 27466 kWh
Operational energy demand (DH) 126343 kWh

1) Note that the corresponding Swedish term is bruttoarea (BTA).

3.1.2.1 Input data and energy model configuration

The energy model in IDA ICE was divided into five zones, each representing different
storage rooms and areas separated by internal walls. This was implemented to
provide a more accurate representation of the building’s thermal behavior, despite
all zones serving similar functions and being assumed to have identical requirements
for ventilation and internal heat gains.
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3.1.2.2 Climate envelope

The building is constructed with an insulated timber structure for both exterior
the walls and roof. The reference slab-on-grade foundation for the warehouse con-
sists of concrete and EPS insulation, following the same design as that used for the
school/preschool, see Figure 3.2, with the exception of the EPS compressive strength
class, which is replaced with EPS S200. Table 3.7 presents the U-values and cor-
responding transmission losses used in the simulations for the reference warehouse
construction components. Based on these transmission losses, the impact of thermal
bridges was quantified as an additional heat loss of 16.7 %. Furthermore, the ta-
ble illustrates the relative contribution of each construction component to the total
transmission losses, providing insight into their respective thermal performance.

Table 3.7: Input data for the reference warehouse energy model in IDA ICE,
including thermal transmittance values and thermal bridges.

U-values and transmission losses

Part Area U-value U·A Transmission loss
[m2] [W/(m2 · K)] [W/K] %

Exterior walls 647 0.30 194 15
Roof 1283 0.19 244 18.7
Slab-on-grade 1264 0.09 114 8.7
Windows 56 1.20 67 5.1
Industrial doors 260 1.47 382 29.3
Entrance doors 55 2.0 110 8.4
Thermal bridges - - 194 14.8
Total 3565 0.37 1305 100

3.1.2.3 Ventilation and heating system

The heating and cooling setpoints were estimated at 18 °C and 25 °C, respectively.
Further, the building’s air tightness was specified as 0.5 L/(s · m2 ext.surf) at 50
Pa, reflecting assumed air leakage characteristics of a warehouse. The ventilation
system used in the energy model is an exhaust-only system, meaning that air is
mechanically extracted while fresh air enters through passive inlets or leaks in the
building envelope. This system operates with a CAV strategy, where the ventilation
rates remain fixed regardless of occupancy or internal loads. The ventilation flow
rate was determined using Equation 3.1, which calculates the required airflow based
on a combination of floor area and occupant density, in accordance with Boverket’s
guidelines, BFS 2017:6 (2017). The calculated ventilation flow was then distributed
across the respective thermal zones in the model. For the reference warehouse, where
continuous occupancy is not expected, the airflow was set to a constant value of 0.35
L/(s · m2).
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Q = 0.35 L

s · m2 + 7 L

s · person
(3.1)

Additionally, an extract-air heat pump was incorporated into the system to im-
prove energy efficiency, by transferring heat from the exhaust air. The parameters
defining the ventilation system, as implemented in the energy model, are detailed
in Table 3.8. This includes the airflow characteristics, SFP, and heat pump COP,
which together influence the overall energy performance.

Table 3.8: Ventilation system parameters used in the warehouse energy model.

Ventilation and heating system data

Parameter Value Unit

Supply airflow 0.025 L/(s · m2 Atemp)
Exhaust airflow 0.35 L/(s · m2 Atemp)
Exhaust fan SFP 0.1875 kW/(m3/s)
Heat pump COP 4.6 -

3.1.2.4 Internal heat gains

The reference warehouse was modeled without internal heat gains from people and
equipment, as it is designed specifically for storage purposes, with no additional
equipment or continuous worker presence assumed. The building’s primary function
does not involve regular occupancy or active use of machinery, which justifies the
exclusion of such internal gains. Internal heat gains from lighting were assumed
to be 5 kWh/m2, reflecting the energy consumption typical of warehouse lighting
systems.
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3.1.3 Residential building
The examined residential building is a multi-family residential house, designed to
accommodate multiple households with shared and private spaces. A 3D model is
presented in Figure 3.4, offering a representation of the layout of the building. The
model highlights features such as balconies, window placements, and entrances, as
well as the sloped roof design. The reference building is part of a larger structure,
but its design has been simplified to more accurately represent a typical standalone
apartment building. Additionally, the building includes dedicated spaces for waste
management and storage.

(a) South- and west facade. (b) North- and east facade.

Figure 3.4: The reference residential building from two different perspectives.

The residential building is located in an urban area on Orust. The building has a
maximum height of approximately 19 meters, accommodating multiple households
across its six stories. Geometry and key performance indicators for the reference
building are presented in Table 3.9. In the residential building, the COP is 3.5.

Table 3.9: Geometry and key performance indicators for the residential building
derived from the energy model in IDA ICE.

Key performance indicators
Parameter Value Unit
Aslab 332 m2

Agross
1) 2014 m2

Atemp 1921 m2

Aenvelope 1757 m2

Uaverage 0.35 W/(m2 · K)
Operational energy demand (HP) 12547 kWh
Operational energy demand (DH) 43916 kWh

1) Note that the corresponding Swedish term is bruttoarea (BTA).
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3.1.3.1 Input data and energy model configuration

The energy model in IDA ICE was divided into a number of different zones to ac-
curately capture the thermal dynamics of the buildings. These zones includes bath-
room, bedroom, kitchen/living room, the elevator and staircase, waste management
areas, storage rooms, shared corridors, and bi-areas.

3.1.3.2 Climate envelope

The residential building features a well-insulated steel frame for the exterior walls
and a timber structure for the roof. The reference slab-on-grade foundation for
the residential building consists of concrete and EPS insulation, following the same
design as that used for the school/preschool, see Figure 3.2. Table 3.10 presents
the U-values and corresponding transmission losses. Based on these transmission
losses, the impact of thermal bridges was quantified as an additional heat loss of 23
%. Furthermore, the table illustrates the relative contribution of each construction
component to the total transmission losses, providing insight into their respective
thermal performance.

Table 3.10: Input data for IDA ICE including thermal bridges.

U-values and transmission losses
Part Area U-value U·A Transmission loss

[m2] [W/(m2 · K)] [W/K] %
Exterior walls 786 0.15 118 19.5
Roof 354 0.09 32 5.3
Slab-on-grade 332 0.10 33 5.5
Windows 234 1.01 236 38.8
Entrance doors 52 1.09 57 9.4
Thermal bridges - - 130 21.5
Total 1758 0.35 606 100

3.1.3.3 Ventilation and heating system

The ventilation system used in the energy model is a FTX system. This system
operates with a CAV airflow strategy, where the ventilation rates remain fixed re-
gardless of occupancy or internal loads. The ventilation flow rates were calculated
using Equation 3.1 and vary across different building zones, depending on both the
area and the number of occupants in each zone. To account for demand-controlled
ventilation, the energy model includes a kitchen exhaust fan boost, which operates
at a flow rate of 40 L/s for 30 minutes per day. This additional exhaust airflow is
incorporated into the model, influencing the heating demand. For modeling pur-
poses, the boost is scheduled daily between 17:00 and 17:30 (Levin et al., 2024).
The parameters defining the ventilation system are presented in Table 3.11 and in-
cludes the efficiency of the FTX system, airflow characteristics, and the SFP, which
together influence the overall energy performance.
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Table 3.11: Ventilation data for the reference residential building.

Ventilation and heating system data
Parameter Value Unit
Efficiency FTX 82.2 %
Min. supply airflow 0.35 L/(s · m2 Atemp)
Max. supply airflow 0.607 L/(s · m2 Atemp)
Min. exhaust airflow 0.35 L/(s · m2 Atemp)
Max. exhaust airflow 1.907 L/(s · m2 Atemp)
SFP 1.35 kW/(m3/s)

Additionally, according to Levin et al. (2024), the heating and cooling setpoints for
a residential building should be 21 ◦C and 25 ◦C, respectively. The building is also
equipped with a floor heating system in all bathrooms. The infiltration rate of the
building was specified as 0.35 L/(s · m2 ext.surf) at 50 Pa, reflecting the assumed air
leakage characteristics of a residential building.

3.1.3.4 Internal heat gains

The household electricity consumption is modeled based on a standardized annual
specific energy use of 21 kWh/(m2 Atemp), which allows comparison with measured
consumption data (Levin et al., 2024). Of the total household electricity use, 70 %
is assumed to contribute to indoor heating, while the remaining 30 % is considered
lost. Furthermore, see Table 3.12 for the recommended values of occupant heat
gains, which are based on standardized data defining reference parameters for energy
performance calculations in residential buildings.

Table 3.12: Occupancy parameters for the residential building.

Occupancy patterns
Parameter Value Unit
Power per person 80 W
Presence time per day 14 h
Number of people, 2-room apartment 1.63 -
Number of people, 3-room apartment 2.18 -
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3.2 Optimization process
To assess the thermal performance and the environmental impact of the various
slab-on-grade configurations, calculations were conducted. The calculations include
U-value estimations, insulation optimization, and LCA. Optimization refers to iden-
tifying the insulation thickness that results in the lowest total GWP over the build-
ing’s lifetime, while still being reasonable to construct in practice, considering stan-
dard material dimensions and construction feasibility. MATLAB scripts were devel-
oped for each of the studied buildings, tailored to the specific characteristics of the
three slab-on-grade systems. U-value calculations for all slab-on-grade systems were
performed using Sandin’s model for zone-dependent insulation strategies, see Sec-
tion 2.2.1. For the Koljern system, the method for inhomogeneous layers was used
in combination with Sandin’s model, see Section 2.2.2. Sandin’s model divides the
slab into three thermal zones to allow for varying insulation thicknesses across the
slab. The insulation thickness in each thermal zone serves as the variable parameter
in the optimization process. The thermal zone areas for each building are presented
in Table 3.13.

Table 3.13: Thermal zone areas for the slab-on-grade for each building.

Thermal zone areas
Building Zone 1 Zone 2 Zone 3 Total slab area

[m2] [m2] [m2] [m2]
School/preschool 149 933 1039 2121
Warehouse 186 813 265 1264
Residential 36 153 143 332

The insulation optimization process explored a wide range of zone-specific insu-
lation thickness combinations (non-uniform). Uniform insulation thicknesses (the
same in all zones) were also evaluated, as this configuration is representative of typ-
ical construction practices in the building industry. The optimization adhered to
industry-relevant constraints to ensure practical applicability:

1. U-values must be within the range 0.07−0.20 W/(m2 · K).
2. For the non-uniform configurations:

– Insulation thicknesses were varied from 0 to 700 mm in 100 mm incre-
ments.

– For the Koljern system, a finer resolution of 50 mm was used.
3. For the uniform configurations:

– Insulation thicknesses were varied in 50 mm increments.
– The maximum allowed thickness did not exceed the highest thickness

used in the non-uniform configurations.
4. Insulation in Zone 1 must be equal to or thicker than in Zones 2 and 3.
5. The maximum allowable insulation thickness difference between thermal zones

was 300 mm.
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Following the application of the defined constraints, several combinations with vary-
ing insulation thicknesses across the thermal zones of each slab-on-grade were iden-
tified for each U-value. A complete overview of all theses combination for each
building and slab-on-grade system is provided in Appendix A, Appendix B, and
Appendix C. These appendices detail the number of combinations for each U-value
and insulation thickness in each zone. For further analysis, the non-uniform com-
bination with the lowest climate impact corresponding to each specific U-value was
selected, together with uniform configurations. Additionally, a constraint was ap-
plied such that none of the thermal zones could have 0 mm insulation thickness.
All U-value calculations assume steady-state thermal conditions, constant material
properties, and exclude moisture effects. Only materials that directly influence ther-
mal performance are included in the calculations. According to Sandin’s model, a
drainage layer of 150 mm is included in all slab designs, contributing 0.20 m2 · K/W
in thermal resistance. Soil conditions below the slabs are modeled using the typical
value for moraine, silt, or undrained sand and gravel, see Table 2.1.

The total climate impact over a 50-year lifetime includes both embodied emissions
from construction materials and operational emissions from energy used for space
heating, expressed per square meter of gross floor area. In accordance with the
guidelines provided by Boverket (2023a), certain components were excluded from
the embodied carbon assessment, although the drainage layer is included in the
U-value calculations as per Sandin’s method, it is not considered in the climate dec-
laration. Similarly, the geotextile layer was excluded from the LCA. The operational
heating demand, part of module B6 in LCA, was simulated using IDA ICE. The re-
sulting energy use for space heating was then translated into CO2e and included in
the overall climate impact. The GWP factors applied for the various heating source
are presented in Table 3.14. The embodied emissions of the construction materials
were assessed individually for each slab-on-grade system and are presented in Sec-
tions 3.2.1, 3.2.2, and 3.2.3. The CO2e used in the assessment represent average
GWP data from life cycle stages A1–A3, compiled from multiple manufacturers.
For materials with significant variation, an average GWP value was calculated, to
get a more accurate representation. All GWP values for the selected materials are
presented in Appendix D. Based on the calculated total GWP, the most optimized
insulation configuration for each slab-on-grade system could then be identified.

Table 3.14: GWP-values for heating sources used in the assessment.

GWP-values for the heating sources
Heating source GWP (A1-A3)

kg CO2e/kWh
Heat pump1) 0.037
District heating2) 0.056

1) Electricity, Swedish mix from Boverket.
2) District heating, Swedish average from Boverket.
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3.2.1 Concrete system
This configuration represents a conventional concrete slab-on-grade construction,
for which both standard and low-carbon concrete variants have been evaluated. All
buildings feature the same concrete slab design, consisting of a 120 mm concrete
layer and a 280 mm EPS insulation layer, see Figure 3.5. The only exception is
the warehouse, where the standard EPS is replaced with EPS S200 to meet higher
compressive strength requirements. The associated material properties used in the
calculations are listed in Table 3.15. The thickness of the EPS insulation is the
variable parameter adjusted in the MATLAB script to evaluate its influence on
thermal performance and environmental impact.

Figure 3.5: Illustration of the concrete system for the warehouse.

The climate impact includes emissions from the concrete slab and the varying EPS
insulation. For the concrete slab, emissions associated with steel reinforcement were
also included. The amount of reinforcement required for each building type was
estimated using simplified structural calculations in consultation with a structural
engineer. For the school/preschool and for the residential building, the reinforcement
content was assumed to be 60 kg/(m3concrete), while for the warehouse, a higher
value of 90 kg/(m3concrete) was used to reflect increased structural demands. These
values were used as input for calculating the GWP from reinforcement steel.
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Table 3.15: Thermal conductivity and CO2-equivalent values for materials used in
the concrete system.

Material properties for the concrete system
Material Thermal conductivity GWP

[W/(m · K)] [kg CO2e/m3]
Concrete 1.7 225
Low-carbon concrete (20%) 1.7 175
Reinforcement1) – 557 (kg CO2e/ton)
EPS S100 0.037 63.1
EPS S2002) 0.034 103.4

1) Note that the unit for the reinforcement is given in kg CO2e/ton.
2) Only used in the warehouse slab-on-grade, where higher compressive strength requirements led
to the replacement of EPS S100 with EPS S200.

For EPS S100, GWP values are based on EPDs from Finja Betong (2022) and
Finnfoam (2021), while for EPS S200, values are taken from EPDs by the same
manufacturers (Finja Betong, 2021; Finnfoam, 2021). The data for conventional
concrete and low-carbon concrete, with an estimated 20% reduction in GWP and a
compressive strength class of C25/30, is based on information provided by Skanska
(A. Akram, Personal communication, 5 Maj 2025). The GWP for the reinforce-
ment integrated in the concrete slab is derived from the EPD published by Stena
Stål (2024). More detailed information on the GWP values and associated data is
provided in Appendix D.

3.2.2 CLT system
Based on the slab-on-grade system from Klara Byggsystem, this master thesis
presents a system consisting of a CLT slab with an underlying EPS insulation layer,
which is the variable parameter in the IDA ICE simulations. Figure 3.6 illustrates
the CLT slab-on-grade system used for the warehouse. The CLT element is assumed
to have fixed geometry and material properties for each building type: 100 mm for
all the buildings. For the warehouse reference, a concrete screed is added to the slab
to accommodate the increased compressive strength demands of the building. In this
context, EPS S200 is used as the insulation material due to its higher compressive
strength, matching the requirements of the warehouse. This screed is not included
in the residential building or the school/preschool, where the structural loads are
lower and such reinforcement is unnecessary. For these buildings, EPS S100 is used
as the insulation material. It should also be noted that the figure highlights only the
components that affect thermal transmittance or are considered in the climate im-
pact assessment. Note that additional construction layers, such as a geotextile and
a radon membrane (if required by site conditions), are not shown in the illustration.
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Figure 3.6: Illustration of the CLT system for the warehouse.

The climate impact assessment includes emissions from the CLT, varying EPS in-
sulation, the concrete screed (where applicable), and the weather protection. Due
to the lack of available EPD data, the membrane with a thin aluminum layer was
excluded from the assessment. The associated material properties used in the cal-
culations are listed in Table 3.16.

Table 3.16: Thermal conductivity and CO2-equivalent values for materials used in
the CLT system.

Material properties for the CLT system
Material Thermal conductivity GWP

[W/(m · K)] [kg CO2e/m3]
Screed1) 1.7 225
Membrane2) – – (kg CO2e/m2)
Weather protection2) – 1.1 (kg CO2e/m2)
CLT 0.12 0
EPS S100 0.037 63.1
EPS S2001) 0.034 103.4

1) Only used in the warehouse slab-on-grade, where higher compressive strength requirements led
to the use of a concrete screed and the replacement of EPS S100 with EPS S200.
2) Note that the units for the membrane and the weather protection are given in kg CO2e/m2.

For EPS S100 and EPS S200, the average values are based on EPDs from Finja
and Finnfoam, as previously stated in Section 3.2.1. The concrete screed is based
on the same C25/30 data used for the concrete system. The weather protection is
based on the EPD from SIGA Cover AG (2022). The CLT in this thesis is assigned
a climate impact value of zero, even though it may have negative GWP values in
certain EPDs. Embodied emissions from the CLT slab are assumed negligible. While
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CLT can function as a temporary carbon sink, biogenic carbon is not credited in
this assessment. According to RISE Research Institutes of Sweden (2023), carbon
storage in wood products may only be considered if the storage duration exceeds
the forest regeneration cycle, typically 80-120 years for pine and 65-110 years for
spruce, which is longer than the 50-year analysis period applied here. More detailed
information on the GWP values and associated data is provided in Appendix D.

3.2.3 Koljern system
This configuration is based on the Koljern prefabricated foundation system devel-
oped by Evia. The Koljern element has a fixed geometry and material composition,
with standard panel sizes of 12 m × 4 m. For additional thermal insulation and
moisture protection, a layer of Foamglas is typically placed beneath the element
and this is the variable parameter in the U-value calculations, which is then var-
ied in the IDA ICE simulations. Figure 3.7 illustrates the Koljern slab-on-grade
configuration used for the warehouse in this master thesis. For the warehouse, an
additional concrete screed is included to meet the higher compressive strength re-
quirements. In contrast, such a screed is not required for the residential building or
the school/preschool, where the compressive forces are significantly lower. Note that
the figure only shows materials that influence thermal transmittance. In practice, a
layer of geotextile is also required during construction and a radon membrane may
be necessary depending on the location of the building.

Figure 3.7: Illustration of the Koljern system for the warehouse.

An illustration of the structural layout of the Koljern element is shown in Figure 2.3
in Section 2.1.2.3. Each element consists of a Foamglas T3+ core for thermal in-
sulation and light-gauge steel beams that provide structural support. Due to the
inhomogeneous nature of the Koljern system, the method described in Section 2.2.2
was used to calculate its thermal resistance, which results in an approximate value
of 5.6 m2 · K/W. The geometry and material composition of the Koljern element
remain constant across the three building types, while the thickness of the Foamglas
insulation layer beneath the element is varied in this configuration. The associated
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material properties used in the calculations are listed in Table 3.17. The climate
impact assessment includes emissions from the concrete screed, Koljern element, and
the Foamglas insulation.

Table 3.17: Thermal conductivity and GWP values (A1–A3) for materials used in
the Koljern system.

Material properties for the Koljern system
Material Thermal conductivity GWP (A1–A3)

[W/(m · K)] [kg CO2e/m3]
Screed1) 1.7 225
Koljern element2) – 33.5 (kg CO2e/m2)
Foamglas T3+ 0.045 137.8

1) Only used in the warehouse slab-on-grade, where higher compressive strength requirements led
to the use of a concrete screed.
2) Includes steel beams and Foamglas; thermal resistance calculated separately due to
inhomogeneous structure, see Section 2.2.2. Also note that the unit for the Koljern element are
given in kg CO2e/m2.

The GWP value for the concrete screed is derived from the same data source used
for the screed in the CLT system. For the Koljern element, the GWP value is based
on data from EVIA (2024), but has been adapted to match the specific dimensions
used in this study and to allow for variations in the insulation thickness beneath
the Koljern element. This adaptation incorporates GWP values for the Foamglas
insulation (Pittsburgh Corning Europe, 2021) and for the galvanized steel beams
from Lindab Profil (2020). More detailed information on the GWP values and
associated data is provided in Appendix D.

3.2.4 Foundation supports
To enable a consistent comparison between the different foundation alternatives, all
supporting foundation elements responsible for distributing vertical loads into the
ground, such as edge beams and footings, were assumed to be constructed from
standard concrete across all slab-on-grade systems. This assumption also applies to
the slab-on-grade using the low-carbon concrete variant. For the reference buildings
with conventional concrete slabs, the dimensions of these elements were derived
from architectural and structural drawings, allowing for an estimate of the total
concrete volume required. For the CLT slab-on-grade system, the same volume of
concrete for supporting foundation elements was assumed as in the reference concrete
slab design. In contrast, the Koljern slab-on-grade system was assumed to require
a reduced volume of concrete in these elements, based on the higher compressive
strength of the system. Specifically, the volume was reduced by a factor of 2.5, based
on calculations provided by the structural engineer at PE Teknik & Arkitektur. All
assumptions related to the design and quantity of supporting foundation elements
were made in consultation with a structural engineer to ensure consistency with
standard structural design practice.

42



3. Method

3.2.5 LCA of total building
Tables 3.18 and 3.19 present the GWP (modules A1–A3) associated with the build-
ing components of the school/preschool and warehouse, respectively. The data is
based on input provided by PE Teknik & Arkitektur and corresponds to the refer-
ence slab-on-grade configuration for each building. It should be noted that the input
data varies slightly between the two buildings. These differences reflect the varying
equipment levels and functional requirements of each building type. Corresponding
data for the residential building is currently unavailable and is therefore excluded
from the analysis presented in this section.

Table 3.18: GWP values (A1–A3) for building components in the school/preschool.

LCA school/preschool
Component GWP (A1–A3)

[kg CO2e/(m2 Agross)]
Slab-on-grade 45.4
Structural frame 56.8
Climate envelope 37.8
Internal walls 34.2
HVAC 10.1
Tap water and sewage 3.5
Electrical and telecommunications systems 12.7
Total building 200.5

Table 3.19: GWP values (A1–A3) for building components in the warehouse.

LCA warehouse
Component GWP (A1–A3)

[kg CO2e/(m2 Agross)]
Slab-on-grade 37.4
Structural frame 76.2
Climate envelope 59.7
Internal walls 4.0
Total building 177.3
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4
Results and observations

This chapter presents the thermal and climate impact results for the three slab-on-
grade systems across the three building types. Each building is analyzed for concrete,
CLT, and Koljern systems under heat pump and district heating scenarios. Results
include U-values, insulation configurations, and total GWP, split into material and
operational emissions. Visualizations include line and bar charts alongside summary
tables. The chapter concludes with a cross-building comparison and evaluates the
foundation’s contribution to total building GWP, highlighting how insulation choices
impact the environmental impact.

4.1 Context and overview
The following sections present the total climate impact for various slab-on-grade
foundation configurations across the three reference buildings. Each result includes
emissions from both material use and operational energy over a 50-year building
lifespan. The insulation configurations analyzed are labeled according to zone-wise
thickness distribution in millimeters, using the format “Zone 1–Zone 2–Zone 3.”
For example, “300-200-100” indicates 300 mm insulation in Zone 1, 200 mm in
Zone 2, and 100 mm in Zone 3. Furthermore, all U-values are presented with two
significant figures according to industry standard. Note that some tables may show
multiple configurations with identical total GWP values. In such cases, additional
decimal precision was used to identify the most optimized alternative, and only the
configuration with the lowest total climate impact was selected for presentation.
The x-axes in the figures are sorted by increasing total insulation thickness across
the three thermal zones, rather than by U-value. This allows clearer insight into
how additional material use influences embodied emissions. Furthermore, it should
be noted that the line plots presented for each reference building have different
maximum values on the y-axis, which must be taken into account when comparing
GWP between figures.
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4.2 School/preschool
The resulting range of uniform and non-uniform insulation configurations, developed
according to the defined design constraints for the school/preschool, is presented in
Table 4.1, Table 4.2, and Table 4.3. These three tables each correspond to one
slab-on-grade foundation system and provide an overview of the analyzed insulation
thicknesses across the three thermal zones, along with the corresponding calculated
U-values. The configurations presented are those that met the defined constraints
in the optimization process, including all uniform cases and the best-performing
non-uniform configurations. In addition, the tables show the calculated GWP for
all configurations, separately for HP and DH. The most optimized insulation con-
figuration, defined as the one with the lowest GWP, for each heating system and
foundation system is highlighted in red. For some U-values, multiple insulation
configurations are possible, including both uniform and non-uniform alternatives.

Table 4.1: U-value, zone-wise insulation configuration and total GWP-values for
the concrete system in the school/preschool, organized by increasing U-value and
divided by HP and DH.

Concrete system
U-value

[W/(m2 · K)]
Insulation configuration

[mm]
GWP

[kg CO2 e/(m2 Agross)]
HP DH

0.07 500-400-400 55.6 171.9
400-400-400 55.3 171.6

0.08 350-350-350 54.1 171.5
400-400-300 54.1 171.5

0.09 400-300-300 53.0 171.6
300-300-300 52.7 171.3

0.10 400-300-200 52.1 173.7
250-250-250 51.9 173.5

0.11 300-300-200 52.2 175.2
0.12 300-200-200 51.2 175.9

200-200-200 50.9 175.6
0.13 300-300-100 51.3 177.3
0.14 400-200-100 50.5 178.0
0.15 150-150-150 49.8 176.2

200-200-100 49.8 176.2
0.17 300-100-100 49.4 178.8
0.18 200-100-100 49.8 180.1

100-100-100 49.2 179.9

Table 4.1 presents that the most optimized insulation configurations for the concrete
system using a HP and DH is 100-100-100 and 300-300-300, respectively, resulting in
GWP values of 49.2 and 171.3 kg CO2e/(m2 Agross). The table also demonstrates that
identical U-values can be achieved with both uniform and non-uniform insulation
configurations, though these alternatives result in varying GWP outcomes. For
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example, the uniform configuration 250-250-250 and the non-uniform 400-300-200
both reach a U-value of 0.10 W/(m2 · K), despite their differences in insulation
distribution. In some cases, uniform configurations are more favorable, while in
others, non-uniform ones result in lower emissions.

Table 4.2: U-value, zone-wise insulation configuration and total GWP-values for
the CLT system in the school/preschool, organized by increasing U-value and divided
by HP and DH.

CLT system
U-value

[W/(m2 · K)]
Insulation configuration

[mm]
GWP

[kg CO2 e/(m2 Agross)]
HP DH

0.07 500-500-300 40.7 157.0
400-400-400 40.7 157.0

0.08 400-300-300 38.1 155.5
350-350-350 39.4 156.8

0.09 400-400-200 38.1 156.7
300-300-300 38.1 156.7

0.10 300-300-200 37.3 158.9
250-250-250 37.2 158.8

0.11 300-200-200 36.2 159.2
200-200-200 36.0 159.0

0.12 300-300-100 36.3 161.0
0.13 200-200-100 35.1 161.1

150-150-150 35.0 161.0
0.15 200-100-100 33.8 160.2
0.16 100-100-100 34.0 162.4

For the CLT slab-on-grade system, Table 4.2 identifies 200-100-100 as the most
optimized insulation configuration for HP and 400-300-300 for DH, resulting in GWP
values of 33.8 and 155.5 kg CO2e/(m2 Agross), respectively. As with the concrete
system, identical U-values can be reached through both uniform and non-uniform
configurations, yet the resulting GWP varies depending on the distribution.
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Table 4.3: U-value, zone-wise insulation configuration and total GWP-values for
the Koljern system in the school/preschool, organized by increasing U-value and
divided by HP and DH.

Koljern system
U-value

[W/(m2 · K)]
Insulation configuration

[mm]
GWP

[kg CO2 e/(m2 Agross)]
HP DH

0.07 300-200-150 54.6 170.9
200-200-200 55.8 172.1

0.08 150-150-100 51.1 168.5
150-150-150 52.7 170.1

0.09 200-100-50 48.4 167
100-100-100 49.5 168.1

0.10 100-50-50 47.1 168.7
50-50-50 46.9 168.5

The insulation configurations and corresponding U-values for the Koljern slab-on-
grade system are presented in Table 4.6. The most optimized configurations are
identified as 50-50-50 for the HP and 200-100-50 for DH. Compared to the con-
crete system, both the CLT and particularly the Koljern system offer fewer viable
insulation configurations, indicating that a lower insulation thickness is sufficient to
achieve the minimum U-value of 0.07 W/(m2 · K) in these systems.

The insulation configurations illustrated in Figure 4.1 represent a selected subset
of those presented in Table 4.1, Table 4.2, and Table 4.3. This subset includes all
uniform insulation configurations, along with the most optimized setups, highlighted
in red in the respective tables. Figure 4.1 displays the total GWP associated with
the three slab-on-grade systems under varying insulation configurations and heating
sources. Solid lines indicate results for HP, while dashed lines correspond to DH.
The most optimized insulation configuration for each system and heating source is
highlighted in red. In addition, the figure includes a low-carbon concrete variant
(20% reduction), which was analyzed using the same insulation configurations as the
standard concrete system. The results show that the low-carbon concrete system
follows a similar trend but exhibits a lower total GWP for each configuration, due
to the reduced material emissions associated with the use of low-carbon concrete.
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Figure 4.1: Line plot of total GWP as a function of zone-wise insulation config-
uration for the school/preschool, comparing HP and DH. The x-axis is ordered by
increasing total insulation thickness across zones. The most optimized insulation
configuration for each heating source and slab-on-grade system is marked in red.

Figure 4.1 presents the total GWP for the three slab-on-grade systems across var-
ious insulation configurations and heating sources. As shown, the GWP is consis-
tently higher for all systems when DH is used, compared to HP systems. For DH,
GWP values range from approximately 155 to 180 kg CO2e/(m2 Agross), while for
HP, values range from around 30 to 55 kg CO2e/(m2 Agross). The GWP trend differs
between the two heating sources: DH slopes slightly downward with increasing insu-
lation thickness, while the curve for HP slopes slightly upward. This indicates that
for DH, thicker insulation can reduce operational energy emissions sufficiently to
compensate the material emissions, whereas for HP systems, the already relatively
low operational emissions make added insulation less beneficial, resulting instead in
higher total GWP due to increased material use. For HP, the most optimized con-
figurations for the Koljern and concrete systems are those with minimal insulation
thickness, while the CLT system requires a thicker insulation to reach its minimum
GWP. For DH, the optimal insulation thickness varies more between systems. The
Koljern system achieves its lowest GWP with the 200-100-50 configuration, while
both the concrete and CLT system require higher insulation levels to minimize GWP.
However, in none of the systems does the configuration with the thickest insulation
yield the lowest GWP. The figure also illustrates that the CLT system consistently
exhibits the lowest GWP across all insulation configurations for both heating sys-
tems. In contrast, the Koljern system yields lower GWP values than the concrete
systems with DH, but for the HP scenario, it performs better than concrete only
for certain configurations. Furthermore, the figure confirms that, for both heating
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sources, the most optimized configurations for the concrete and CLT systems con-
sistently involve thicker insulation than those for the Koljern system. This aligns
with the U-values reported in Table 4.1, Table 4.2, and Table 4.3, where the Koljern
system demonstrates better thermal performance, achieving lower U-values with less
insulation.

Figure 4.2 and Figure 4.3 present the total GWP associated with the most optimized
insulation configurations for each slab-on-grade system, evaluated separately for HP
and DH. These results are compared against the reference case representing the
conventional concrete slab-on-grade solution currently used in the school/preschool.
Each bar in the figures are divided into two components: embodied emissions from
material use and emissions associated with operational energy use. This enables a
comparison of how both material selection and heating strategy affect the overall
climate impact of each slab-on-grade system.
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Figure 4.2: GWP for each optimized slab-on-grade system in the school/preschool
with a HP. (M) denotes material emissions; (E) denotes operational energy.
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Figure 4.3: GWP for each optimized slab-on-grade system in the school/preschool
with DH. (M) denotes material emissions; (E) denotes operational energy.

The most optimized slab-on-grade configurations presented in Figure 4.2 and Fig-
ure 4.3 show that the CLT system yields the lowest total GWP across all systems
and heating source combinations. All optimized slab-on-grade systems also perform
better in terms of GWP than the reference concrete system with 280-280-280 mm
insulation, regardless of the heating source. When using a HP, the balance between
operational and material-related emissions is relatively even for the reference and
standard concrete systems, as well as the Koljern system, while the CLT system
shows a higher proportion of emissions from operational energy use. Under DH
conditions, however, operational energy dominates the total GWP for all systems,
including the reference, highlighting the notably higher climate impact of district
heating compared to heat pump use. The figures also show a trend in insulation
distribution. For HP, most optimal configurations are uniform, with the exception
of the CLT system. In contrast, when using DH, non-uniform insulation configu-
rations are more commonly among the most optimized solutions, as seen for both
the CLT and Koljern systems. This suggests that non-uniform insulation may offer
greater potential for reducing GWP under DH conditions in the school/preschool.
The low-carbon concrete variant is excluded from these figures, as its most optimized
configuration matches that of the standard concrete system. However, as shown in
Figure 4.1, it results in a consistently lower total GWP, approximately 6.1% lower
for HP and 1.7% lower for DH, primarily due to its reduced embodied emissions.
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4.3 Warehouse
The different insulation configurations for all the systems analyzed for the ware-
house are summarized in Table 4.4, Table 4.5, and Table 4.6, each corresponding to
one of the slab-on-grade systems. The tables include insulation thicknesses across
the three thermal zones, the resulting U-values, and the calculated GWP for each
configuration, shown separately for HP and DH. The configuration with the lowest
GWP per heating and foundation system is marked in red.

Table 4.4: U-value, zone-wise insulation configuration and total GWP-values for
the concrete system in the warehouse, organized by increasing U-value and divided
by HP and DH.

Concrete system
U-value

[W/(m2 · K)]
Insulation configuration

[mm]
GWP

[kg CO2 e/(m2 Agross)]
HP DH

0.07 400-400-400 117.2 354.5
400-400-300 115.1 352.4

0.08 350-350-350 112.3 350.4
400-300-300 108.6 346.7

0.09 300-300-300 107.3 347.0
300-300-200 105.1 344.8

0.10 300-300-100 103.3 344.6
250-250-250 102.4 343.7

0.11 300-200-200 99.0 341.5
0.12 200-200-200 97.7 341.9

300-200-100 97.0 341.2
0.13 200-200-100 95.8 341.2
0.14 150-150-150 93.0 339.9
0.16 300-100-100 91.5 342.1
0.17 200-100-100 90.1 341.8
0.18 100-100-100 88.8 341.7

Table 4.4 shows that the most optimized insulation configuration for the concrete
system is 100-100-100 for the HP and 150-150-150 for DH. These configurations cor-
respond to GWP values of 88.8 kg CO2e/(m2 Agross) and 339.9 kg CO2e/(m2 Agross),
respectively. The table also shows that both uniform and non-uniform configurations
can achieve the same U-value, though with different GWP outcomes.
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Table 4.5: U-value, zone-wise insulation configuration and total GWP-values for
the CLT system in the warehouse, organized by increasing U-value and divided by
HP and DH.

CLT system
U-value

[W/(m2 · K)]
Insulation configuration

[mm]
GWP

[kg CO2 e/(m2 Agross)]
HP DH

0.07 400-400-200 87.7 325.0
0.08 300-300-300 81.9 320.0

400-300-200 81.3 319.4
0.09 400-300-100 79.3 319.0

250-250-250 77.0 316.7
0.10 300-200-200 73.6 314.9
0.11 200-200-200 72.3 314.8

300-200-100 71.6 314.1
0.12 200-200-100 70.3 314.5
0.13 150-150-150 67.6 313.0
0.14 300-100-100 65.7 312.6
0.15 200-100-100 64.5 313.1
0.16 100-100-100 63.3 313.9

For the CLT slab-on-grade system, Table 4.5 indicates that the most optimized
insulation configurations are 100-100-100 for the HP and 300-100-100 for DH. Similar
to the results observed for the concrete system, both uniform and non-uniform
insulation configurations achieve equivalent U-values, though they differ in their
associated GWP values.

Table 4.6: U-value, zone-wise insulation configuration and total GWP-values for
the Koljern system in the warehouse, organized by increasing U-value and divided
by HP and DH.

Koljern system
U-value

[W/(m2 · K)]
Insulation configuration

[mm]
GWP

[kg CO2 e/(m2 Agross)]
HP DH

0.07 200-200-200 108.8 346.1
200-200-150 107.3 344.6

0.08 150-150-150 102.1 340.2
200-150-50 100.2 338.3

0.09 100-100-100 95.4 335.1
100-100-50 94.0 333.7

0.10 100-50-50 89.8 331.1
0.11 50-50-50 89.0 331.5
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The insulation configurations and corresponding U-values for the Koljern slab-on-
grade system are presented in Table 4.6. The most optimized configurations are
identified as 50-50-50 for the HP and 100-50-50 for DH.

The configurations shown in Figure 4.4 comprise all uniform insulation configura-
tions and the most optimized combinations for each slab-on-grade system, high-
lighted in red in the respective tables presented above. HP and DH results are rep-
resented by solid and dashed lines, respectively. A low-carbon concrete alternative
with a 20% reduction is included, evaluated using the same insulation configurations,
and demonstrates lower GWP outcomes due to reduced embodied emissions.
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Figure 4.4: Line plot of total GWP as a function of zone-wise insulation configura-
tion for the warehouse, comparing HP and DH. The x-axis is ordered by increasing
total insulation thickness across zones. The most optimized insulation configuration
for each heating source and slab-on-grade system is marked in red.

As illustrated in Figure 4.4, total GWP values are markedly higher when DH is used
compared to HP systems across all slab-on-grade constructions. Under DH, GWP
ranges from roughly 310 to 355 kg CO2e/(m2 Agross), while the HP systems remain
lower, between 60 and 120 kg CO2e/(m2 Agross). A clear upward trend is observed
for both heating sources as insulation thickness increases, highlighting the trade-off
between improved thermal resistance and increased material emissions. The figure
also reveals differences in optimal insulation configurations depending on the heat-
ing source. For HP, minimal insulation levels tend to yield the lowest GWP across
all systems, highlighting that the benefit of added insulation diminishes when op-
erational emissions are already low. In contrast, the most favorable configurations
for DH involve thicker insulation layers, especially for the concrete and CLT sys-
tems, although the Koljern system reaches its minimum GWP with a relatively low
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insulation level (100-50-50). Across all configurations and heating sources, the CLT
system consistently demonstrates the lowest GWP, while the Koljern system per-
forms better than concrete only under specific DH configurations. Notably, none of
the systems benefit from the highest insulation thickness, which consistently leads
to increased GWP. For HP scenarios, a sharp increase in GWP is seen in the CLT
and concrete systems at the 300-100-100 configuration, corresponding to a signifi-
cant change in U-value performance, as detailed in Table 4.4 and Table 4.5.

Figure 4.5 and Figure 4.6 show the total GWP for the most optimized insulation
configurations of each slab-on-grade system, for HP and DH respectively. The results
are compared to the reference case that represents the conventional concrete slab-
on-grade solution currently used in the warehouse. Each bar is divided into material
and operational energy emissions.
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Figure 4.5: GWP for each optimized slab-on-grade system in the warehouse with
a HP. (M) denotes material emissions; (E) denotes operational energy. The two
cases labeled 100-100-100 represent different slab systems using the same insulation
configuration: (1) refers to the concrete system and (2) refers to the CLT system.

Figure 4.5 further supports the trend shown in Figure 4.4, indicating that the
CLT system has the lowest GWP among the evaluated slab-on-grade systems, 63.3
kg CO2e/(m2 Agross), compared to approximately 89 kg CO2e/(m2 Agross) for both
the concrete and Koljern systems. However, all evaluated systems outperform the
reference concrete slab-on-grade with a 280-280-280 mm insulation configuration.
The figure also shows that the most optimized Koljern and concrete systems have
nearly identical GWP values.
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Figure 4.6: GWP for each optimized slab-on-grade system in the warehouse with
DH. (M) denotes material emissions; (E) denotes operational energy.

Figure 4.6 demonstrates that, under DH conditions, the CLT system achieves the
lowest total GWP among all optimized slab-on-grade configurations. Moreover, all
evaluated systems perform better than the reference concrete slab-on-grade with a
280-280-280 mm insulation configuration. Additionally, a comparison of Figure 4.5
and Figure 4.6 reveals that the Koljern system achieves a lower GWP than the
concrete system with DH, but not with a HP. This suggests that the high thermal
performance of the Koljern system, due to its integrated insulation in the slab, offers
greater benefits under DH conditions with higher energy use.

Further the two figures illustrates that using a HP, the relative contributions of op-
erational energy and material-related emissions vary slightly between systems. The
reference and standard concrete systems along with the Koljern system, display a
higher proportion of emissions from material use compared to the CLT system, where
operational energy use use accounts for the larger share of total GWP. In contrast,
for DH, emissions from operational energy use dominate across all systems, including
the reference slab-on-grade. This highlights the significantly higher climate impact
of DH compared to HP in terms of energy-related emissions. It is also evident that,
when using HP, the most favorable insulation configurations are all uniform. For
DH, however, the optimal configurations for the CLT and Koljern systems involve
non-uniform insulation, suggesting that uneven insulation distribution can be more
effective in reducing GWP under district heating conditions for the warehouse. The
low-carbon concrete variant is not shown, as it shares the same optimal configura-
tion as the standard concrete system, but achieves a consistently lower GWP, about
6.8% for HP and 1.8% for DH, due to reduced embodied emissions.
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4.4 Residential building
Table 4.7, Table 4.8, and Table 4.9 present the evaluated insulation setups for each
slab-on-grade system, including the insulation thicknesses in the three thermal zones,
the resulting U-values, and the corresponding GWP values for both HP and DH.
The configuration with the lowest GWP per heating and foundation type is marked
in red.

Table 4.7: U-value, zone-wise insulation configuration and total GWP-values for
the concrete system in the residential building, organized by increasing U-value and
divided by HP and DH.

Concrete system
U-value

[W/(m2 · K)]
Insulation configuration

[mm]
GWP

[kg CO2 e/(m2 Agross)]
HP DH

0.07 500-400-400 29.7 72.9
400-400-400 29.6 72.8

0.08 400-400-300 29.3 72.6
350-350-350 29.2 72.5

0.09 400-300-300 28.9 72.3
300-300-300 28.8 72.2

0.10 300-300-200 28.4 71.9
0.11 250-250-250 28.3 72.1

500-200-200 28.2 72.0
0.12 200-200-200 27.9 72.0

300-200-200 28.0 72.1
0.13 300-300-100 28.2 72.6
0.14 300-200-100 27.9 72.6
0.15 150-150-150 27.7 72.6

200-200-100 27.8 72.7
0.17 300-100-100 27.6 72.8
0.18 200-100-100 27.6 73.3
0.19 100-100-100 27.6 73.3

Table 4.7 shows that the most optimized insulation configuration for the concrete
system, is 100-100-100 for the HP and 300-300-200 for DH. These configurations cor-
respond to GWP values of 27.6 kg CO2e/(m2 Agross) and 71.9 kg CO2e/(m2 Agross),
respectively. As with the warehouse, the table shows that both uniform and non-
uniform insulation configurations can achieve the same U-value, but with varying
GWP outcomes. Notably, for the HP, three configurations with U-values of 0.17,
0.18, and 0.19 W/(m2 · K) result in nearly identical GWP values. This highlights
a case where the most optimized configuration was determined based on differences
at the second decimal.
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Table 4.8: U-value, zone-wise insulation configuration and total GWP-values for
the CLT system in the residential building, organized by increasing U-value and
divided by HP and DH.

CLT system
U-value

[W/(m2 · K)]
Insulation configuration

[mm]
GWP

[kg CO2 e/(m2 Agross)]
HP DH

0.07 400-400-400 24.7 67.9
600-400-300 24.5 67.7

0.08 350-350-350 24.3 67.6
400-300-300 23.9 67.2

0.09 300-300-300 23.8 67.2
400-300-200 23.5 66.9

0.10 300-300-200 23.5 67.0
250-250-250 23.4 66.9

0.11 300-200-200 23.0 66.8
200-200-200 22.9 66.7

0.12 300-300-100 23.1 67.2
0.13 200-200-100 22.7 67.1

150-150-150 22.6 67.0
0.15 200-100-100 22.4 67.3
0.16 100-100-100 22.4 67.4

For the CLT slab-on-grade system in the residential building, Table 4.8 indicates that
the most optimized insulation configurations are 100-100-100 for the HP and 200-
200-200 for DH. Similar to the results observed for the concrete system, both uniform
and non-uniform insulation configurations achieve equivalent U-values, though they
differ in their associated GWP values.

Table 4.9: U-value, zone-wise insulation configuration and total GWP-values for
the Koljern system in the residential building, organized by increasing U-value and
divided by HP and DH.

Koljern system
U-value

[W/(m2 · K)]
Insulation configuration

[mm]
GWP

[kg CO2 e/(m2 Agross)]
HP DH

0.07 200-200-200 27.9 71.1
250-200-150 27.5 70.7

0.08 150-150-150 26.9 70.2
150-150-100 26.4 69.7

0.09 100-100-100 25.8 69.2
150-100-50 25.5 68.9

0.10 100-50-50 24.9 68.4
50-50-50 24.8 68.3

58



4. Results and observations

Table 4.9 presents the insulation configurations and corresponding U-values for the
Koljern slab-on-grade system. The most optimized configurations are identified as
50-50-50 for both the HP and DH.

The insulation configurations in Figure 4.7 include all uniform setups along with
the most optimized configurations identified for each slab-on-grade system. Solid
and dashed lines represent results for HP and DH, respectively. The most optimized
insulation configuration for each system and heating source is highlighted in red. The
low-carbon concrete variant (20% reduction) was assessed using the same insulation
setups as the standard concrete and shows reduced GWP due to lower embodied
emissions.
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Figure 4.7: Line plot of total GWP as a function of zone-wise insulation config-
uration for the residential building, comparing HP and DH. The x-axis is ordered
by increasing total insulation thickness across zones. The most optimized insulation
configuration for each heating source and slab-on-grade system is marked in red.

Figure 4.7 illustrates that the GWP is higher for all slab-on-grade systems when
DH is used, with values ranging from approximately 65–75 kg CO2e/(m2 Agross),
compared to 20–30 kg CO2e/(m2 Agross) for HP systems. For both heating sources,
the GWP increases only slightly with greater insulation thickness, as indicated by
the low slope of the curves, indicating that insulation optimization has a relatively
limited impact on the total GWP. For HP, configurations with the least insulation
thickness yield the lowest GWP across all slab-on-grade systems. For DH, optimal
configurations vary, Koljern performs best with 50-50-50, while the concrete and
CLT systems require more insulation. However, the thickest insulation configura-
tions never result in the lowest GWP. Furthermore, the figure also illustrates that
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the CLT system consistently exhibits the lowest GWP across all insulation config-
urations for both heating systems. The Koljern system outperforms the concrete
system in certain configurations, while in others, the two systems exhibit almost
similar total GWP values.

Figure 4.8 and Figure 4.9 illustrate the total GWP for the most optimized insulation
configurations of each slab-on-grade system using both a HP and DH. The results are
compared against a reference case representing the concrete slab-on-grade currently
used in the residential building. Each bar separates emissions from material use and
operational energy, highlighting the relative contribution of each.
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Figure 4.8: GWP for each optimized slab-on-grade system in the residential build-
ing with a HP. (M) denotes material emissions; (E) denotes operational energy. The
two cases labeled 100-100-100 represent different slab systems using the same in-
sulation configuration: (1) refers to the concrete system and (2) refers to the CLT
system.
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Figure 4.9: GWP for each optimized slab-on-grade system in the residential build-
ing with DH. (M) denotes material emissions; (E) denotes operational energy.

Figure 4.8 and Figure 4.9 demonstrate that the CLT system yields the lowest total
GWP among all optimized slab-on-grade configurations. Furthermore, all systems
exhibit slightly lower GWP values than the reference concrete slab-on-grade, in-
dependent of the heating source used. In both HP and DH cases, emissions from
operational energy use exceed those from material use, with the contribution from
energy use being notably larger for DH. Nearly all of the most optimized insulation
configurations are uniform, the only exception is the concrete system using DH,
which exhibits a non-uniform distribution. This suggests that for the residential
building, the relatively small slab-on-grade area may limit the potential benefits of
using non-uniform insulation to reduce GWP. The low-carbon concrete variant is
not shown, as it shares the same optimal configuration as the standard concrete
system, but achieves a consistently lower GWP, about 3.6% for HP and 1.4% for
DH, due to reduced embodied emissions.
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4.5 Cross-building comparison
Figure 4.10 and Figure 4.11 illustrate the variation in total GWP across all slab-
on-grade systems for the three studied building types. The results are shown for
the two heating sources, a HP and DH. For each building type, the lines represent
the GWP range between the minimum and maximum insulation configurations for
each slab-on-grade system, ordered by increasing total insulation thickness across
thermal zones. Note that the two graphs have different maximum values on the
y-axis, which should be considered when comparing absolute GWP levels between
the two heating sources.

0

50

100

150

200

To
ta

lC
O

2
[k

g
C

O
2e

/(
m

2
A

gr
os

s)
]

School/preschool Warehouse Residential building

Increasing insulation thickness across thermal zones →

Figure 4.10: Variation in total GWP across all slab systems for all three buildings,
using a HP. Each group of colored lines represents one building type, showing the
GWP range across insulation configurations sorted by increasing total insulation
thickness.

Figure 4.10 demonstrates that the warehouse exhibits the steepest slopes, indicating
a higher sensitivity of total GWP to changes in insulation thickness. In contrast, the
residential building shows a much flatter slope, meaning that increasing insulation
thickness has a comparatively smaller effect on the total GWP. The school/preschool
falls in between, showing a moderate increase in GWP as insulation thickness in-
creases. Notably, all lines slope upward, showing that for all building types, increased
insulation thickness leads to higher total GWP with a HP. This indicates that the
reduction in operational energy use is not sufficient to compensate for the increasing
embodied emissions from the additional insulation.
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Figure 4.11: Variation in total GWP across all slab systems for all three buildings,
using DH. Each group of colored lines represents one building type, showing the
GWP range across insulation configurations sorted by increasing total insulation
thickness.

As shown in Figure 4.11, the impact of increased insulation thickness on total GWP
varies between building types under the DH scenario. For the school/preschool, the
slope is slightly downward, indicating that total GWP decreases as insulation thick-
ness increases, suggesting that operational energy savings outweigh the additional
embodied material emissions. The residential building shows an almost flat slope,
implying a near balance between the embodied emissions from more insulation and
the reduction in operational energy use. In contrast, the warehouse still exhibits an
upward slope, although it is less steep than in the HP case. The overall GWP levels
are higher in the district heating scenario, especially for the warehouse, highlighting
the importance of the energy source.
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4.6 Slab-on-grade contribution to the building’s
total climate impact

Figures 4.12 and 4.13 illustrate the distribution of GWP from material production
(stages A1–A3) across major building components for the school/preschool and the
warehouse.

Slab-on-grade

23 %

HVAC5 %

Structural frame

28 %

Tap water and sewage

2 %Climate envelope

19 %

Internal walls

17 %

Electrical & telecom

6 %

Figure 4.12: Distribution of GWP by component for the school/preschool.

Figure 4.12 shows that for the school/preschool, the structural frame is the single
largest contributor, accounting for approximately 28% of total embodied emissions.
The slab-on-grade foundation follows closely at 23%, highlighting its significant role
in the building’s overall climate impact. Combined, these two components represent
more than half of the total GWP. Other notable contributors include the climate
envelope (19%) and internal walls (17%), while technical systems such as HVAC
and electrical installations make up smaller shares. Full values can be found in
Table 3.18.
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Slab-on-grade

21 %

Structural frame

43 %

Climate envelope

34 %

Internal walls

2 %

Figure 4.13: Distribution of GWP by component for the warehouse.

Figure 4.13 presents the corresponding breakdown for the warehouse. Here, the
structural frame dominates even more clearly, contributing 43% of total GWP. The
climate envelope follows at 34%, and the slab-on-grade accounts for 21%. The higher
emissions from the structural frame in this case can likely be attributed to the use of
a steel frame in the warehouse, compared to a timber frame in the school/preschool.

Despite the differences in building function, size, and structural system, the slab-on-
grade contributes a similar proportion in both buildings, approximately 20%. This
consistency is noteworthy considering the difference in slab area, indicating that
foundations contribute significantly to climate impact regardless of building type.
However, it should also be noted that the slab-on-grade is not the component with
the greatest overall impact.
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5
Discussion

This chapter reflects on the findings from the results chapter, discusses methodolog-
ical strengths and limitations, and provides an overall conclusion in relation to the
research questions. It begins with a discussion of observed trends in GWP across
heating sources, slab-on-grade systems, insulation strategies, and building types.
The chapter also includes a sensitivity analysis and outlines suggestions for future
research and development.

5.1 Discussion of results
This section discusses the key findings from the results, with a focus on identifying
patterns and drawing conclusions about GWP reduction strategies. While individual
changes in insulation configuration within the same slab-on-grade system result in
relatively small stepwise differences, comparing the configurations with the highest
and lowest total GWP reveals more significant variations. Rather than identifying
a single optimal solution, the overall trends observed, such as the influence of insu-
lation thickness, material choice and heating source, offer a more solid foundation
for understanding which design strategies most effectively reduce GWP.

One clear trend observed in the results is the significant difference in total climate
impact between the two heating sources, HP and DH, which in turn influences the
optimal design strategies for each case. This underscores the importance of defining
the energy system early in the design phase, as it directly affects which slab-on-
grade system and insulation configuration is the most appropriate. For HP systems,
the trend is relatively straightforward: low insulation levels often result in the low-
est GWP. This is because the operational energy emissions are already low, due
to the high efficiency of the system. Adding more insulation in these cases has
limited effect on reducing heating demand, while the embodied emissions from in-
sulation materials continue to increase, raising the total GWP instead. In contrast,
for buildings connected to DH, the relationship is less straightforward. Although
thicker insulation is generally needed to reduce heating demand and compensate for
higher operational energy emissions, the results show that increasing insulation does
not necessarily lead to a lower total GWP. Instead, configurations with intermediate
insulation levels perform better than those with the thickest insulation. This pat-
tern is broadly consistent across the studied building types, although the optimal
insulation level varies. Importantly, regardless of heating system, the data suggest a
tipping point: a stage where more insulation leads to diminishing returns in energy
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efficiency while embodied material emissions continue to increase. This reveals an
important design consideration, achieving the lowest total climate impact requires
careful balance, not just maximizing insulation thickness.

The results also suggest that the level of detail required in designing slab-on-grade
insulation thickness varies depending on the heating source and building characteris-
tics. For all building types analyzed, slab-on-grade systems with a HP generally show
that a uniform insulation configuration is often the most optimal choice to reach the
lowest GWP. In contrast, DH systems more frequently benefit from non-uniform in-
sulation distributions, indicating that varying insulation thickness can help reduce
total GWP in buildings with higher operational emissions. Additionally, building-
specific factors, particularly the size of the slab-on-grade area, significantly influence
the potential gains from insulation optimization. As shown in Figure 4.10 and Fig-
ure 4.11, the residential building with a relatively small slab area exhibits only a
slight change in GWP regardless of insulation configuration. This suggests that for
buildings with smaller slabs, detailed optimization of insulation thickness has a lim-
ited impact on overall GWP. Figure 4.10 further shows that the warehouse displays
a much steeper GWP slope than the school/preschool, even though it has a smaller
slab area. This indicates that in the warehouse, GWP increases considerably with
thicker insulation. In this case, choosing a low insulation thickness becomes more
important. This is explained by the lower operational energy use of the warehouse,
so adding more insulation has minimal effect on reducing an already low heating
demand, but still contributes to higher embodied material emissions.

Sandin’s model supports using non-uniform insulation to account for variations in
ground thermal resistance across the three zones, with the aim of optimizing the
overall U-value. However, this approach does not necessarily lead to the most ef-
fective insulation setup when the goal is to minimize total GWP. In other words,
optimizing purely for thermal performance might not align with minimizing climate
impact. It is important to note that these conclusions are based on the specific
building geometries and boundary conditions used in this study. Zone-specific insu-
lation could become more relevant in buildings with larger slabs or under boundary
conditions not included in this analysis. In summary, the need for detailed insu-
lation design might increase for buildings with DH, larger slab-on-grade areas and
higher operational energy use. It should also be noted that other components of
the building envelope and their relative contributions to total transmission losses
affect how beneficial it is to optimize the slab-on-grade in detail. In the buildings
analyzed, windows and doors accounted for the largest share of transmission losses,
followed by exterior walls, roofs, and thermal bridges, as shown in Table 3.2, Ta-
ble 3.7, and Table 3.10. These findings suggest that prioritizing improvements in
those areas could potentially yield greater reductions in operational energy use than
refining slab-on-grade insulation thickness alone. Furthermore, the results indicate
that the insulating properties of the ground mean that focusing insulation improve-
ments on other parts of the building envelope can lead to more substantial overall
energy savings.
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When comparing slab-on-grade systems across all building types and both heating
systems, the overall trends remain consistent. The CLT slab-on-grade demonstrates
the lowest total climate impact across all evaluated insulation configurations and
consistently achieves the lowest GWP values. For the Koljern system, the most
optimized variants show a lower total climate impact than the optimized concrete
slab-on-grade in all building types and for both heating systems, except in the ware-
house scenario using a HP, where the Koljern and concrete systems display nearly
identical GWP values. When considering all insulation thicknesses, the results vary
as to whether Koljern or concrete achieves the lowest GWP. Notably, the Koljern
system performs better in DH scenarios than in those using a HP, primarily be-
cause HP systems have lower energy use, reducing the potential benefits of the
Koljern system’s improved insulation performance. The low-carbon concrete (20%
reduction) slab-on-grade results in slightly reduced GWP values compared to the
standard concrete alternative but follows the same general trend in terms of relative
performance across buildings and heating systems. Furthermore, all optimized slab-
on-grade systems demonstrate a lower climate impact than the reference concrete
slab-on-grade, though the extent of this reduction varies depending on the building
type and heating system.

When looking at the building as a whole, the slab-on-grade accounts for approx-
imately 20% of the total climate impact from material use in the warehouse and
school/preschool cases analyzed in this study. This is a substantial share, indi-
cating that the foundation is an important contributor to the building’s embodied
emissions. However, a closer examination shows that some design choices have a
greater impact than others. While detailed adjustments to insulation thickness
within a given slab system may only result in modest reductions, more signifi-
cant improvements can be achieved by switching to an alternative slab system.
For instance, in the school/preschool case, switching from a conventional concrete
slab to the optimized CLT system reduces the climate impact from 52.8 to 33.8
kg, CO2e/(m2 Agross). Across the building’s total heated floor area of 4321 m2, this
corresponds to a savings of approximately 82 tonnes CO2e. This highlights how
even modest material choices at the component level can yield substantial emissions
reductions at the building scale. In summary, the study shows that strategic choices,
such as selecting a different slab system or aligning insulation strategy with the heat-
ing system, can meaningfully lower a building’s overall climate impact. However,
the results also indicate that in certain cases, such as buildings with a relatively
small slab area, the benefits of insulation optimization are limited.
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5.2 Discussion of other LCA stages
The construction methods used for the three slab-on-grade systems influence both
transport and on-site emissions. The concrete system involves several labor- and
equipment-intensive steps such as formwork, reinforcement, casting, and curing.
This often results in higher A5 emissions, although widespread production across
Sweden may help reduce A4-related impacts by shortening transport distances. Both
the CLT and Koljern systems rely on prefabrication, which tends to lower on-site
resource use and emissions. Koljern’s elements are quick to install, but centralized
production may lead to longer transport routes. Similarly, the CLT system benefits
from modular construction, though it is more sensitive to moisture and may require
additional protection during transport and assembly. As with Koljern, transport
emissions for CLT depend on how close the production facility is to the site.

In the LCA, within the use stage phase, differences in durability and maintenance
depend on material properties and environmental exposure. Concrete generally re-
quires little maintenance and is resistant to biological degradation. The Koljern
system uses cellular glass and protected steel beams, which could result in long
service life with limited maintenance. The CLT system has potential for stable per-
formance if moisture is effectively managed throughout its service life. Moisture
ingress can lead to degradation, and while small repairs are possible, its uniform
structure and biological sensitivity make preventive protection especially important.

At end-of-life, the systems differ in how easily they can be dismantled and whether
their components can be reused or recycled. Concrete is often the most demanding
to demolish and, while the crushed material can be reused as low-grade aggregate,
this is generally considered downcycling. The reinforcement steel may be recover-
able, depending on how well it’s separated. CLT elements, particularly in modular
systems, may be suitable for reuse or repurposing if kept dry. Otherwise, they may
be directed toward incineration or low-grade recycling, and components like EPS
and foil membranes pose recycling challenges. The Koljern system appears to sup-
port easier disassembly thanks to its mechanical assembly. Foamglas and steel may
be reused or recycled multiple times, though this depends on their condition and
whether future projects can accommodate reused elements. As with the other sys-
tems, making use of any circular potential depends heavily on early planning and
suitable end-of-life handling.
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5.3 Sensitivity analysis of the results
Several limitations and uncertainties have influenced the outcomes of this study.
First, the analysis is based on only three case buildings, one per building category,
which reduces the applicability of the results to buildings with differing scales, func-
tions, or design characteristics. For example, in cases involving significantly larger
structures, such as expansive warehouse facilities, the results may differ. More-
over, specific building characteristics, such as unconventional geometries, occupancy
patterns, and indoor temperature settings, can significantly influence thermal per-
formance and may lead to different results. Further, various geographical places
where not evaluated. In addition, thermal bridges were only assessed at a general
level, therefore more detailed evaluation of thermal bridges across slab-on-grade
systems and insulation configurations could provide further insight into their per-
formance. For example, non-uniform insulation distribution with increased edge
insulation (zone 1) could reduce transmission losses compared to uniform insula-
tion. This suggests that, in some cases, non-uniform configurations may result in a
lower climate impact than considered, and could therefore represent a more effective
design strategy in some cases.

The energy sources utilized for heating, along with their associated assumed GWP,
represent a major source of uncertainty. Technological development and changes in
energy policy have the potential to alter the GWP of energy systems over time. For
example, future transitions toward more renewable or low-carbon energy sources
could significantly reduce operational emissions, thereby diminishing the relative
contribution of energy use to the overall climate impact. At the same time, such
changes may also influence material-related emissions, as the adoption of innovative
production technologies and alternative materials could lead to different environ-
mental outcomes. Additionally, biogenic carbon uptake in timber-based materials
has not been accounted for as negative emissions in this study. While timber has
the potential to act as a carbon sink through long-term storage, the relatively short
50-year analysis period applied here and a conservative methodological approach
have resulted in assigning timber products a zero net emission value rather than a
negative GWP.

Furthermore, the GWP values from EPDs used for the different slab-on-grade sys-
tems and their materials also introduce uncertainty. There can be notable differences
in GWP depending on the manufacturer. This means that the results are sensitive
to the specific data used, and the total GWP could vary if different products or
assumptions were applied. To explore this variability, a sensitivity analysis was
carried out to assess how the results would change under different material scenar-
ios. Specifically, the analysis included a low-carbon concrete with a 40% reduction
in GWP, as well as concrete of higher strength class, C40/50. These alternatives
were evaluated for the warehouse case, as shown in Figure 5.1, alongside a standard
concrete slab-on-grade, another low-carbon variant with a 20% reduction, and the
Koljern system. All scenarios were modeled with the same insulation configuration
(100-100-100 mm) to isolate the effect of material choices on the total GWP.
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Figure 5.1: Total GWP from left to right: the optimized concrete system for
the warehouse with insulation configuration 100-100-100, low-carbon concrete level
2 (20%), low-carbon concrete level 4 (40%), concrete with higher strength class
(C40/50), and the Koljern system with insulation configuration 100-100-100.

.

Figure 5.1 demonstrates that both the standard concrete slab-on-grade and the two
low-carbon concrete alternatives result in a lower total GWP than the Koljern sys-
tem when using the same insulation configuration. However, when the concrete mix
is replaced with a higher strength class (C40/50), which typically has a higher em-
bodied carbon footprint due to increased cement content, the total GWP exceeds
that of the Koljern system. This outcome highlights the importance of conducting
detailed, case-specific analyses when comparing alternative slab-on-grade solutions.
The results suggest that there is no generally optimal system in terms of climate
impact, whether concrete or the Koljern system performs better depends on the spe-
cific material properties, structural requirements, and environmental data applied.
Therefore, to achieve the lowest possible GWP, it is essential to evaluate different
options under consistent conditions and consider the full range of influencing factors.
It is also noteworthy that the concrete slab-on-grade systems analyzed in this study
are based on a 120 mm thick load-bearing concrete layer, while the Koljern system
includes a 168 mm thick structural element. This suggests that under alternative
ground conditions requiring piling, the concrete slab may need to be increased in
thickness to meet structural demands, while the Koljern system might already fulfill
such requirements without modification. Consequently, in such scenarios, the GWP
associated with the concrete solutions could increase more substantially than that
of the Koljern system, highlighting the need for context-specific structural and en-
vironmental assessments.

72



5. Discussion

The geographic location of a building significantly influences the climate data used
in simulations within IDA ICE, as well as the thermal resistance values of different
soil types applied in Sandin’s model. Regional conditions, such as temperature, so-
lar radiation and ground conditions surrounding the slab-on-grade foundation vary
with location. These variations consequently affect the calculated energy demand
and thermal performance. Therefore, conducting the analysis for an alternative
geographic location with differing climate and soil characteristics could produce
different results, highlighting the importance of incorporating site-specific data for
accurate assessment and design of slab-on-grade foundations. Another aspect worth
considering is the precision of U-values used in the simulations. In this study, U-
values were applied with two decimal places, which aligns with industry standards.
However, this level of rounding can result in relatively large jumps between configu-
rations, potentially affecting the results. For instance, two slab configurations may
have U-values of 0.096 and 0.14 W/(m2 · K) respectively, which is both rounded to
0.10 W/(m2 · K). In practice, however, the actual difference in energy performance
between such values is likely minimal.

5.4 Evaluation of method
A large number of slab-on-grade configurations were analyzed in this study to inves-
tigate whether detailed optimization could lead to substantial improvements and to
explore the balance between material emissions and energy efficiency. Initially, an
even broader set of combinations was considered. However, to ensure the study re-
mained feasible and focused, a set of constraints, outlined in Section 3.2, was applied
to reduce the number of configurations. While these constraints excluded certain
theoretical combinations, they were necessary to maintain a realistic design scope
and reflect standard construction practices, such as the use of uniform insulation
thicknesses and limiting large differences in insulation thicknesses between thermal
zones.

To calculate heat transfer through the ground, the methodology developed by Sandin
was chosen over the approach outlined in the standard SS-EN 13370:2017. This de-
cision was based on both practical and methodological considerations. Sandin’s
method is used by PE Teknik & Arkitektur, which made it easier to compare and
validate results. Additionally, the standard does not easily account for multiple
thermal zones with varying insulation thicknesses, making it less suitable for config-
urations with non-uniform insulation. In contrast, Sandin’s model allows for a more
detailed representation of such variations, making it a well-suited and reasonable
choice for this thesis.

Energy simulations were conducted in IDA ICE for each building and the various
U-values. Due to limitations in the software, it was not feasible to apply different
insulation thicknesses to individual thermal zones. Instead, a single U-value, calcu-
lated for each insulation configuration, was used uniformly across the model. This
simplification was considered reasonable, as prior sensitivity analyses in IDA ICE
have shown that, compared to using a single average U-value, applying different in-
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sulation thickness between zones typically results in only minor differences in overall
energy performance. Substantial time was spent on refining and validating the IDA
ICE models. Through repeated adjustments and checks, the models were aligned
with expected energy use, helping to ensure that the simulation results were both
reasonable and reliable.

5.5 Further research
Several areas identified in this study present opportunities for further development
and research to improve the accuracy and applicability of the results. One impor-
tant aspect concerns moisture safety when reducing insulation thickness. For certain
interior floor materials, the industry standard typically recommends 200 mm of in-
sulation across all zones to ensure adequate moisture control. However, it is not
yet clear whether thinner insulation layers, particularly for certain interior floor
types, could sufficiently prevent moisture-related risks. Future studies should evalu-
ate moisture performance with reduced insulation levels to determine the minimum
thickness that still ensures long-term durability and safety. Reducing insulation may
also help lower cooling demand in buildings with large temperature variations by
utilizing the ground’s thermal storage capacity. This can be explored further to un-
derstand how lower insulation amount can contribute to passive cooling and energy
savings. The geographic location in this study influenced the climate data used in
IDA ICE and the soil thermal resistance values in Sandin’s model. Since climate
and soil conditions vary regionally, conducting analyses for other locations could
yield different results, highlighting the importance of site-specific data. Addition-
ally, only a general assessment of thermal bridges was performed. A more detailed
study, considering different materials for the slab-on-grade types, as well as the ef-
fect of increased edge insulation (zone 1), could reveal significant reductions in heat
loss and affect the result. One potential area for further investigation is whether
the additional layer of Foamglas beneath the Koljern element could be removed to
reduce insulation thickness even more. Technically, it may be possible to remove this
layer entirely. Although the Foamglas layer likely remains necessary for compressive
strength and to provide protection for the steel profiles, it might not be essential
for moisture control, given the Koljern system’s high level of moisture resistance.
Future studies could assess both the structural and hygrothermal consequences of
removing this layer, and whether doing so could lead to further reductions in the
total GWP of the Koljern system. In addition, other building types with different
characteristics, as well as larger structures such as extensive warehouse facilities,
could be analyzed to assess whether the results apply to a wider range of cases. A
more comprehensive evaluation of all life cycle stages, not fully addressed in this the-
sis, would also offer a deeper understanding of the total climate impact of different
slab-on-grade systems. Future research addressing these aspects would contribute
to more accurate and sustainable slab-on-grade design strategies.
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For all building types analyzed, the results indicate that when HP systems are used
as the heating source, lower insulation thicknesses correspond to the lowest GWP.
In contrast, buildings heated by DH typically require greater insulation thicknesses
to achieve minimal GWP. Although reducing insulation can be favorable for GWP,
it might increase moisture-related risks. Furthermore, the findings suggest that the
level of detail in insulation placement becomes more important for buildings utiliz-
ing DH, those with larger slab-on-grade areas, and buildings characterized by higher
operational energy demands.

The results indicate that, for all assessed building categories, the CLT slab-on-grade
system consistently yields the lowest total GWP, considering both emissions from
material use and operational energy. Furthermore, the most optimized Koljern con-
figuration for each building and heating scenario generally outperforms both the
most optimized conventional concrete system and the low-carbon concrete variant
with a 20% reduction in material-related emissions. An exception is observed for
the warehouse building when DH is applied, where the concrete alternative performs
slightly better. However, looking across all insulation configurations, a comparison
between the concrete and Koljern systems yields varying results, with neither sys-
tem demonstrating consistently lower GWP. This variability underscores the im-
portance of evaluating GWP performance on a project-specific basis, taking into
account building-specific parameters and design choices.

The study shows that the reference concrete slab-on-grade contributes to approx-
imately 20% of the building’s total material-related GWP, indicating that opti-
mization of the slab-on-grade can meaningfully reduce the overall climate impact.
Although, detailed optimization of insulation placement does not always lead to sig-
nificant GWP reductions. More substantial decreases in environmental impact can
be achieved by selecting an alternative slab-on-grade system, for example, replacing
a conventional concrete slab-on-grade with a CLT slab-on-grade. However, in cases
where a change of material is not feasible, optimizing the insulation thickness may
still be beneficial.
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A. School/preschool

A
School/preschool

A.1 Concrete system

Table A.1: Zone-wise insulation configurations for the concrete system in the
school/preschool, grouped by resulting U-value.

U-value [W/(m2 · K)] Insulation thickness [mm]
0.07 400-400-400

500-400-400
500-500-400
600-400-400
600-500-300
600-500-400
600-600-300

0.08 350-350-350
400-400-300
500-400-300
500-500-300
600-400-300

0.09 300-300-300
400-300-300
500-300-300
500-400-200
500-500-200
600-300-300

0.10 250-250-250
400-300-200
400-400-200
500-300-200

0.11 300-300-200
0.12 200-200-200

300-200-200
400-200-200
400-400-100
500-200-200

0.13 300-300-100
400-300-100

0.14 400-200-100
0.15 150-150-150

200-200-100
300-200-100

0.17 300-100-100
400-100-100

0.18 100-100-100

II



A. School/preschool
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Figure A.1: Total GWP for each concrete system configuration in the
school/preschool, based on a heat pump. Results are split into material use and
operational energy.
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Figure A.2: Total GWP for each concrete system configuration in the
school/preschool, based on district heating. Results are split into material use and
operational energy.
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A. School/preschool

A.2 CLT system

Table A.2: Zone-wise insulation configurations for the CLT system in the
school/preschool, grouped by resulting U-value.

U-value [W/(m2 · K)] Insulation thickness [mm]
0.07 400-400-400

500-400-400
500-500-300
600-400-400
600-500-300
600-600-300

0.08 350-350-350
400-300-300
400-400-300
500-300-300
500-400-300
500-500-200
600-300-300
600-400-300

0.09 300-300-300
400-400-200
500-400-200

0.10 250-250-250
300-300-200
400-300-200
500-300-200

0.11 200-200-200
300-200-200
400-200-200
400-400-100
500-200-200

0.12 300-300-100
400-300-100

0.13 150-150-150
200-200-100
300-200-100
400-200-100

0.15 200-100-100
300-100-100
400-100-100

0.16 100-100-100
0.18 200-200-0

IV



A. School/preschool
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Figure A.3: Total GWP for each CLT system configuration in the
school/preschool, based on a heat pump. Results are split into material use and
operational energy.
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Figure A.4: Total GWP for each CLT system configuration in the
school/preschool, based on district heating. Results are split into material use and
operational energy.
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A. School/preschool

A.3 Koljern system

Table A.3: Zone-wise insulation configurations for the Koljern system in the
school/preschool, grouped by resulting U-value.

U-value Insulation thickness ranges
[W/(m2 · K)] [mm]

0.07 200-200-200
Zone 1: 200–500
Zone 2: 200–400
Zone 3: 100–200

0.08 150-150-150
Zone 1: 150–450
Zone 2: 150–350
Zone 3: 50–150

0.09 100-100-100
Zone 1: 100–400
Zone 2: 100–250
Zone 3: 0–100

0.10 50-50-50
Zone 1: 50–350
Zone 2: 50–150
Zone 3: 0–50

0.11
Zone 1: 50–250
Zone 2: 0–50
Zone 3: 0

0.12
Zone 1: 50–200
Zone 2: 0
Zone 3: 0
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Figure A.5: Total GWP for each Koljern system configuration in the
school/preschool, based on a heat pump. Results are split into material use and
operational energy.
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Figure A.6: Total GWP for each Koljern system configuration in the
school/preschool, based on district heating. Results are split into material use and
operational energy.
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B. Warehouse

B
Warehouse

B.1 Concrete system

Table B.1: Zone-wise insulation configurations for the concrete system in the
warehouse, grouped by resulting U-value.

U-value [W/(m2 · K)] Insulation thickness [mm]
0.07 400-400-400

600-400-400
500-400-400
500-500-200
600-400-300
500-400-300
400-400-300

0.08 350-350-350
500-400-200
400-400-200
600-300-300
500-300-300
400-300-300

0.09 300-300-300
500-300-200
400-400-100
400-300-200
300-300-200

0.10 250-250-250
400-300-100
300-300-100

0.11 500-200-200
400-200-200
300-200-200

0.12 200-200-200
400-200-100
300-200-100

0.13 200-200-100
0.14 150-150-150
0.16 400-100-100

200-200-0
300-100-100

0.17 200-100-100
0.18 100-100-100

X



B. Warehouse
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Figure B.1: Total GWP for each concrete system configuration in the warehouse,
based on a heat pump. Results are split into material use and operational energy.
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Figure B.2: Total GWP for each concrete system configuration in the warehouse,
based on district heating. Results are split into material use and operational energy.
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B. Warehouse

B.2 CLT system

Table B.2: Zone-wise insulation configurations for the CLT system in the ware-
house, grouped by resulting U-value.

U-value [W/(m2 · K)] Insulation thickness [mm]
0.07 400-400-200

400-400-300
500-400-200
500-400-300
500-400-400
500-500-200
600-400-300

0.08 300-300-300
400-300-200
400-300-300
400-400-100
500-300-200
500-300-300
600-300-300

0.09 250-250-250
300-300-200
400-300-100

0.10 300-200-200
300-300-100
400-200-200
500-200-200

0.11 200-200-200
300-200-100
400-200-100

0.12 200-200-100
0.13 150-150-150
0.14 200-200-0

300-100-100
400-100-100

0.15 200-100-100
0.16 100-100-100
0.17 200-100-0
0.18 100-100-0
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B. Warehouse
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Figure B.3: Total GWP for each CLT system configuration in the warehouse,
based on a heat pump. Results are split into material use and operational energy.
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Figure B.4: Total GWP for each CLT system configuration in the warehouse,
based on district heating. Results are split into material use and operational energy.

XIII



B. Warehouse

B.3 Koljern system

Table B.3: Zone-wise insulation configurations for the Koljern system in the ware-
house, grouped by resulting U-value.

U-value Insulation thickness ranges
[W/(m2 · K)] [mm]

0.07 200-200-200
Zone 1: 200–500
Zone 2: 200–400
Zone 3: 50–400

0.08 150-150-150
Zone 1: 150–450
Zone 2: 100–350
Zone 3: 0–350

0.09 100-100-100
Zone 1: 100–350
Zone 2: 100–300
Zone 3: 0–300

0.10 Zone 1: 100–350
Zone 2: 50–250
Zone 3: 0–250

0.11 50-50-50
Zone 1: 50–250
Zone 2: 0–50
Zone 3: 0

0.12 Zone 1: 50–200
Zone 2: 0–200
Zone 3: 0–200
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B. Warehouse
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Figure B.5: Total GWP for each Koljern system configuration in the warehouse,
based on a heat pump. Results are split into material use and operational energy.
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Figure B.6: Total GWP for each Koljern system configuration in the warehouse,
based on district heating. Results are split into material use and operational energy.
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C. Residential

C
Residential

C.1 Concrete system

Table C.1: Zone-wise insulation configurations for the concrete system in the
residential building, grouped by resulting U-value.

U-value [W/(m2 · K)] Insulation thickness [mm]
0.07 400-400-400

500-400-400
500-500-300
500-500-400
600-400-400
600-500-300
600-500-400
600-600-300

0.08 350-350-350
400-400-300
500-400-300
600-400-300

0.09 300-300-300
400-300-300
400-400-200
500-300-300
500-400-200
500-500-200
600-300-300

0.10 300-300-200
400-300-200
500-300-200

0.11 250-250-250
500-200-200

0.12 200-200-200
300-200-200
400-200-200
400-300-100
400-400-100

0.13 300-300-100
0.14 300-200-100

400-200-100
0.15 150-150-150

200-200-100
0.17 300-100-100

400-100-100
0.18 200-100-100
0.19 100-100-100
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C. Residential
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Figure C.1: Total GWP for each concrete system configuration in the residential
building, based on a heat pump. Results are split into material use and operational
energy.
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Figure C.2: Total GWP for each concrete system configuration in the residential
building, based on district heating. Results are split into material use and opera-
tional energy.
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C. Residential

C.2 CLT system

Table C.2: Zone-wise insulation configurations for the CLT system in the residen-
tial building, grouped by resulting U-value.

U-value [W/(m2 · K)] Insulation thickness [mm]
0.07 400-400-400

500-500-300
600-400-300
600-500-300

0.08 350-350-350
400-300-300
400-400-300
500-300-300
500-400-300
500-500-200
600-300-300

0.09 300-300-300
400-300-200
400-400-200
500-300-200
500-400-200

0.10 250-250-250
300-300-200

0.11 200-200-200
300-200-200
400-200-200
400-300-100
400-400-100
500-200-200

0.12 300-300-100
0.13 150-150-150

200-200-100
300-200-100
400-200-100

0.15 200-100-100
300-100-100
400-100-100

0.16 100-100-100
0.18 200-200-0
0.20 200-100-0
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C. Residential

100-100-100

150-150-150

200-100-100

200-200-100

200-200-200

250-250-250

300-200-200

300-300-100

300-300-200

300-300-300

350-350-350

400-300-200

400-300-300

400-400-400

600-400-300

0

20

40

60

80

100

22.4 22.6 22.4 22.7 22.9 23.4 23 23.1 23.5 23.8 24.3 23.5 23.9 24.7 24.5

Zone-wise insulation configuration [mm]

To
ta

lC
O

2
[k

g
C

O
2e

/(
m

2
A

gr
os

s)
]

Material use (Non-uniform) Operational energy (Non-uniform)

Material use (Uniform) Operational energy (Uniform)

Figure C.3: Total GWP for each CLT system configuration in the residential
building, based on a heat pump. Results are split into material use and operational
energy.
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Figure C.4: Total GWP for each CLT system configuration in the residential build-
ing, based on district heating. Results are split into material use and operational
energy.
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C. Residential

C.3 Koljern system

Table C.3: Zone-wise insulation configurations for the Koljern system in the resi-
dential building, grouped by resulting U-value.

U-value Insulation thickness ranges
[W/(m2 · K)] [mm]

0.07 200-200-200
Zone 1: 200–500
Zone 2: 200–400
Zone 3: 100–250

0.08 150-150-150
Zone 1: 150–150
Zone 2: 150–150
Zone 3: 150–150

0.09 100-100-100
Zone 1: 100–100
Zone 2: 100–100
Zone 3: 100–100

0.10 50-50-50
Zone 1: 100–50
Zone 2: 50
Zone 3: 50

0.11
Zone 1: 50–250
Zone 2: 0–50
Zone 3: 0

0.12
Zone 1: 150–150
Zone 2: 0
Zone 3: 0
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C. Residential
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Figure C.5: Total GWP for each Koljern system configuration in the residential
building, based on a heat pump. Results are split into material use and operational
energy.
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Figure C.6: Total GWP for each Koljern system configuration in the residential
building, based on district heating. Results are split into material use and opera-
tional energy.
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D
GWP-values

Table D.1: GWP-values for concrete and reinforcement.

Company Product A1-A3
[kg CO2e/m3]

Skanska Concrete C25/30 225
Skanska Low carbon concrete 20% C25/30 175

Stena Stål Reinforcement 557 (kg CO2e/ton)

Table D.2: GWP-values for EPS S100 and the average used for calculations.

Company A1-A3
[kg CO2e/m3]

Finja 73.2
Finnfoam 53

Average 63.1

Table D.3: GWP-values for EPS S200 and the average used for calculations.

Company A1-A3
[kg CO2e/m3]

Finja 127.3
Finnfoam 79.5

Average 103.4

Table D.4: GWP-values for the weather protection layer used for calculations.

Company Product A1-A3
[kg CO2e/m2]

SIGA Wetguard 1.1
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D. GWP-values

Table D.5: GWP-values for components in the Koljern system used for calcula-
tions.

Company Product A1-A3
Foamglas T3+ 137.8 kg CO2e/m3

Lindab Galvanized steel beam 2.8 kg CO2e/kg
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