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ABSTRACT

The building sector contributes significantly to ongoing climate change, accounting for 37% of
global greenhouse gas emissions and 40% of the EU’s total energy consumption. Since 75%
of all buildings constructed before 2000 do not meet current building standards, they present
great potential for emissions reduction. Despite this, renovation rates across Europe remain
critically low. Green building certification systems have emerged as structured frameworks to
guide and incentivise renovation efforts, with Miljobyggnad being the most widely used
certification system in Sweden.

This thesis investigates which renovation measures are required for Brinellvagen 23 (B23) to
achieve Miljdbyggnad Bronze, Silver, and Gold certification, and examines how these
measures differ across certification levels. Constructed in 1967, B23 is representative of
Sweden's ageing office stock and does not meet current building standards. The study
employs dynamic building energy simulation in IDA ICE to evaluate the building's performance
against five Miljdbyggnad indicators: heat output demand, solar heat load, energy use, winter
thermal climate, and summer thermal climate. After assessing the current status of the
building, a stepwise renovation approach is developed, in which individual measures are
applied sequentially until the respective certification levels are met.

The results show that the building can reach all three certification levels, requiring four
renovation measures for Bronze, one additional measure for Silver, and two further measures
for Gold. The primary challenge therefore lies not in achieving a high certification level, but in
achieving certification at all. Once the fundamental deficiencies of the building are addressed,
higher certification levels can be reached with comparatively fewer measures. Passive
measures had the broadest cross-indicator impact throughout the renovation pathway, with
window replacement identified as the single most effective individual measure. Passive
measures alone were sufficient to achieve Bronze and Silver certification, while active
measures became necessary only at the Gold level.

This study illustrates that deep renovation of aged office buildings is a feasible and worthwhile
path toward meeting current sustainability standards. The identified renovation packages offer
building owners a flexible decision-making framework, enabling the selection of a certification
level suited to their budget and sustainability ambitions.
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SAMMANFATTNING

Byggsektorn bidrar i hog grad till den pagaende klimatférandringen och star for 37% av de
globala utslappen av vaxthusgaser samt 40% av EU:s totala energiférbrukning. Eftersom 75
% av alla byggnader som uppférdes fére ar 2000 inte uppfyller dagens byggnormer finns dar
en stor potential for utslappsminskningar. Trots detta ar renoveringstakten i Europa fortfarande
lag. Certifieringssystem for hallbart byggande har vuxit fram som strukturerade ramverk for att
vagleda och stimulera renoveringsinsatser, dar Miljdbyggnad &r det mest anvanda
certifieringssystemet i Sverige.

Denna studie undersoker vilka renoveringsatgarder som kravs for att Brinellvagen 23 (B23)
ska uppna certifieringsniva Miljdbyggnad brons, silver respektive guld samt analyserar hur
atgardskraven skilier sig at mellan certifieringsnivaerna. B23 byggdes 1967 och ar
representativt for det aldre svenska kontorsbyggnadsbestandet och uppfyller inte dagens
byggnormer. Studien anvander dynamisk byggnadsenergisimulering i IDA ICE for att
utvardera byggnadens prestanda mot fem Miljébyggnad-indikatorer: varmebehov,
solvarmelast, energianvandning och inomhusklimat under vinter- respektive sommarhalv aret.
Efter en bedémning av byggnadens nuvarande status har en sekventiell renoveringsstrategi
tagits fram med hjalp av en iterativ process, dar enskilda atgarder tillampas i tur och ordning
tills respektive certifieringsniva uppnas.

Resultaten visar att byggnaden kan uppna alla tre certifieringsnivaerna. Detta kraver fyra
renoveringsatgarder for brons, ytterligare en atgard for silver samt ytterligare tva atgarder for
guld. Den framsta utmaningen ligger darmed inte i att uppna en hog certifieringsniva, utan i
att overhuvudtaget uppna certifiering. Nar byggnadens grundldggande brister val har
atgardats kan hogre certifieringsnivaer uppnas med relativt fa ytterligare atgarder. Passiva
atgarder hade den bredaste effekten dver alla indikatorer under hela renoveringsprocessen,
dar fonsterbyte identifierades som den enskilt effektivaste atgarden. Enbart passiva atgarder
rackte for att uppna brons- och silvercertifiering, medan aktiva atgarder erfordras forst for
guldnivan.

Sammanfattningsvis visar studien att en genomgripande renovering av aldre
kontorsbyggnader ar en genomférbar och Iénsam vag mot att uppfylla dagens
hallbarhetsstandarder. De identifierade renoveringspaketen erbjuder fastighetsagare ett
flexibelt beslutsunderlag som gor det mojligt att valja en certifieringsniva som passar deras
budget och hallbarhetsambitioner.

Nyckelord
Certifieringssystem for hallbart byggande, Miljobyggnad, IDA ICE, renovering av byggnader,
kontorsbyggnader
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Introduction

1 INTRODUCTION

1.1 Problem Definition and Motivation

According to the United Nations Environment Programme (UNEP, 2024), the building sector
accounts for 37% of global greenhouse gas emissions, making it one of the largest
contributors to climate change. Within the European Union, buildings are responsible for
approximately 40% of the EU’s total energy consumption (European Commission, n.d.).
Consequently, sustainable building practices have become a central focus in the global effort
to mitigate rapid climate change.

While new construction plays a role in reducing emissions, the greatest potential lies in the
renovation of existing buildings. With 85% of all buildings in the EU constructed before the
year 2000, the building stock is ageing, making the issue of energy performance increasingly
urgent (European Commission, n.d.). This becomes evident when considering that 75% of
buildings constructed before 2000 perform poorly in comparison with today’s energy
performance standards (European Commission, n.d.).

Despite this, the renovation rate across Europe remains extremely low at only 1% (European
Commission, n.d.). To meet Paris Agreement targets, retrofit rates would need to increase to
between 2.5 and 5% by 2030 (UNEP, 2024). Instead of implementing renovation measures,
buildings are often demolished, with financial and regulatory reasons driving these decisions.
This practice leads to increasing amounts of demolition waste as well as a growing demand
for new construction materials, undermining long-term sustainability goals (DeTroy et al.,
2025).

These challenges highlight the urgent need for structured frameworks that guide and
incentivise renovation efforts. In response, a range of green building certification systems have
emerged globally, such as LEED and BREEAM, providing standardised criteria to evaluate
and improve building sustainability. In line with these ambitions, Sweden has developed its
own national certification system Miljébyggnad, which assesses building sustainability and
awards certification at Bronze, Silver, or Gold level.

1.2 Aims and Objectives

Building on this context, the Swedish green building certification system Miljébyggnad will be
used to evaluate the performance of Brinellvagen 23 in Stockholm and to identify essential
renovation measures that help bring the building's performance in line with today's
requirements.

Constructed in 1967, Brinellvagen 23 is a university office building representative of Sweden's
existing office stock, characterised by poor thermal performance and a significant gap between
its current energy standards and today's requirements. This makes it relevant and well-suited
for renovation assessment within the Miljdbyggnad framework. Miljébyggnad is used as the
certification system for this study as it is the most widely used green building certification
system in Sweden (MB, n.d.).
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Using Brinellvagen 23 as a case study, this thesis aims to demonstrate that green building
certification systems are valuable tools for guiding renovation decisions, and that deep
renovation of existing office buildings is a feasible and worthwhile path toward meeting current
sustainability standards.

This study therefore aims to answer the following research question: Which renovation
measures are required for Brinellvdgen 23 in Stockholm to achieve Miljbbyggnad Bronze,
Silver, and Gold certification, and how do the measures differ across certification levels?

To address this research question, the following objectives are defined:

o To assess the current condition and performance of Brinellvagen 23

e To evaluate which renovation measures are necessary to meet the criteria for Bronze,
Silver and Gold

¢ To compare the measures required across certification levels

1.3 Outline

This thesis begins with a review of the theoretical foundations, covering major green building
certification systems and an overview of passive and active retrofit measures. Building on this,
the case study building Brinellvagen 23 is introduced, including its location, building envelope,
and current condition. The methodology chapter then describes the simulation model
developed in IDA ICE and the implementation of the Miljdbyggnad indicators. Subsequently,
the results are presented and discussed, beginning with a status quo assessment, followed
by a stepwise evaluation of renovation measures required to achieve Bronze, Silver, and Gold
certification. The results are then critically reflected in the discussion chapter. Finally, the key
findings are summarised and an outlook for future research is provided.
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2 STATE OF THE ART

2.1 Green Building Certification Systems

Green building certification systems emerged in response to growing environmental concern
(Marchi et al., 2021). The building sector is one of the main contributors to climate change,
accounting for 36% of greenhouse gas emissions and for 40% of the total energy consumption
in the EU (EU Commission, 2020).

In both academic literature and professional practice, a variety of terms are used to describe
the concept of green building certification. Expressions such as “Green Building Certification
System,” “Green Building Rating System”, “Green Building Rating Tools” or simply “Green
Certification” are often applied interchangeably (Ade & Rehm, 2020; Marchi et al., 2021;
Vierra, 2016). To ensure terminological consistency throughout this thesis, the term Green
Building Certification System (GBCS) will be used hereafter.

Green Building Certification Systems are multi-criteria rating tools that assess a building’s
compliance with specific sustainability requirements. These requirements typically include
areas such as energy efficiency, materials and indoor environmental quality. Each GBCS
establishes its own set of criteria. Depending on how well a building meets these criteria, it is
classified according to the corresponding GBCS rating system. GBCSs are typically managed
by third-party organisations that operate independently from the developer or owner of the
building and have no financial interest in the outcome of the classification. This independence
provides objectivity and credibility to the market (Ade & Rehm, 2020; Marchi et al., 2021;
Vierra, 2016).

GBCSs can be applied to a broad variety of project types, from new construction to in-
operation assessment (Vierra, 2016). Their implementation is voluntary, but GBCSs are
increasingly being incorporated into national and international guidelines as more emphasis
is placed on sustainable building practices worldwide. In the United States, for example, tax
incentives have been created to promote the adoption of GBCSs, while Copenhagen and
Singapore have strict building codes that demand new buildings to be high-performing and
compliant with high sustainability standards (Gil-Ozoudeh et al., 2024; Marchi et al., 2021).

The overall goal of GBCSs is to provide a mechanism that supports and facilitates the
transition of the building sector towards a more sustainable future. By providing a structured
procedure they guide and help stakeholders to adopt highly sustainable construction practices
and serve as an educational framework for sustainability-oriented decision-making. This not
only leads to a reduction of negative impacts on the environment but also on the occupants of
the building and their well-being (Marchi et al., 2021; Vierra, 2016).

Prior to the introduction of such certification systems, any building could be claimed to be
“green”, creating a market characterised by unclear and unverified sustainability claims. The
usage of GBCSs helps to document that a building is genuinely meeting established
sustainability standards. It provides transparency and clarity for the market and improves
communication (Ade & Rehm, 2020; Marchi et al., 2021; Vierra, 2016).

Historically, the first green building certification system, BREEAM (Building Research
Establishment Environmental Assessment Method), was established in 1990 in the United
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Kingdom, followed by LEED (Leadership in Energy and Environmental Design) in 1998 in the
United States (Ade & Rehm, 2020; USGBC, n.d.). Since then, numerous national systems
have been developed worldwide, including Sweden’s Miljdbyggnad, which launched in 2011.

211 BREEAM

The very first green building certification system BREEAM was developed by the British
Building Research Establishment (BRE) in the United Kingdom in 1990. Its development was
driven by the aim of establishing a formal framework for recognising buildings with reduced
environmental impacts and to promote innovation and best practice in sustainable design,
construction and operation. While originally developed for British buildings, BREEAM has
since evolved into a leading international green building certification system. It expanded into
Europe in 2008 and is now applied in over 85 countries, with more than 590,000 buildings
certified as of 2020 (Ade & Rehm, 2020; BREEAM, 2020).

BREEAM certification can be used for a range of different project types. These include
BREEAM Communities, that evaluates large-scale urban planning projects, CEEQUAL for civil
engineering and infrastructure projects, BREEAM New Construction for newly constructed
buildings, HQM for residential new-build projects in the United Kingdom, as well as BREEAM
In-Use and BREEAM Refurbishment and Fit-Out, which focus on the assessment of existing
buildings and refurbishment projects (BREEAM, 2020).

The BREEAM certification process is carried out by independent, licensed BREEAM-
assessors, ensuring that each building’s sustainability performance is evaluated impartially
and reliably (Townsend, 2016).

BREEAM evaluates buildings across a range of 10 assessment categories, as shown in Table
2.1. These range from Management to Energy and Materials, covering different sustainability
aspects. Each category is subdivided into specific indicators that assess performance against
a defined set of criteria. Credits are then awarded for each indicator based on the degree to
which these criteria are met. The number of credits available varies between indicators and
across assessment categories. Overall, the BREEAM certification framework comprises 52
indicators distributed across the ten categories, with a total of 151 achievable credits. The
categories are assigned different weightings to reflect their relative significance, with the
category “Energy” accounting for the highest weighting at 19% (BREEAM, 2020).

Table 2.1: Overview of BREEAM cetrtification assessment areas (BREEAM, 2020)

Number of Available Credits Category

Area Indicators per Area Weighting
Management 5 21 12%
Health and o
Wellbeing 6 22 15%
Energy 9 34 19%
Transport 5 12 8%
Water 4 9 6%
Materials 6 13 13%
Waste 6 12 8%
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Land Use 5 5 10%
and Ecology
Pollution 5 13 10%

: additional
Innovation 1 10 10%
Total 52 151 100%

To determine the overall building rating, the total score is calculated through a structured
scoring system. First, the total credits achieved within each category are summed. For each
category, the percentage of achieved credits is then calculated relative to the maximum
available credits. This percentage is subsequently multiplied by the corresponding category
weighting factor, resulting in the section score. The total score is obtained by summing all
section scores, which determines the building’s rating level according to the BREEAM
scheme, as shown in Table 2.2. The rating levels range from Pass, Good, Very Good,
Excellent, to Outstanding. Rating level Pass corresponds to standard practice, while Excellent
stands for best practice. An Outstanding certification indicates an innovative approach. A
building must achieve at least a total score of 30% to be eligible for certification. Scores below
this threshold result in no certification (BREEAM, 2020).

Table 2.2: Overview of BREEAM cetrtification rating levels (BREEAM, 2020)

Rating Level Total Score Stars
Uncertified < 30% 0
Pass = 30% 1
Good = 45% 2
Very Good = 55% 3
Excellent >70% 4
Outstanding = 85% 5

21.2 LEED

Eight years after the establishment of BREEAM, the certification system LEED was introduced
in the US in 1998. Its development was driven by the establishment of the United States Green
Building Council (USGBC) in 1993 and the growing demand for more sustainable building
practices (USGBC, n.d.).

Since its initial release (LEED v1), the certification system has been continuously updated to
be applicable across diverse markets and building types, with the most recent version being
LEED v5. As a result, LEED certification today applies to all building types and phases,
including new construction and major renovations (Building Design and Construction, BD+C),
interior design and construction (ID+C), existing buildings in operation and maintenance
(O+M), neighbourhood development (ND), residential buildings, as well as entire cities
(USGBC, n.d.).

Today, LEED, alongside BREEAM, is one of the leading green building certification systems
worldwide, with significant international influence. More than 195,000 buildings have been
LEED certified across 186 countries (USGBC, 2024).
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In order to obtain LEED certification, a building must be assessed based on the eight LEED
assessment areas, as shown in Table 2.3. They range from Integrative Process, Planning and
Assessment to Energy and Atmosphere and Indoor Environmental Quality. Similar to
BREEAM, each LEED category is subdivided into several indicators, for which credits are
awarded. The number of indicators varies across the different categories, with a total of 51
indicators assessed. These indicators are divided into points-scoring indicators and
prerequisite indicators that are required to obtain certification. In contrast to BREEAM, LEED
does not apply an explicit weighting to its categories. Instead, the relative importance of each
category can be calculated indirectly by the number of credits available in that category relative
to the total number of credits (USGBC, 2025).

Table 2.3: Overview of LEED certification assessment areas (USGBC, 2025)

Number Available Indirect
Area of Credits Category
Indicators per Area  Weighting

Integrative Process,
Planning and 6 1 1%
Assessment (IP)

Location and

0,
Transportation (LT) 5 15 14%
Sustainable Sites (SS) 7 11 10%
Water Efficiency (WE) 4 9 8%
Energy and 0
Atmosphere (EA) 12 33 30%
Materials and o
Resources (MR) / 18 16%
Indoor Environmental o
Quality (EQ) 8 13 12%
Project Priorities (PP) 2 10 9%
Total 51 110 100%

The total score is determined by adding up the credits achieved in the different assessment
areas, following a straightforward point-based rating system. Based on this total, the building
is assigned a qualitative certification level: Certified, Silver, Gold or Platinum, see Table 2.4.
Buildings that fall below the minimum threshold of 40 points remain uncertified. In order to
achieve the highest rating level “Platinum” the building needs to fulfil further requirements that
are specified in the corresponding technical manual (USGBC, 2025).

Table 2.4: Overview of LEED certification rating levels (USGBC, 2025)

Rating Level Total Score
Uncertified < 40 points

Certified 40-49 points
Silver 50-59 points
Gold 60-79 points
Platinum = 80 points
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2.1.3 Miljobyggnad

After the establishment of BREEAM and LEED, numerous national green building certification
systems were developed to adapt to national regulations and climate zones, resulting in more
than 600 GBCSs worldwide by 2004 (Marchi et al., 2021). Following this trend, Sweden
introduced its own national framework Miljdbyggnad (Swedish for “Environmental Building”,
hereafter MB) in 2011. It is specifically tailored to Swedish conditions and has since become
the most widely used certification system in Sweden (MB, n.d.; SGBC, 2014). More than 2,300
buildings have been certified as of 2022 (Kriss, 2022).

MB developed from the earlier certification framework Miljéklassad Byggnad (Swedish for
“Environmentally Classified Building”), which was created through collaboration between the
construction sector and universities in 2009. In 2011 the certification system was handed over
to the Sweden Green Building Council (SGBC), at which point it was renamed Miljébyggnad.
Since then the system is managed and owned by SGBC (SGBC, 2014).

While the original system was designed specifically for existing buildings, it has been
continuously updated, resulting in several new generations over time. The most recent
version, Miljdbyggnad 4.0, was released in 2022 and represents the fourth generation of the
certification system (MB, n.d.; SGBC, 2014). Today, MB is applicable to new construction and
extensions (Nybyggnad), refurbishment and renovation projects (Ombyggnad), as well as
existing buildings in operation (iDrift), covering the building’s full lifecycle from design to use
(MB iDrift, n.d.; SGBC, 2022).

There are two conditions that a building needs to fulfil to be eligible for MB certification. The
first one is that the building must include areas designed to be heated to temperatures above
10°C (Aemp)- In addition, it must contain occupancy rooms, although these do not have to be
permanent occupant rooms (SGBC, 2022).

MB (SGBC, 2022) consists of four main areas that assess the environmental performance of
a building: energy and climate, indoor environment, outdoor environment and circularity. Each
area is subdivided into different aspects, which are evaluated using one or more indicators. In
total, there are 15 indicators. A summary is shown in Table 2.5.

Table 2.5: Overview of Miljébyggnad certification assessment areas (SGBC, 2022)

Indicator
Area Aspect
Number Name
1 Heat Output Demand

Power Requirements

Energy and 2 Solar Heat Load
Climate Energy 3 Energy Use
Climate Impact 4 Climate Impact
Moisture 5 Moisture
Sound 6 Sound
Indoor ) 7 Winter Thermal Climate
Envionment | nermal Climate 8 Summer Thermal Climate
Phasing out of Hazardous Phasing out of Hazardous
Substances 9 Substances
Outdoor Climate Risks 10 Climate Risks
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Ecosystem Services 11 Ecosystem Services
12 Flexibility and Demountability
Circular Construction 13 Circular Material Flows
Circularity 14 Waste Management
Building Materials 15 Logbqok Containing Building
Materials

Each indicator receives a rating based on how well it meets the specific MB criteria. Unlike
BREEAM and LEED, where points are accumulated to determine a final rating, MB assigns a
qualitative rating directly to each indicator. The three qualitative rating levels are Bronze, Silver
and Gold. Bronze generally reflects compliance with existing regulations and standard practice
in new construction, and for refurbishment the building needs to align with relevant Swedish
regulatory requirements and environmental management rules. Silver indicates a higher level
of performance and ambition beyond basic compliance. Gold represents high effort and best
practice with available and commercial technology. In addition, full compliance with the EU
Taxonomy’s DNSH criteria and with one of the taxonomy’s environmental objectives A1-7.1-
SC 1 or A2-7.1-SC 2 is required. This incorporation of the EU’s green taxonomy facilitates the
compliance with its criteria for the industry (MB, n.d.; SGBC, 2022).

The ratings of the 15 indicators are then aggregated to determine the rating of the respective
aspect, following a weakest-link principle. The lowest indicator rating determines the aspect
rating. Next, the area rating is determined based on the lowest aspect rating within that area.
However, the area rating may be increased by one level if at least half of the aspects have
higher ratings. Finally, the overall building rating is determined by the lowest area rating. It
should be noted that some indicators are assessed at the room level. In these cases, each
room receives a rating, and the indicator rating is determined according to the weakest-link
principle. For the room rating to the indicator rating, the certification can be increased by one
level if at least 50% of the assessed room area has a higher rating. From this point, the
aggregation proceeds as described above (SGBC, 2022).

To achieve certification, each indicator must achieve at least a Bronze rating. In addition to
that, no Gold certification is possible if any indicator is rated Bronze. This aggregation method
is intended to prevent buildings with weaknesses in specific performance aspects from
obtaining a high overall rating (SGBC, 2014, 2022). The following Table 2.6 illustrates this
aggregation process from individual indicator ratings to the overall building rating. It should be
noted that the energy and climate area achieves a Silver rating despite its lowest indicator
rating being Bronze, because two-thirds of the indicators have a higher rating. As mentioned
previously, this allows the area rating to be increased by one level, in this case from Bronze
to Silver. After a building has been certified under MB, its performance is verified every three
years through a process called “back reporting.” This ensures that the building continues to
meet the environmental and energy performance requirements of the MB certification (SGBC,
2022).
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Table 2.6: Example of Miljébyggnad aggregation method (SGBC, 2022)

Building Rating  Area  Aspect Indicator
Number Name
1 Silver
Bronze
; 2 Bronze
Silver
Gold 3 Gold
Silver 4 Silver
Silver 5 Silver
Silver 6 Silver
Silver . 7 Silver
Silver :
Bronze 8 Siver
Silver 9 Silver
Bronze 10 Bronze
Bronze
Bronze 11 Bronze
12 Silver
Silver 13 Silver
Bronze :
14 Silver
Bronze 15 Bronze

2.1.4 Comparison of Major Certification Systems

In this chapter, the previously presented certification systems BREEAM, LEED and
Miljdbyggnad will be compared with regard to their indicators and assessment categories, their
rating approach and their international presence.

In response to the rapid advancement of sustainable building practices, all three certification
systems, BREEAM, LEED and MB, have continuously been updated since their initial release,
resulting in several versions and generations. The current versions LEED v5, Miljobyggnad
4.0 and BREEAM Refurbishment and Fit-out serve as the basis for this comparison (BREEAM,
2020; SGBC, 2022; USGBC, 2025).

All three certification systems essentially assess similar categories. The assessment areas for
all systems include energy efficiency, material selection and resource consumption, and indoor
climate. However, the systems differ in the number of assessment areas and indicators used.
While MB evaluates 15 indicators in total, LEED has 51 and BREEAM has 52 indicators that
need to be assessed. The assessment effort is therefore significantly higher for LEED and
BREEAM, whereas MB is less complex and very compact (BREEAM, 2020; SGBC, 2022;
USGBC, 2025).

Due to the significantly lower number of assessment areas and indicators, MB also focuses
on fewer areas than the other two systems. For new buildings and renovation work, the focus
is primarily on technical aspects and measurable building performance, while BREEAM and
LEED also take planning and management processes into account. Only when using
Miljobyggnad iDrift for existing buildings is the focus placed on the operational phase. In
addition, BREEAM and LEED explicitly integrate the aspect of water into their assessment
systems, whereas Miljdbyggnad does not include this as a separate category. BREEAM also
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encourages innovation by awarding optional credits (BREEAM, 2020; MB iDrift, n.d.; SGBC,
2022; USGBC, 2025). Table 2.7 summarises and compares the key characteristics of
BREEAM, LEED and Miljébyggnad.

Table 2.7: Comparative overview of BREEAM, LEED and Miljébyggnad certification systems (BREEAM, 2020;
SGBC, 2022, USGBC, 2025)

Certification System BREEAM LEED Miljobyggnad
Country of Origin UK us Sweden
Organisation BRE USGBC SGBC
First Version 1990 1998 2011
Latest Version 2020 2025 2022
International Presence > 85 countries (2020) 186 countries (2024) 1 country

Management Integrative Process,
Health & Wellbeing Planning & Assessment
Energy Location & Transportation .
Transport Sustainable Sites Energly & Climate
oy ndoor
Water Water Efficiency .
Assessment Areas . Environment
Materials Energy & Atmosphere
d Outdoor
Waste Materials & Resources Circularit
Land Use & Ecology Indoor Environmental y
Pollution Quality
Innovation Project Priorities
Number of
Assessment Areas 10 8 4
Number of Indicators 52 51 15

Rating Levels

Pass, Good, Very
Good, Excellent,

Certified, Silver, Gold,

Bronze, Silver,

Outstanding Platinum Gold
: Point-based, . . Weakest link
Rating Approach weighted Categories Point-based, additive principle
No explicit weighting;
. indirect weighting through
Area Weighting ves available credits by No
category
Outcome Percentage score Point total Rating level

In view of the growing global challenges and the increasing frequency of extreme weather
events, such as once-in-a-century floods, the shift within Green Building Certification Systems
from a purely performance-based sustainability perspective towards a more resilience-
oriented approach is becoming increasingly important (Marchi et al., 2021). All three
certification systems presented have integrated corresponding aspects, for example the
“Climate Risks” indicator in Miljdbyggnad, “Enhanced Resilient Site Design” in LEED, and the
requirements “Adaptation to Climate Change” and “Flood Risk Management and Reducing
Surface Water Run-off” in BREEAM (BREEAM, 2020; SGBC, 2022; USGBC, 2025). These
indicators demonstrate how each system contributes to enhancing building resilience against
climate-related risks.

The three certification systems also differ in terms of the types of projects to which they can
be applied. MB is limited to new buildings, existing buildings and renovation and extension

10
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projects. LEED goes further and, in addition to new buildings and existing buildings, also
covers interior design, neighbourhood development and the planning of entire cities. BREEAM
additionally covers civil engineering and infrastructure projects and can be used for master
plans at the urban planning level. BREEAM and LEED thus enable the assessment of larger
development areas, while Miljébyggnad focuses on individual buildings (BREEAM, 2020;
SGBC, 2022; USGBC, 2025).

The rating approaches of the three certification systems BREEAM, LEED, and MB differ
significantly, as described in Subsections 2.1.1-2.1.3. MB follows the weakest link principle,
which requires consistently high quality in all assessment areas and indicators in order to
obtain certification. Poor results cannot be compensated, as the overall rating of the building
is based on the lowest rating in any area. Gold certification is only possible if all areas are
classified as Gold. This approach gives greater weight to low ratings in the aggregation and
highlights weaknesses in a building's environmental performance. At the same time, it
provides a strong incentive for the industry to aim for good environmental performance in all
areas of the building. However, this approach is very strict and inflexible, as it is not possible
to compensate for poor performance in individual areas (Freitas & Zhang, 2018; MB, n.d.;
SGBC, 2014).

In contrast, BREEAM and LEED use a point-based approach. LEED employs a simple additive
system, where the overall rating is determined by the total number of points achieved in the
different assessment areas. This offers great flexibility and allows for multiple ways to achieve
a higher score. Good results in some areas can compensate for weaker performance in others.
It is a transparent and easy-to-understand scoring system. However, there is a risk that project
teams focus primarily on accumulating the points required to achieve a higher rating, rather
than adopting a comprehensive and integrated approach to sustainability (Ade & Rehm, 2020;
Say & Wood, 2008). Moreover, due to the absence of explicit category weighting, critical areas
may not be sufficiently emphasised. Although a form of indirect category weighting exists
through the number of available credits, this approach does not ensure the same focus on key
areas (USGBC, 2025)

BREEAM on the other hand employs a more complex rating system with pre-weighted
assessment areas (see Subsection 2.1.1). This weighting allows for differentiation between
critical and less critical sustainability aspects, so that poor performance in key areas can have
a significant impact on the total rating. While this approach provides a more nuanced
evaluation of a building’s environmental performance, the complexity of the weighting system
makes it less intuitive for project teams to predict how individual points affect the overall score
and may be perceived as less transparent compared to LEED and MB (BREEAM, 2020).

Once the assessment is completed, the certification process for BREEAM and LEED is usually
finished. MB, on the other hand, also checks the actual building performance later on through
the back reporting process (see Subsection 2.1.3). This avoids a potential performance gap
between the design certification and actual operation and is a unique feature of MB (SGBC,
2022).

While MB is well adapted to Swedish requirements and climate zones, it is not applicable
internationally and limited to use in Sweden. However, since it is less complex and less
comprehensive than LEED or BREEAM, it is a practical choice for the Swedish building sector.

11
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This is reflected by MB being the most widely applied green building certification system in
Sweden (MB, n.d.).

BREEAM and LEED are both internationally well-known and implemented. Since they are the
two first established certification systems they have extensive operational experience, with
BREEAM in operation for over 30 years and LEED for nearly 30 years. Their global
implementation allows for comparisons between different buildings worldwide. While
BREEAM has certified more than 590,000 buildings across over 85 countries, LEED has
certified approximately 195,000 buildings but is present in 186 countries (BREEAM, 2020;
USGBC, 2024). According to Doan et al. (2017), this difference can be explained by two main
factors. First, BREEAM is a European system with a strong focus on the European market.
Due to Europe’s high awareness of sustainable construction, more projects are certified under
BREEAM, resulting in a higher total number of certified buildings. However, its regional focus
means that BREEAM operates in fewer countries than LEED. Second, LEED’s simpler and
more intuitive rating system facilitates its adoption in a broader range of international contexts
(Doan et al., 2017).

2.1.5 Challenges of Green Building Certification Systems

Green Building Certification Systems have been subject to criticism in several areas. One
frequently criticised point is the fact that all GBCSs were initially developed for national
purposes and therefore have their own way of assessing a building’s performance. This makes
a comparison between different GBCSs very difficult. Even though LEED Platinum and
BREEAM Outstanding are both the top levels of the respective certification system they are
not comparable, because they are based on different assessments. In short, each certification
system has its own language. This lack of comparison additionally makes it difficult for project
owners to choose one certification system. To address this challenge, LEED and BREEAM
have developed versions that can be applied internationally. However, this “one-size-fits-all”
approach comes at the expense of reduced focus on national standards and climates, which
may result in sustainability assessments that are insufficiently adapted to local environmental
and climatic conditions. The failure to adapt to regional contexts can lead to less effective or
inappropriate solutions (Ade & Rehm, 2020; Anyanya et al., 2025; Freitas & Zhang, 2018;
Marchi et al., 2021; Say & Wood, 2008). Furthermore, not all countries use these international
certification systems, preferring their own national systems, such as Sweden, which primarily
uses MB (MB, n.d.).

Another point of criticism is that green building certification systems do not encompass the
trinity of sustainability, consisting of environmental, economic and social aspects. Critics state
that the majority of certification systems focus primarily on an environmental analysis of the
building’s performance, such as energy efficiency and resource consumption, while largely
neglecting social and economic aspects (Marchi et al., 2021). Furthermore, many GBCSs
have been criticised for concentrating heavily on operational energy performance, often
neglecting embodied energy and broader life-cycle impacts, which can lead to an incomplete
assessment of a building’s true environmental footprint (Anyanya et al., 2025).

Moreover, green building certification systems are associated with considerable costs. The
certification fee itself does not constitute the main financial burden, the dominant cost factor
arises from the consultants and experts required to prepare and compile the documentation
necessary for the certification process. This can lead to a situation in which primarily large
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companies and project developers are able to afford green building certification. As a result,
they can use the certification strategically to enhance their reputation and position their
projects more successfully in the market. Buildings developed by smaller companies that
perform equally well or even better in terms of sustainability, but lack formal certification, may
consequently be overlooked. This creates a competitive disadvantage and entails the risk of
greenwashing (Ade & Rehm, 2020; Marchi et al., 2021).

With this comes another issue, the phenomenon of “point-chasing”. Point-based assessment
schemes like LEED and BREEAM may encourage prioritising easily achievable credits with
low costs rather than implementing measures with the greatest environmental impact tailored
for a specific project (Marchi et al., 2021; Say & Wood, 2008).

A further point of criticism concerns the fact that the level of certification does not directly
communicate a building’s actual performance (Say & Wood, 2008). Certified buildings may, in
some systems, achieve high ratings despite weaknesses in some areas, as points can
compensate for shortcomings in other categories. Moreover, certification systems typically
assess buildings against predefined benchmarks rather than absolute performance targets.
The certification level therefore does not necessarily reflect consistent overall performance.
This can lead to an information asymmetry between owner and potential buyers and users
and can create uncertainty (Ade & Rehm, 2020).

Criticism has also been expressed about the static assessment approach of certification
systems such as BREEAM. Certification is usually carried out once after project completion,
while there is no continuous monitoring of performance and adjustment mechanisms
throughout the building's entire life cycle. As a result, the building cannot be flexibly adapted
to dynamically evolving climate targets (Anyanya et al., 2025).

2.1.6 Benefits of Green Building Certification Systems

Green Building Certification Systems (GBCS) make a significant contribution to implementing
more sustainable construction methods. By complying with strict environmental criteria such
as energy efficiency, water conservation, material selection and emission reduction, certified
buildings promote direct ecological benefits.

In addition to their environmental benefits, GBCSs also offer social advantages, including
positive effects on the health and wellbeing of users in certified buildings. MacNaughton et al.
(2017) investigated the cognitive performance of users in 10 certified and non-certified high-
performing office buildings in the USA. The results showed that users in certified buildings
achieved 26.4% better results on average. Furthermore, they had a 6.4% higher sleep score,
expressed greater satisfaction with lighting conditions and reported thermal discomfort less
frequently. In addition, participants in the non-certified building had 30% more sick building
symptoms each day (MacNaughton et al., 2017).

These differences are not attributable to the certified building performing better than the non-
certified one. A separate assessments of ventilation rates, noise levels, and occupancy
revealed comparable results in the paired buildings. Consequently, the primary distinguishing
factor was the presence of green building certification (MacNaughton et al., 2017). These
findings indicate that the presence of green building certification alone can have a measurable
positive effect on user health, productivity, and overall satisfaction (MacNaughton et al., 2017).
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In addition to these social advantages, GBCSs also provide significant economic benefits. By
improving environmental performance and lowering annual energy and water consumption,
certified buildings can achieve considerable reductions in operational costs. Ugur and
Leblebici (2018) demonstrated that LEED-certified buildings achieve substantial reductions in
annual energy costs, with Gold-certified buildings saving 31% and Platinum-certified buildings
saving 40%. While higher certification levels lead to greater operational savings, they also
entail higher upfront costs, with Platinum certification being 3.46 times more expensive than
Gold (Ugur & Leblebici, 2018).

Furthermore, green building certifications enhance a building’s market attractiveness by
serving as a recognizable signal of quality and sustainability. Studies show that tenants and
buyers generally prefer certified buildings, whether commercial or residential, which
strengthens their competitive position in the real estate market (Heinzle et al., 2013; Jang et
al., 2018; Porumb et al., 2020; Wadu Mesthrige & Chan, 2019).

This preference translates into measurable financial benefits for the owner of the property.
Certified office buildings achieve higher price premiums, reflecting an increased willingness to
pay for green-certified properties. In Europe, green certification is associated with a price
premium of approximately 19% compared to non-certified office buildings (Porumb et al.,
2020), whereas studies in the United States report rental premiums of around 10.9% (Wadu
Mesthrige & Chan, 2019).

Jang et al. (2018) and Heinzle et al. (2013) further investigated the influence of certification
levels on price premiums. The influence varies in a regional context. Jang et al. (2018) found
that on the real estate market in Seoul, a higher certification level does not automatically make
a building more attractive. The differences between certification levels are too small to
influence the decisions of tenants or buyers. In the Singapore housing market, however, the
price premium that buyers are willing to pay varies with the certification level, as Heinzle et al.
(2013) found. For the highest certification level of the national GBCS, they were willing to pay
more than twice as much in price premiums as for the lowest level (Heinzle et al., 2013). While
both studies confirm that green building certification itself generates a clear market benefit,
the impact of different certification levels on price premiums is not uniform across markets and
appears to depend on regional contexts.

These financial benefits resulting from GBCSs, such as higher price premiums and reduced
operating costs, can offset the additional development costs associated with certification
(Wadu Mesthrige & Chan, 2019). This can help overcome scepticism and provide a strong
incentive for developers and investors to pursue green building certification, despite the
significant upfront costs involved.

Due to the positive perception of green building certification, owning companies can also
enhance their corporate image, particularly among environmentally conscious investors and
tenants (Wadu Mesthrige & Chan, 2019).

2.2 Building Retrofit

Building retrofit refers to targeted physical or operational modifications to existing buildings
with the goal of reducing their energy consumption and improving thermal comfort and indoor
environmental quality (Alexakis et al., 2025; Hashempour et al., 2020).
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With 85% of all buildings in the EU constructed before the year 2000, the building stock is
ageing, resulting in poor energy performance. 75% of these buildings perform poorly
compared to today’s energy performance standards, yet, the annual renovation rate in the
building sector is still extremely low, accounting for only 1% (European Commission, n.d.).
This highlights the high potential for decarbonisation of existing buildings through targeted
retrofit interventions (Kaczmarek, 2025).

Unlike new construction, retrofit measures operate within the constraints of an existing
building, requiring solutions that are adapted to the specific characteristics of each building.
Before selecting any intervention, a holistic analysis of the building is therefore essential
(Alexakis et al., 2025). A critical aspect to consider is the local climate. While some
interventions can be employed across different climate zones, others are more climate-specific
(Alexakis et al., 2025). For example, in colder regions, measures focus primarily on minimising
heat loss and improving the thermal envelope, whereas warm and humid climates demand
particular attention to overheating risks and moisture management indoors (Kaczmarek,
2025).

Beyond climate considerations, other aspects are important to consider: energy performance
targets, the building type, the individual needs of occupants, the historical and cultural context
of the building as well as the financial resources (Kaczmarek, 2025; Ma et al., 2012). That
highlights that there is no universal retrofit solution. Interventions must always be tailored to
the specific context of each building to ensure optimal performance (Alexakis et al., 2025;
Kaczmarek, 2025).

Although retrofit interventions vary widely in scope and application, two main categories
emerge consistently across literature and practice: passive and active strategies (Alexakis et
al., 2025).

2.2.1 Passive Measures

Passive strategies refer to interventions that improve a building's energy performance without
relying on mechanical or electrical systems (Brunoro, 2024; Kaczmarek, 2025). They primarily
target the physical properties of the building envelope, which acts as a barrier between the
indoor and outdoor environment and includes elements such as walls, roofs, foundations,
windows and doors (Sadineni et al., 2011).

According to Brunoro (2024), three main aims can be identified to improve a building’s energy
balance: the reduction of heat losses through an improved envelope performance, heat
protection to avoid overheating as well as the maximisation of heat gains through solar
exposure. As mentioned in the previous section, these aims are not universally applicable but
depend largely on the local climatic context. In addition, most passive strategies contribute to
more than one objective simultaneously.

A range of passive strategies can be employed to achieve these aims. The most commonly
applied intervention is thermal insulation of the building envelope (Alexakis et al., 2025;
Kaczmarek, 2025). Thermal insulation refers to materials or composite material systems, that
are characterised by a high resistance to heat transfer through the building envelope (Al-
Homoud, 2005). The thermal performance of a building component is quantified by the heat
transfer coefficient (U-value) expressed in W/(m?K), which describes the rate of heat transfer
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through a unit area per unit temperature difference and is determined by the thickness of the
individual material layers and their thermal conductivity (A in W/(mK)) (Yu et al., 2024). The
thermal conductivity A describes the ability of a material to conduct heat: materials with a high
A-value are good heat conductors, while materials with a low A-value are good heat insulators,
reducing heat transfer between the interior and exterior of a building (Al-Homoud, 2005;
Sadineni et al.,, 2011; Sharaf, 2020). Lower U-values indicate better thermal insulation
performance, and conversely, higher U-values indicate greater heat loss.

External walls, roofs and floors can be additionally insulated on the interior or exterior side,
depending on the specific conditions of the building (Alexakis et al., 2025). According to
Kolaitis et al. (2013) external thermal insulation (ETI) is preferred in both, residential and office
buildings, due to its ability to prevent moisture condensation, eliminate thermal bridges, and
utilise the full thermal mass of the building envelope. However, ETI is associated with higher
installation costs, particularly on upper floors, and alters the building facade, which may be
prohibited in heritage or culturally protected buildings. Internal thermal insulation (ITl) by
contrast, preserves the facade appearance and requires significantly less investment cost,
making it a viable alternative where ETl is not feasible. Nevertheless, ITI reduces usable floor
space and carries a significantly higher risk of moisture condensation, particularly in colder
climates (Kolaitis et al., 2013). There are different forms of insulation materials, including loose
fill, rigid boards and spray foam, each differing in their thermal conductivity. Common insulation
materials include mineral wool, fibreglass, polystyrene expanded (EPS) and polyurethane (Al-
Homoud, 2005).

Properly applied thermal insulation reduces heat loss through the building envelope, lowering
overall energy demand and allowing for smaller HVAC systems (Alexakis et al., 2025; Al-
Homoud, 2005). It also improves thermal comfort, particularly during transitional seasons
when outdoor temperatures are moderate and mechanical heating or cooling may otherwise
still be required. As a result, the reduced reliance on mechanical systems also carries
environmental benefits through lower energy-related emissions (Al-Homoud, 2005).
Furthermore, thermal insulation is a well-established measure that can be applied across
diverse climate zones with minimal disruption during installation, making it one of the most
attractive passive strategies (Alexakis et al., 2025). Thermal insulation is therefore often the
first step when retrofitting a building (Felius et al., 2020). Hashempour et al. (2020) analysed
various retrofit studies, identifying thermal insulation as the most frequently implemented
measure, appearing in 87% of reviewed projects.

A further key measure targeting heat loss reduction is window replacement, appearing in 82%
of all studies (Hashempour et al., 2020). It is a passive strategy that is applicable across all
climate zones (Alexakis et al., 2025). Windows are the most critical part of the building
envelope since they have poor thermal properties compared to the other building envelope
components (Brunoro, 2024; Li & Wu, 2025). Consequently, they contribute considerably to
overall heat loss through the building envelope (Felius et al., 2020). At the same time, windows
are a key interface for solar radiation. While solar gains can contribute to reducing the heating
demand, they simultaneously pose the risk of overheating and increased cooling loads (Felius
et al., 2020).

The thermal performance of glazing is primarily characterised by three key parameters: the
heat transfer coefficient (U-value), the solar factor (g-value), which is also known as the solar
heat gain coefficient (SHGC), and the visible transmittance (T.is) (Aguilar-Santana et al., 2020;
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Li & Wu, 2025). Since the heat transfer mainly takes place by way of conduction through the
glass panes, the number of panes and their configuration influence the U-value (Aguilar-
Santana et al., 2020). The g-value quantifies how much solar energy is transmitted through
the glazing and is expressed as a ratio between 0 and 1 (Aguilar-Santana et al., 2020; Li &
Wu, 2025). It typically ranges between 0.2 and 0.7 (Aguilar-Santana et al., 2020). A lower
value indicates better protection against transmittance of solar energy (Li & Wu, 2025). A
higher g-value is beneficial in winter as it reduces heating demand, while it can cause
overheating in summer. The appropriate choice of g-value therefore depends on the local
climate (Aguilar-Santana et al., 2020; Li & Wu, 2025). T.is is an optical property and describes
the proportion of the visible light spectrum that passes through the glazing material. It ranges
from approximately 90% for clear glass to around 10% for highly reflective coated glazing
(Aguilar-Santana et al., 2020; Li & Wu, 2025). It is influenced by the type of glazing, the number
of panes and the coating (Aguilar-Santana et al., 2020). Higher visible transmittance increases
daylight availability in a space, though it may also cause glare. Conversely, low visible
transmittance reduces glare but can result in insufficient daylight levels, increasing the reliance
on artificial lighting (Aguilar-Santana et al., 2020; Li & Wu, 2025).

Various measures can be implemented to improve window performance. Common upgrades
include the installation of double or triple glazed windows. Triple glazing is particularly
effective, however its higher upfront cost must be taken into account (Alexakis et al., 2025).
Another measure to improve thermal performance is the application of low-emissivity or other
specialised coatings onto the glass. These coatings limit solar heat gains, thereby reducing
the risk of overheating (Brunoro, 2024). To further reduce the U-value of a window, the frame
plays a crucial role, making the choice of material highly important. An advanced solution is
the use of thermally insulated frames (Alexakis et al., 2025; Brunoro, 2024). In addition to the
glazing properties themselves, the design and orientation of windows also contribute to
optimising thermal performance (Alexakis et al., 2025).

While the above mentioned measures primarily target energy performance, windows also
significantly affect occupant well-being, as access to daylight has been shown to influence
psychological and physiological responses. Consequently, a balance must be achieved
between thermal optimisation and sufficient daylight provision (He et al., 2025).

Air infiltration is another factor contributing to heat loss through the building envelope. It refers
to unwanted exterior air entering the building’s interior through cracks, leaks or other openings
in the building envelope, resulting in increased heating and cooling demands (Felius et al.,
2020; Kaczmarek, 2025; Sadineni et al., 2011). Furthermore, infiltrating air can introduce
pollutants and particulates into the indoor environment, negatively affecting indoor air quality
(Felius et al., 2020). Improving the airtightness of the building envelope is therefore another
key passive strategy. It is a straightforward and cost-effective method that is typically achieved
through the application of sealing tapes and plasters, as well as an airtight installation of
windows and doors (Kaczmarek, 2025). In particular, the joints between window frames and
the surrounding walls are critical, as they are often aged and prone to leakage (Felius et al.,
2020). However, airtightness measures must be carefully balanced with adequate ventilation.
Insufficient air exchange can compromise occupant comfort, indoor air quality and moisture
levels, potentially leading to mould growth (Kaczmarek, 2025).

Passive cooling strategies focus on the second aim of heat protection. They aim to minimise
the risk of overheating, improve thermal comfort and reduce cooling demand (Alexakis et al.,
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2025; Brunoro, 2024). Common approaches include shading devices, natural ventilation and
roof-based strategies such as cool and green roofs.

Natural ventilation is one of the most commonly applied passive cooling strategies, particularly
in residential buildings (Felius et al., 2020). It uses natural forces such as wind pressure to
drive air movement through a building (Khan et al., 2008). It allows fresh air to enter the
building through operable windows and other openings, removing excess heat from indoors,
thereby reducing energy required for cooling (Alexakis et al., 2025; Felius et al., 2020). Beyond
thermal benefits, natural ventilation also positively influences occupant well-being by
supporting a healthy, comfortable and productive indoor environment (Brunoro, 2024).
Furthermore, it is cost-efficient and straightforward to implement, making it a particularly
suitable solution for retrofitting existing buildings (Kaczmarek, 2025). However, it poses risks
in terms of security and can introduce pollutants as well as outside noise (Felius et al., 2020).

A key mechanism enhancing natural ventilation is the stack effect, which is driven by
temperature differences between the interior and exterior of a building. When indoor
temperatures exceed outdoor temperatures, warm air rises and escapes through upper
openings, drawing cooler, denser air in from below. The stack effect is most effective when
wind speeds are low and during winter, when the temperature difference between interior and
exterior is larger (Khan et al., 2008).

To further reduce solar heat gains and protect against overheating, internal or external shading
devices can be installed. They allow occupants to regulate solar irradiation and reduce the
cooling load. Shading devices are affordable and easy to implement (Alexakis et al., 2025).
External solutions are particularly effective, as they block solar radiation before it reaches the
building envelope (Brunoro, 2024). Shading devices can further be categorised into fixed and
movable systems. Fixed systems provide permanent solar protection but lack adaptability to
changing seasonal conditions. Movable systems offer greater flexibility, allowing occupants to
adjust shading according to varying sun angles and cooling demands. However, they tend to
have higher maintenance costs (Brunoro, 2024).

Beyond standard movable systems, innovative shading solutions exist that combine solar
protection with additional functions such as daylight supply, glare protection and maintaining
views to the outside (Erhorn & Erhorn-Kluttig, 2010). One such solution is a markisolette,
which is a combination of a classical awning and a screen. It drops vertically to the required
height and then angles out from the fagade. The upper part screens disturbing light and heat,
while the lower part maintains open views (Erhorn & Erhorn-Kluttig, 2010).

As roofs are particularly exposed to solar radiation, special attention has been given to this
specific component of the building envelope. Common approaches include the implementation
of cool roofs and green roofs (Alexakis et al., 2025; Brunoro, 2024). They are especially
relevant in hot and warm climates (Alexakis et al., 2025). Cool roofs are characterised by their
ability to reflect a large proportion of incoming solar radiation while releasing absorbed heat,
thereby maintaining lower surface temperatures and preventing heat transfer into the building
(Brunoro, 2024; Sadineni et al., 2011). They can be up to 33% cooler than traditional roofs,
resulting in interior temperature reductions and cooling energy savings of up to 20% (Alexakis
et al., 2025). Green roofs consist of a vegetation layer and ground substrate above the load-
bearing structure and are most commonly implemented on flat roofs. They can effectively
mitigate heat transfer to the interior through their water content and soil thickness. However,
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they require considerable maintenance and careful waterproofing to ensure long-term
performance (Brunoro, 2024).

Addressing the third aim, passive heating strategies aim to capture and store solar energy to
reduce heating demand (Alexakis et al., 2025; Kaczmarek, 2025). A key strategy is the use of
high thermal mass materials. These materials can absorb, store and gradually release heat,
thereby delaying heat transfer into the building and regulating indoor temperatures (Al-
Homoud, 2005; Sadineni et al., 2011). Thermal insulation and thermal mass must not be
confused, as they operate on fundamentally different principles. While insulation acts as a
barrier that prevents heat from entering or leaving a building, as discussed above, thermal
mass absorbs and stores heat, releasing it gradually over time to balance temperature
fluctuations between day and night (Sharaf, 2020). The thermal mass of a building component
is determined by three key material properties: the specific heat capacity (c in J/(kgK)), density
(p in kg/m®) and thermal conductivity (A in W/(mK)). High thermal mass is reached when the
heat capacity and density of a material are high. Density has a positive proportional
relationship to thermal mass, the denser the material, the higher its thermal mass. Thermal
conductivity should be moderate, as this enables efficient heat absorption and release. Typical
high mass materials include concrete and brick (Sharaf, 2020).

Further strategies include Trombe walls, double-layer glass facades and winter gardens,
which exploit solar energy through various combinations of glazing and thermal mass
(Brunoro, 2024; Kaczmarek, 2025).

2.2.2 Active Measures

Active strategies primarily focus on the use of advanced equipment and the automation of
building systems to reduce the building’s energy consumption. In contrast to passive
strategies, they rely on mechanical and electrical systems (Kaczmarek, 2025; Sadineni et al.,
2011).

According to Hashempour et al. (2020), the most commonly applied active strategy is
retrofitting the heating, ventilation and air conditioning (HVAC) systems, appearing in 78% of
all reviewed studies. This strategy primarily involves replacing outdated heating systems and
equipment, such as boilers, chillers and air handling units (AHUs) with more efficient and
sustainable alternatives (Alexakis et al., 2025). Although retrofitting the HVAC systems means
higher upfront costs and longer payback periods, this measure contributes significantly to
enhancing the building’s environmental performance by reducing energy consumption and
greenhouse emissions (Alexakis et al., 2025). However, the overall cost-effectiveness of this
intervention is influenced by current market prices (Kaczmarek, 2025).

HVAC retrofitting does not affect the building’s appearance and is therefore particularly
suitable for the renovation of historic and cultural buildings, unlike passive strategies, which
may require changes to the building envelope (Alexakis et al., 2025).

Among the modern alternatives, heat pumps have become particularly prominent (Felius et
al., 2020), which can be used not only for heating but also for cooling (Alexakis et al., 2025).
They are cost-effective and more efficient than traditional heating systems, leading to reduced
energy consumption (Alexakis et al., 2025; Felius et al., 2020). The most frequently installed
type of heat pumps are air-source heat pumps. They are less efficient than other heat pump
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types but inexpensive and well suited for integration into existing electric heating systems
(Felius et al., 2020). Heat pumps are especially promising in cold and moderate climates
(Alexakis et al., 2025).

Another key component of HVAC systems is ventilation. Ventilation is necessary to ensure a
high indoor air quality and occupant comfort and is especially important when improving a
building’s airtightness, as discussed in the context of passive retrofitting strategies (Alexakis
et al., 2025; Felius et al., 2020; Kaczmarek, 2025). It furthermore reduces cooling loads and
thereby improves energy efficiency. There are two primary types of ventilation: natural and
mechanical ventilation (Alexakis et al., 2025).

As discussed in Subsection 2.2.1, natural ventilation requires no mechanical energy. However,
it offers limited control over air exchange. Mechanical ventilation systems with heat recovery
provide greater control and can significantly reduce energy losses, making them the preferred
solution in retrofit projects (Alexakis et al., 2025; Kaczmarek, 2025). They are especially
suitable for hot and mixed climates where cooling is required for longer periods (Alexakis et
al., 2025). Although the installation and operation of mechanical ventilation systems involves
higher investment and energy costs, the energy savings achieved through heat recovery
outweigh the additional expenses (Felius et al., 2020).

Heat recovery are most commonly air-to-air systems, positioned between the supply and
exhaust air streams (Felius et al., 2020). As the warm exhaust air passes through the heat
recovery unit prior to leaving the building, its thermal energy is transferred to the incoming
fresh air supply (CSE, n.d.). The effectiveness of these systems depends on the airtightness
of the building envelope. Insufficient airtightness will reduce the efficiency of the heat recovery
system (Felius et al., 2020), underlining the importance of combining ventilation heat recovery
with passive retrofitting measures, as discussed in the previous subsection.

In many cases, however, hybrid ventilation proves to be the most suitable solution, as it
combines the advantages of both natural and mechanical ventilation (Kaczmarek, 2025). It is
recommended to install ventilation systems at the same time with other retrofitting measures,
since that can reduce overall expenses and allow for better integration of the system (Felius
et al., 2020).

Beyond optimising the building's mechanical systems, on-site renewable energy generation
represents the second most commonly applied active retrofitting intervention, according to
Hashempour et al. (2020). Rather than directly lowering the building's energy consumption,
this strategy reduces the dependence on externally supplied energy and fossil fuels, leading
to lower carbon emissions and a more environmentally friendly building (Alexakis et al., 2025;
Felius et al., 2020).

One of the most commonly used on-site renewable energy sources are photovoltaic (PV)
systems. They are an attractive measure, since they can be installed in a wide variety of
climate zones. PV panels are especially suitable for large buildings, such as offices, since they
offer a large area for installation (Alexakis et al., 2025). However, their performance is
dependent on local solar availability (Alexakis et al., 2025), and the varying angle of incoming
solar radiation poses an additional challenge (Felius et al., 2020). PV systems are therefore
considered a viable retrofitting measure when the resulting energy savings exceed the
installation costs (Felius et al., 2020).
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Other on-site energy sources include solar thermal systems, which can be installed in a similar
manner to PV panels, or the use of wind energy through small wind turbines (Alexakis et al.,
2025; Felius et al., 2020). These wind turbines, however, have low efficiencies and may cause
noise and vibration issues (Felius et al., 2020).

To maximise the efficiency of on-site energy generation, excess energy should be stored,
particularly when energy production and demand do not align. Combining different renewable
energy strategies can further enhance overall performance (Felius et al., 2020).

While renewable energy strategies reduce dependence on external energy sources, building
automation and control systems (BACS) offer a complementary approach by optimising how
energy is consumed within the building (Alexakis et al., 2025; Felius et al., 2020). BACS
automatically monitor and control technical systems in buildings based on surrounding
conditions without requiring any user input (Alexakis et al., 2025). Operating through intelligent
sensors, they reduce energy consumption and operating costs and improve indoor comfort
(Felius et al., 2020). The main area for application of BACS lies in the regulation of
temperature, humidity, window opening and solar shading devices (Felius et al., 2020).
Lighting control through motion sensor technology represents a further application of BACS
that contributes to energy savings (Alexakis et al., 2025).

While BACS can optimise lighting control, upgrading the lighting systems themselves
represents a further retrofitting measure. Replacing conventional lighting systems with long-
lasting LED technology is one of the most cost-effective approaches to reduce energy
consumption (Alexakis et al., 2025; Felius et al., 2020). Besides the replacement of lighting
systems, the modernisation of outdated appliances represents a further measure to achieve
energy savings (Alexakis et al., 2025).

LED upgrades and appliance modernisation can be applied across all climate zones (Alexakis
et al., 2025). However, their impact on lighting energy consumption is particularly significant
in cold climate zones, where reduced daylight hours during winter result in higher lighting
demand (Felius et al., 2020). Given their cost-effectiveness and broad applicability, these
measures should therefore be among the first interventions considered in a retrofitting project
(Alexakis et al., 2025; Felius et al., 2020).

2.2.3 Economic Aspects of Retrofit Measures

Although environmental awareness has increased in recent years, costs remain the primary
decision-making criterion in retrofitting projects (Felius et al., 2020). The economic optimum
is achieved when the sum of investment costs for retrofit measures and delivered energy costs
is minimised, balancing upfront investment against the value of energy savings over the
building's lifetime (Felius et al., 2020), as illustrated in Figure 2.1.

As retrofitting can represent a considerable financial expense, the success of a project is
strongly dependent on the willingness of the building owner to invest (Felius et al., 2020). The
available financial resources determine the choice of retrofit measures and the balance
between active and passive strategies (Kaczmarek, 2025). According to Ma et al. (2012),
passive strategies such as improvements to the building envelope tend to require lower
investments, whereas active strategies, such as the installation of renewable on-site energy
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sources, are considerably more expensive. Building services, including HVAC systems and
BACS, typically fall between these two in terms of cost.

Total costs

Economic
optimum  __—" VL

Energy consumption after retrofiting ————p»

Figure 2.1: Economic optimum of retrofit measures (based on Felius et al. (2020))

However, the environmental benefits of retrofit measures do not correlate proportionally with
investment costs. As shown in Figure 2.2, Ma et al. (2012) suggest an inverse relationship,

with passive strategies vyielding the greatest environmental

comparatively lower costs.

Environmental Benefits

benefits despite their

Building Envelope

Building Services, Metermg\

Active elements, PV, Solar thermal, GSHP etc.

Cost to Implement

Figure 2.2: Cost versus environmental benefits of different retrofit measures (based on Ma et al. (2012))
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3 CASE STUDY

3.1 Location and Overview

The building is located at Brinellvagen 23 (hereafter B23) in the north of Stockholm and is part
of the campus of the KTH Royal Institute of Technology. Stockholm has a humid continental
climate, classified as “Dfb” according to the Ko&ppen-Geiger climate classification,
characterised by cold winters without dry seasons and mild summers (Peel et al., 2007).

The building formally consists of the four interconnected buildings Brinellvagen 23, 25, 27 and
29, collectively referred to by their main address Brinellvagen 23 (Boverket, 2019). It was
designed by architect Gunnar Henriksson and constructed in 1967. Figure 3.1 shows its
location on campus and an exterior view. Additional exterior views and architectural sketches
of the building are included in the Appendix (Figures A.1-A.4). Owned and managed by the
Swedish property company Akademiska Hus, the building is leased to KTH and serves as a
university building.

(@) (b)

Figure 3.1: Site plan (A-01.1-001, 2009) with the highlighted building (a) and exterior view of the building facing
the main entrance (b)

B23 is a large and complex building, having a building footprint of more than 5,000 m? (IDA
ICE, 2026) and accommodating a variety of functions. It houses offices, lecture halls,
laboratories, meeting rooms and study places. The building furthermore consists of multiple
parts with varying heights, as shown in Figure 3.2 on the following page. This thesis focuses
on the high-rise section marked in green, which consists of five floors above the basement,
with a total office floor area of 1,224 m? (A-40.1-104, 2009). The top floor contains only two
ventilation rooms, whereas the remaining floors are dedicated to office spaces. This section is
referred to as “Kontorshuset” (Swedish for “the office building”) and is hereafter referred to as
“B23” or “the building” throughout this thesis. Focusing on this section allows for a consistent
environment for analysis.

All office floors follow the same standard layout (see Figures A.5-A.8). Each floor consists of
a long corridor facing southwest, providing access to the offices that all are oriented towards
the northeast, as shown in Figure 3.3. Each floor comprises around 19 office rooms of varying
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sizes. The smaller rooms are approximately 7.5 m?in size, whereas the bigger ones measure
about 16 m? (A-40.1-104, 2009). While originally designed for one occupant in the smaller
rooms and two in the larger ones, the offices today accommodate up to five occupants in the
larger rooms, with the smaller rooms occasionally shared by two. In total, approximately 40
occupants work on one floor, compared to the original design capacity of approximately 25
occupants. In addition to the offices, each floor contains a meeting room and a service room
equipped with printers and a kitchenette. All four office floors of the high-rise part of B23
together accommodate 76 offices and 160 occupants, highlighting the building's significance
as a workplace for a substantial number of people.

Figure 3.2: Overview of building heights of B23 (A-01.1-001, 2009). Orange: one floor, blue: two floors, green:
five floors
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Figure 3.3: Interior views and floor plan of Kontorshuset. (a) Corridor on office floor. (b) Typical large office room.
(c) Floor plan of a typical office floor (floor 3)
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3.2 Building Envelope

The building envelope of B23 consists of two fagade and roof types, double-glazed windows
and a concrete ground floor slab. All material properties and U-values presented here are
based on an existing IDA ICE model of the building (IDA ICE, 2026), which is described in
more detail in Section 4.1. The primary fagade of the building spans from floor one to floor
four. As shown in Figure 3.4a, the wall has a total thickness of 0.42 m and consists of three
layers: an inner concrete layer, a light insulation core, and a brick outer layer. The U-value of
this facade type is 0.3056 W/(m?K).

(a) (b)
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Figure 3.4: Exterior wall layers of the primary fagcade (a) and the ventilation room fagade (b)

As shown in Table 3.1, the concrete inner layer and brick outer layer exhibit high density, high
specific heat capacity and moderate thermal conductivity, resulting in high thermal mass. The
light insulation core, by contrast, serves primarily as a barrier against heat transmission,
providing thermal insulation to the wall. The combination of high-mass layers suggests
effective heat storage capacity. This enables the wall to absorb and release heat, effectively
dampening temperature fluctuations between the interior and exterior, as described in
Subsection 2.2.1.

Table 3.1: Material properties of primary fagade layers (IDA ICE, 2026)

Material property Unit Concrete Lightinsulation Brick
Specific heat capacity ¢ J/(kgK) 880 750 840
Density p kg/m? 2300 20 1500
Thermal conductivity A W/(mK) 1.7 0.036 0.58

The second fagade type is a lightweight construction and can be found on the fifth floor of the
building. Compared to the first fagade, this fagade is thinner with a total thickness of 0.25 m.
It consists of two chip board layers with a steel frame cavity filled with insulation in between,
as shown in Figure 3.4b. The U-value of this facade type is 1.274 W/(m?K) and significantly
higher than the one of the first fagade type, indicating a worse thermal performance. As shown
in Table 3.2, the chip board layers exhibits a comparatively high specific heat capacity and
moderate density, suggesting a moderate contribution to thermal mass (see Subsection 2.2.1).
The steel frame-insulation composite, however, shows a notably high thermal conductivity
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relative to its low density, indicating that heat is transmitted rapidly through this layer rather
than stored, resulting in low overall thermal mass compared to the primary facade

Table 3.2: Material properties of top floor fagade layers (IDA ICE, 2026)

Material property Unit Chip boards  Steel frame and insulation
Specific heat capacity ¢ J/(kgK) 1300 990

Density p kg/m?3 1000 160

Thermal conductivity A~ W/(mK) 0.13 0.869

The two fagade types differ significantly in thermal performance, as reflected in their respective
U-values and material properties. Taking into account the distribution of each fagade type
across the building, the weighted average U-value of the facade was calculated to 0.493
W/(m?K) (see Table A.1). Comparing this value with today's standards shows that the building's
fagade does not meet current energy performance requirements, as shown in Table 3.3. The
Swedish building regulations BBR (Boverkets Byggregler) version 29 (Boverket, 2020) is used
as the reference standard, as it corresponds to the version implemented in the IDA ICE
simulation software.

Table 3.3: Comparison of building component U-values with current standards

Ui BBR 29 [W/m2K] Brinellvagen 23 [W/m?K]
Uroof 0.13 0.2036

Uwail 0.18 0.4931

Utioor 0.15 29

Uwindow 1.2 2.859

In addition to the two fagade types, the building features two different roof constructions, as
shown in Figure 3.5. The roof above the fourth floor is constructed as a three-layered assembly
with a total thickness of 0.38 m. The corresponding U-value is 0.2154 W/(m2K). The ventilation
rooms on the top floor are covered by a simpler two-layer construction consisting of a light
insulation layer and a concrete layer.
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Figure 3.5: Roof layers. Main roof construction on floor 4 (a). Roof construction of ventilation rooms (b)

Despite its smaller overall thickness, this assembly achieves a lower U-value of 0.172
W/(m?K), mainly due to the higher insulation thickness. In the original model, the ventilation
room had no roof cover, which is why it was added to the base model. This U-value complies
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with current standards for roof constructions. However, since approximately 73% of the total
roof area consists of the three-layered roof construction with the higher U-value, the weighted
average U-value of the overall roof is higher, amounting to 0.2036 W/(m?K) (see Table A.2).
As a result, the overall roof does not meet current thermal performance standards, as shown
in Table 3.3.

The windows of the high-rise part of B23 are placed on the south-western and northeastern
facades (see Figures A.1-A.4). The corridors facing southwest feature smaller windows,
whereas the northeast-facing offices and staircases are equipped with larger windows. All
windows are double-glazed windows, consisting of two clear glass panes with a 12 mm cavity
filled with air. The key parameters of the windows are presented in Table 3.4.

Table 3.4: Key parameters of the existing windows in B23 (IDA ICE, 2026)

U-value 2.859 W/(m2K)
g-value 0.71
Tuis 0.79

The glazing has no tinting or low-emissivity coating, resulting in a U-value significantly above
current standards. With a g-value of 0.71 at the upper end of the typical range, the windows
transmit a large proportion of solar radiation, which is beneficial in winter but poses a
significant overheating risk in summer. The high visible transmittance ensures good daylight
availability, though it may also increase the risk of glare (see Subsection 2.2.1).

The floor-to-ground basement slabs also form part of the building’s envelope. It consists of a
250 mm concrete slab with a 5 mm floor coating on the interior side, resulting in a total
thickness of 0.255 m and a U-value of 2.9 W/(m?K). Comparing this value to current Swedish
building regulations, which require a maximum U-value of 0.15 W/(m2K) for ground slabs, the
existing construction underperforms current standards by a factor of approximately 19,
indicating considerable heat loss through the floor.

Overall, the building envelope falls short of current Swedish energy performance standards
across all components, with the basement slab and windows showing the greatest deviation.
This suggests significant implications for both heating demand in winter and overheating risk
in summer.
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4 METHODOLOGY

This thesis employs a simulation-based approach to assess which renovation measures are
necessary for Brinellvagen 23 to achieve Miljdbyggnad Bronze, Silver and Gold certification.
The simulations were conducted using IDA ICE (Indoor Climate and Energy) version 5.1.1.1.
IDA ICE is a dynamic building simulation software by EQUA that evaluates a building’s
performance in terms of energy consumption and indoor climate.

IDA ICE was selected for this thesis for several reasons. First, it is a well-established and
validated tool in Swedish building practice, widely used in both research and industry. Second,
the software generates comprehensive annual data and can be adjusted to local conditions,
including climate data and national standards. It furthermore allows for detailed modelling of
building geometry, construction materials, and occupancy patterns, while providing full
transparency into the underlying calculations and variables. This makes it possible to
systematically test different renovation scenarios and directly attribute changes in results to
specific measures. Third, version 5.1.1.1 includes a built-in Miljdbyggnad 4.0 extension,
enabling direct evaluation of the certification indicators within the simulation environment.

The simulation process follows an iterative approach. The retrofit measures assessed in this
study were selected based on findings from the literature review and the building's status quo
analysis (see Sections 2.2 and 5.1). First, the existing building was simulated without any
retrofit measures to evaluate the current status of the building and to identify areas where the
building does not meet the certification requirements. Subsequently, retrofit measures were
implemented step by step and their impact on the MB indicators evaluated. This process was
continued iteratively, with further measures being incorporated until the requirements for
Bronze, Silver, and ultimately Gold certification were met.

The following sections outline the simulation model, the relevant MB indicators and their
certification thresholds.

4.1 Simulation Model in IDA ICE

An existing IDA ICE model (IDA ICE, 2026) of B23 (version 4.8.8) formed the basis for all
simulations. The simulation model was provided by |. Martinac (personal communication,
January 2026). Throughout this thesis, this model is referred to as the original model. As the
model was originally created in IDA ICE version 4.8.8 and was not compatible with the MB
extension available in version 5.1.1.1, it was reconstructed in the newer version. Prior to
starting the modelling process, the BBR Lokal building template was selected, representing a
commercial building according to BBR. The reconstructed model served as the base model
for all subsequent simulations in this study.

All simulation parameters presented in this section are based on the original IDA ICE model
and were not modified unless explicitly stated. They were documented here to ensure the
reproducibility of the simulation results. The degree to which these results are transferable to
the actual building therefore depends on how accurately the model reflects the real building.
All renovation measures presented within the scope of this study require a thorough
assessment of the existing building systems to verify that they perform in accordance with the
modelled assumptions.
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One change made to the original model was the selection of the climate file. The original
climate file was replaced by the ASHRAE IWEC climate file for Stockholm Bromma
(SWE_Stockholm-BROMMA _024640(IW2)), as monthly design data is required for the
assessment of MB indicator 8, summer thermal climate. Stockholm Bromma represents the
closest available weather station to B23 with a compatible climate file and therefore provided
a representative dataset for the scope of this study.

The model represents the entire building in the form of building bodies, while the high-rise
office part investigated in this study was modelled in more detail using thermal zones.
Furthermore shading objects were used to represent the surrounding buildings and vegetation
and their shadow impact on the building. The thermal properties of the building envelope are
described in Section 3.2 and were modelled accordingly in IDA ICE.

411 Thermal Zones

The high-rise part of B23 consists of 5 floors above ground, as described in more detail in
Chapter 3. As in the original model, floor 1 was only modelled as two zones representing the
two staircases at the north-western (NW) and south-eastern (SE) end of the building. Floors
2, 3 and 4 contain several zones: two staircases, two shafts, a corridor and offices.

Unlike the original model, the staircases were each merged into a single zone spanning floors
2, 3 and 4. This was done because IDA ICE 5.1 has known limitations when handling large
horizontal openings, which can cause simulation errors (P. Skogqvist, EQUA, personal
communication, April 2026). The offices on floors 2 and 4 were modelled as single zones, as
in the original model. The offices on floor 3, which were divided into multiple zones in the
original model, were combined into a single zone in this study to ensure consistency across
floors and to reduce model complexity. Floor 5 contains two ventilation rooms, each modelled
as a separate zone. Additionally, two chimney zones running vertically through the building
were modelled as unconditioned shafts.

In total, the model in this study comprises 20 thermal zones. Table 4.1 provides an overview
of all zones, including their IDA ICE zone names and whether each zone is heated, occupied
and contains windows. It shows that only occupied zones such as offices, corridors and
staircases are heated and include openings, while technical zones such as shafts, chimneys
and ventilation rooms are modelled as unconditioned spaces.

Table 4.1: Zone allocation for building B23 in the IDA ICE model

Building Component of B23 Zone in IDA ICE Heated? Occupancy? Openings?

SE staircase floor 1 StCa_1 v v v
SE staircase floor 2

SE staircase floor 3 StCa_ 2 3 4 4 4 4
SE staircase floor 4

NW staircase floor 1 StCb_1 v 4 4
NW staircase floor 2

NW staircase floor 3 StCb 2 3 4 v 4 4
NW staircase floor 4

SE shaft floor 2 Shaft_floor_2a

NW shaft floor 2 Shaft_floor_2b

Corridor floor 2 Corridor_floor_2 v 4 4
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Offices K207-K232 floor 2 Offices_floor_2 4 4
SE shaft floor 3 Shaft_floor_3a

NW shaft floor 3 Shaft_floor_3b

Corridor floor 3 Corridor_floor_3 4 4
?fﬂce rooms K307-K332 floor Offices_floor 3 v v
SE shaft floor 4 Shaft_floor_4a

NW shaft floor 4 Shaft_floor_4b

Corridor floor 4 Corridor_floor_4 4 4
Offices K407-K432 floor 4 Offices_floor 4 v v
Chimney (SE) Chimney 1

Chimney (NW) Chimney 2

SE ventilation room floor 5

Ventilation_floor _5a

NW ventilation room floor 5

Ventilation_floor_5b

4.1.2 Zone Setpoints

The zone setpoints were set according to the original model as listed in Table 4.2. Since the
building is equipped with a constant air volume (CAV) ventilation system (see Subsection
4.1.6), which supplies air at a fixed rate regardless of demand, the VAV setpoints were not
relevant.

Table 4.2: Zone setpoints in IDA ICE model

Parameter Unit Value
Heating [°C] 21
Cooling [°C] 25
Min. VAV air return [I/'sm?] -
Max. VAV air return [I/sm?] -
Min. VAV air supply [I/sm?] -
Max. VAV air supply [I/sm?] -
Min. humidity [%] 20
Max. humidity [%] 80
Min. CO2 [ppm] 700
Max. CO:2 [ppm] 1100
Min. light [lux] 100
Max. light [lux] 10,000
Min pressure difference [-] -20
Max pressure difference [-] -10

4.1.3 Heating System

In the heated zones, water radiators were placed on the exterior walls. The number of radiators
per zone and the respective design power are listed in Table 4.3. They operate with a supply
temperature of 55 °C and a return temperature of 45 °C, maintaining an indoor air temperature
of 20 °C under design conditions. The radiators are controlled by the default settings in IDA
ICE, which is a proportional controller using the zone air temperature as the sensor signal.
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Table 4.3: Number of radiators and respective design power per zone in IDA ICE

Design power per

Zone Number of radiators radiator in W
Staircases 1 per floor 2039
Corridors 21 per floor 1178
Offices floor 2,3 and 4 1 per floor 51246

4.1.4 Internal Loads

Each occupied zone has an assigned activity level (Met-level), a clothing insulation value (Clo-
value) and an occupancy schedule. The Clo-value is constant for all zones and was set to
0.8510.25 Clo. The activity level was specified for each zone based on the typical physical
activity performed there. Staircases were assigned 2.0 Met, corridors 1.7 Met and offices 1.15
Met.

Occupancy schedules differ between zone types. Offices follow a simplified step profile
(office_general, see Table B.1) with full occupancy (1.0) on weekdays between 8:00 and 17:00
and no occupancy at all other times, including weekends, national holidays and KTH’s summer
holiday period from 1 July to 5 August. Staircases and corridors were assigned a more detailed
schedule (corridor_occupant_general, see Table B.2) reflecting typical circulation patterns,
with occupancy rising steeply from around 8:00, peaking during morning arrival at
approximately 9:00, a secondary peak at midday, and a gradual decline towards the evening.
Reduced profiles were applied for weekends, holidays and the summer break.

The different zones accommodate varying numbers of occupants, as shown in Table 4.4.
While the original model used the number of occupants the building was originally designed
for, this reconstructed model was adapted to reflect the actual, higher occupancy, as described
in Section 3.1. The merged offices on floor 3 were assigned the same number of occupants,
equipment and lighting units as the offices on floor 2 and 4.

Table 4.4: Number of occupants, equipment and lighting units per zone in IDA ICE

Zone Number of occupants Equipment units Lighting units
Offices_floor 2 37 39 52
Offices_floor_3 37 39 52
Offices_floor_4 37 39 52
Staircases SE 1.2 per floor - 3 per floor
Staircases NW 0.3 per floor - 3 per floor
Corridor 1 per floor 1 per floor 25 per floor

All occupied zones were equipped with lighting. The number of lighting units depends on the
zone size. The lighting units in the corridors and staircases have a power input of 50 W per
unit, whereas the lighting units in the offices have an input of 100 W per unit. The lighting in
the staircases is always on. Corridor lighting is controlled by an illuminance setpoint of 100 lux
and a schedule (corridor_lighting, see Table B.3), activating the lighting between 8:00 and
20:00 daily, including weekends and holidays. In the offices, lighting follows the same schedule
as occupancy, meaning lights are active only during occupied hours on weekdays.

The offices and corridors further contain equipment that contributes to the internal loads. As
with the occupancy, the equipment numbers in the offices were adjusted to reflect the actual
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usage of the building, assuming 1-2 computers per occupant. Each equipment unit emits 100
W of heat in the offices and 150 W in the corridors. Office equipment follows the schedule
office_equipment (see Table B.4), which reflects a typical office usage pattern with continuous
standby consumption of 40% during off-hours. Corridor equipment is active according to the
corridor’s occupancy schedule as described above.

4.1.5 Openings and Shadings

All window properties were modelled as described in Section 3.2. The corridors and offices
were modelled with two window types of differing sizes. For simplification, windows of the
same type were modelled as a single large window per floor, with the dimensions representing
the aggregate area of all individual windows of that type. The specific dimensions of all window
types are provided in Table B.5 in the Appendix. The larger corridor and office windows are
never open, while the smaller windows open according to a Pl temperature control combined
with a schedule (schedule_open_windows, see Table B.6). That schedule is active on
weekdays between 9:00 and 16:00. The staircases were modelled with one window per floor
which is never open.

Shading devices were assigned based on the actual installation in the building. Windows in
staircases and corridors have no shading, while all office windows were equipped with interior
roller shades. These are controlled by the 'SUN and Schedule' setting in IDA ICE, using solar
irradiation with a threshold of 175 W/m? and the same time schedule as the window opening
control.

The internal doors connecting the offices to the corridors were modelled as 0.4 m thick wooden
doors, opening according to an irregular weekday schedule (office_doors, see Table B.7), with
significantly reduced movement on weekends and during the holiday period. The doors
connecting the corridors and staircases were modelled as simple window elements and were
assigned two separate schedules: doors connecting the SE staircase operate according to
corridor_door, while those connecting the NW staircase follow corridor_door b (see Tables
B.8 and B.9), reflecting less frequent use in line with the lower occupancy of the NW staircase.

4.1.6 AHU and Plant

The ventilation system was modelled as a standard air handling unit (AHU) with a constant air
volume (CAV) system. Supply air is delivered at a constant setpoint temperature of 18°C. The
AHU includes a heat exchanger with a thermal efficiency of 0.8, which is always on. Fresh air
is supplied directly to the offices and to the staircases on floor 1. From there, air flows through
doors into the corridors and staircases on floors 2, 3 and 4, where it is extracted. Corridor and
upper staircases therefore only receive extract air. Air flow rates per zone are listed in Table
4.5.

Table 4.5: Air flow rates per zone in IDA ICE

Zone Supply air in CAV in l/(s:-m?) Return air in CAV in l/(s-m?)
StCa_1 1.561 0.3902

StCa_2 3 4 0.0 0.3902*3= 1.1706
StCb_1 1.55 0.3874

StCb_2_3 4 0.0 0.3874*3= 1.1622
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Corridor_floor_2 0.0 4.2
Offices_floor_2 1.47 0.0
Corridor_floor_3 0.0 4.2
Offices_floor 3 1.47 0.0
Corridor_floor_4 0.0 4.2
Offices_floor_4 1.47 0.0

For the merged staircases (StCa 2 3 4 and StCb_2 3 4) the exhaust air from each
individual zone in the original model was added together. For the merged offices on floor 3, a
supply air flow rate of 1.47 was assigned, consistent with the values used for the offices on
floors 2 and 4. The corresponding fan operates on weekdays between 07:00 and 19:00 (see
Table B.10). Starting the system at 07:00 provides a 1-hour pre-ventilation period, which is
sufficient to fully exchange the indoor air and remove any pollutants and volatile organic
compounds (VOCs) accumulated overnight before the core occupancy starts at 08:00, in
accordance with BBR guidelines (Boverket, 2020).

The plant was modelled using a generic district heating unit and a generic district cooling
chiller, both with a COP of 1 and unlimited capacity, as per default in IDA ICE. The supply
temperatures for the room and AHU heating were set to 55°C, whereas the cooling supply
temperatures were set 14°C for the room cooling and 5.0°C for the AHU.

4.2 Miljsbyggnad in IDA ICE

While the certification system Miljdbyggnad was introduced in Subsection 2.1.3, this section
describes how it is implemented and applied within IDA ICE in this study. Of the 15 indicators
required for a full MB certification, only five can be assessed using the MB extension in IDA
ICE: heat output demand (1), solar heat load (2), energy use (3), and winter (7) and summer
(8) thermal climate. Furthermore, only the high-rise part of B23 is analysed within the scope
of this study. Consequently, no overall building rating could be determined in this study. In the
context of this research question, achieving Bronze, Silver, or Gold certification therefore
refers exclusively to meeting the respective thresholds for these five indicators. The overall
building certification reported in the following sections is based on the MB aggregation method,
applied here to these five indicators only.

It should further be noted that, while this study examines a renovation project, IDA ICE applies
new-build threshold values for all indicators (Magnus Heier, EQUA, personal communication,
April 2026). Consequently, the new-build thresholds are presented in the following sections.
The results should be interpreted with this limitation in mind.

The following subsections first describe the general input data required before any indicator
can be assessed, followed by a description of each indicator, including its key input
parameters and the requirements for achieving Bronze, Silver, or Gold certification. IDA ICE
evaluates each indicator automatically against the predefined certification thresholds and
assigns a Bronze, Silver, or Gold rating accordingly. For indicators assessed room-wise, the
software applies the MB aggregation method to determine one overall rating for the indicator,
as described in Subsection 2.1.3.
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4.2.1 General Input Data

Prior to running the indicator simulations, five general settings were configured in the MB tab.
These are the infiltration method, the handling of thermal bridges, the time constant and DVUT
(Design Winter Outdoor Temperature), the g-system boundary, which defines whether solar
shading devices are included in the calculation of the effective g-value and the replacement of
ideal heaters with water radiators.

The infiltration method is relevant for indicators 1 (heat output demand) and 7 (winter thermal
climate). They require constant infiltration for assessment within the MB extension. Since the
IDA ICE model of B23 uses wind-driven infiltration, a conversion to constant infiltration was
required for these indicators. For indicators 2 (SHL), 3 (energy use) and 8 (summer thermal
climate), no conversion was necessary, as the wind-driven infiltration of the model could be
retained (EQUA, 2024). The constant infiltration was set to 0.02 I/(sm? ext. surf.) as a
reasonable estimate based on the wind-driven infiltration characteristics of the building. The
infiltration was additionally defined as a percentage of the building’s airtightness at a pressure
difference of 50 Pa, with the default value of 5% applied. The conversion from wind-driven to
constant infiltration was only relevant when simulating indicators individually in IDA ICE. When
simulating all indicators simultaneously within the MB extension, IDA ICE automatically applies
the appropriate infiltration method for each indicator.

For the handling of the thermal bridges, all thermal bridges in the model were set to 0 and the
area measurement was set to “overall internal”. The standard method was then applied, which
automatically sets thermal bridges to 30% of the total heat transfer losses. Additionally, the
heated and unheated zones of the building were classified, defining an Atemp Of 1642.1 m2.

Furthermore, the time constant and DVUT values were determined. The time constant
describes the relationship between the building’s thermal inertia and its thermal insulation
capacity (EQUA, 2018). A high time constant indicates that the building reacts slowly to
temperature changes (Levermore, 2020). The simulation was run with scheduled ventilation
operation and the location set to Stockholm (1991-2020). This yielded a DVUT of -10.8°C and
a time constant of 140 h, indicating a thermally heavy building with slow thermal response.

For indicators 2 (SHL) and 8 (summer thermal comfort), the g-system value is reported in the
simulation results. It describes the total solar transmittance through the window including all
active shading devices, calculated as a weighted average across all windows. For this study,
all available external shading devices were included, comprising self-shading of the building
itself, surrounding buildings and trees. Since the IDA ICE model of B23 already uses water
radiators, no adjustment was required for this setting.

4.2.2 Indicator 1: Heat Output Demand

The first MB indicator assessed is the heat output demand. It quantifies the heat required to
compensate for winter heat losses for the entire building. In IDA ICE, the indicator is expressed
in W/m?Ao.m at DVUT and it covers all zones heated above 10°C (Awemp) (EQUA, 2024; SGBC,
2022). Aom refers to the building envelope area (“omslutningsarea” in Swedish), defined as the
total area of all building components enclosing the heated spaces, including surfaces facing
the outdoor environment, the ground, and unheated spaces.
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As only heated zones are included in the calculation (EQUA, 2024), the zone classification
defined in the general input data was applied accordingly. The geographical adjustment factor
was set to the Stockholm region (Fgeo = 1.0), which directly influences the certification
thresholds of this indicator as shown in Table 4.6. To evaluate this indicator, the infiltration
method was set to fixed infiltration, as described in the general input data.

Table 4.6: Certification requirements for indicator 1: heat output demand (SGBC, 2022)

Bronze Silver Gold

° <30* Fgeo W/m2 Aom ° <24~ Fgeo W/m2 Aom ° <18* Fgeo W/m2 Aom

4.2.3 Indicator 2: Solar Heat Load

The second indicator assessed is the solar heat load (SHL), which quantifies solar gains
through glazing during summer, expressed in W/m? floor area per zone (SGBC, 2022).

For this study, only south-, east-, and west-facing facades (90°-270°) were included, as these
are primarily exposed to solar irradiation. The simulation covers the period between the spring
and autumn equinoxes (SGBC, 2022). Shading from surrounding buildings was included in
the assessment. The certification thresholds are shown in Table 4.7, with Silver and Gold
additionally requiring a minimum light transmittance (LT-value, equivalent to T.s, see
Subsection 2.2.1) of 0.6 for the glazing.

Table 4.7: Certification requirements for indicator 2: solar heat load (SGBC, 2022)

Bronze Silver Gold
) e SHL <32 W/m? e SHL <22 W/m?
* SHL<40 W/m e LTvalue206 e LTvalue206

4.2.4 Indicator 3: Energy Use

The third indicator is the energy use, evaluated as the primary energy figure EPpet, in KWh/m?
Aswemp (SGBC, 2022). In contrast to the other indicators, MB does not define fixed numerical
thresholds but instead refers to the energy requirements of BBR. For commercial buildings
with Aemp over 50 m?, Bronze requires EPyet below 70 kWh/m2Awemp. For Silver certification
EPpet needs to be maximum 70% of that value and for Gold 60% as shown in Table 4.8
(Boverket, 2020).

Table 4.8: Certification requirements for indicator 3: energy use (SGBC, 2022)

Bronze Silver Gold

e <49 kWh/m?Acemp (70% e <42 kWh/m?Acemp (60%

2
o =70 kWh/m*Aemp of BBR requirement) of BBR requirement)
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In IDA ICE, the primary energy figure is calculated via the BBR tab within the MB extension
module. BBR version 29 was selected. Awmp, DVUT and the time constant were already
specified in the general input data (see Subsection 4.2.1). Furthermore the simulation of
maximum electrical power at DVUT was carried out prior to assessing this indicator. This
yielded a value of 0.0 kW, indicating that the building did not require electrical heating to
maintain the indoor temperature under design winter conditions. This can be explained by the
fact that the building is supplied by district heating. No direct electrical heating is implemented
in the model, resulting in an electrical heating power of 0 kW although thermal energy is
required.

Internal gains from equipment, occupants, and lighting were set to 60%, consistent with the
original model. This value is more conservative than the default of 100%, as lower internal
gains result in a higher simulated energy demand. All remaining input parameters were kept
at their default values.

4.2.5 Indicator 7: Winter Thermal Climate

The MB indicator 7, winter thermal climate, evaluates the thermal comfort of occupants during
the winter on the day of DVUT. The assessment is based on the concept of thermal comfort,
expressed using the Predicted Percentage of Dissatisfied (PPD) index (SGBC, 2022). The
certification thresholds are shown in Table 4.9. Two special cases should be noted: if an
occupant perceives the indoor climate as warm, this results in a PPD of 0 for this indicator,
since it exclusively assesses winter conditions where occupants tend to feel too cold. If a zone
has no occupancy, the PPD is reported as 100% (EQUA, 2024).

Table 4.9: Certification requirements for indicator 7: winter thermal climate (SGBC, 2022)

Bronze Silver Gold

« PPD<15% : EL‘,’STE@“”Q is met «  Silver Rating is met
< (o

Prior to running simulations, the Clo-value, the Met-level and the air velocity were specified.
The default values were retained for clothing insulation (1.0 Clo) and air velocity (0.15 m/s).
The metabolic rate was adjusted according to the zone type: 2.0 Met for staircases, 1.7 Met
for corridors, and 1.15 Met for offices, as described in Section 4.1. The DVUT value was set
to -10.8 °C, as calculated in the general input data (see Subsection 4.2.1).

Heat gains from solar radiation are excluded automatically by IDA ICE, and internal gains were
set to the default value of 0% (SGBC, 2022). The calculation furthermore uses fixed infiltration
as specified in the general input data (see Subsection 4.2.1).

All office zones on floors 2, 3 and 4 were selected for the assessment, as these are the main
occupied spaces in the building and have the largest window areas. Additionally they are
oriented towards the north-east, receiving less solar radiation during winter conditions. These
zones therefore have the highest risk for thermal discomfort.

Before starting the simulation, the occupants were placed 1 m away from the centre of the
largest window by activating the corresponding function in the MB tab, according to the MB
manual (SGBC, 2022).
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4.2.6 Indicator 8: Summer Thermal Climate

The MB indicator 8, summer thermal climate, assesses the risk of thermal discomfort of
occupants under critical summer conditions. As for indicator 7, the PPD index is used to
evaluate thermal comfort at the hottest day between the spring and autumn equinoxes,
covering the period where risk of overheating is greatest (SGBC, 2022). If the predicted mean
vote (PMV) is never positive during the simulation period, indicating that occupants feel too
cold, the PPD is reported as 0. If a zone has no occupancy, the PPD is reported as 100%
(EQUA, 2024).

The indicator differentiates between buildings with and without comfort cooling. For each zone
it was specified whether they contain comfort cooling or not prior to running simulations. This
determines which PPD threshold applies for the rating, see Table 4.10 (EQUA, 2024).

Table 4.10: Certification requirements for indicator 8: summer thermal climate (SGBC, 2022)

Building Type Bronze Silver Gold
. e Bronze Rating e Silver Rating is
drhout Comfort PPD < 20% is met met
9 e PPD<15% e PPD<10%

With Comfort « PPD<15% * izr%née Rating e Silver Rating is

Cooling « PPD <10% met

The Met-values were set as for indicator 7 (see previous subsection). The default values for
the Clo-value (0.5) and air velocity (0.20 m/s) were kept. For this indicator, the internal gains
were set to 100%, creating a worst-case scenario during summer conditions (EQUA, 2024).
The occupants were placed 1 m away from the centre of the largest window by activating the
corresponding function in the MB tab, as specified in the MB manual (SGBC, 2022).

As with Indicator 7, only relevant occupied zones were selected for the assessment. According
to MB (SGBC, 2022), it is sufficient to assess only the top floor if the other floors do not differ
significantly. This condition is fulfilled for the present building, as illustrated in the floor plans
(see Figures A.5—A.8). The zones evaluated for Indicator 8 therefore include the corridor and
offices on floor 4, as well as both staircases, which extend up to this level. Owing to its high
solar exposure and increased risk of overheating, floor 4 represents the most critical case and
can be considered indicative of the building’s overall performance, implying that the other
floors are unlikely to perform worse. Nevertheless, all renovation measures are consistently
applied across all floors.
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5 RESULTS AND DISCUSSION

To evaluate the building's compliance with Miljdbyggnad certification requirements, this
chapter presents and discusses the IDA ICE simulation results for the five indicators that can
be simulated in IDA ICE: heat output demand, solar heat load, energy use, winter and summer
thermal climate (see Section 4.2). Section 5.1 assesses the current performance of the
building across all indicators and recommends targeted renovation measures. Sections 5.2 to
5.4 then outline the stepwise renovation pathway required to achieve Bronze, Silver, and Gold
certification, respectively.

5.1 Status Quo

This baseline assessment investigates whether the building is eligible for certification in its
current state and, if not, identifies how far the existing performance deviates from the
certification thresholds. The results, summarised in Table 5.1, show that four out of five
indicators fail to meet the minimum MB rating, highlighting significant gaps in the building's
current performance. The following subsections examine each indicator in detail, discussing
the underlying causes of underperformance and recommending renovation strategies.

Table 5.1: Assessment results of the base model

. . Bronze .
Nr. Indicator Name Unit Base Model Threshold Rating

1  Heat output demand W/m2Aom 37.54 30 Not certified
2  Solar heat load' W/m? 0-202 40 Not certified
3 Energy use kWh/m?Atemp 83 70 Not certified
7  Winter thermal climate’ % 11-15 15 Bronze

8 Summer thermal climate’ % 69-99 202 Not certified

"Note: This indicator reports results by zone. The table therefore presents a range of results. The rating is based
on the MB aggregation method (see Subsection 2.1.3).
2Note: The Bronze threshold is 20% for buildings without comfort cooling, which is the case here.

5.1.1 Indicator 1: Heat Output Demand

The heat output demand of B23 was assessed at 37.54 W/m?A.m, exceeding the Bronze
threshold of 30 W/m? and therefore resulting in no certification for this indicator (see
Subsection 4.2.2). The total heat output demand is distributed across four active components,
as presented in Table 5.2. The building envelope is the component that causes the most heat
losses, accounting for 64.37% of the total.

Table 5.2: Heat output demand per building component — Base model

Building envelope 58,346 W 64.37%

Thermal bridges 17,504 W 19.31%
Ventilation 12,944 W 14.28%
Infiltration 1,846 W 2.04%
Total 90,639 W 100%

38



Results and Discussion

To achieve Bronze certification, the heat output demand needs to be reduced by 7.54 W/m?,
from 37.54 to 30 W/m2. The following renovation measures are proposed:

¢ Improve the building envelope: As discussed in Section 3.2, the current building
envelope fails to meet current standards with U-values well above today’s
requirements. Given the dominant contribution of the building envelope to the heat
output demand, improvements to this component are essential.

o Window replacement: The existing glazing exhibits particularly poor thermal
performance, with U-values of 2.859 W/(m?K) far exceeding the current standard of
1.2 W/(m2K). Replacing the windows with high-performance glazing would reduce heat
losses.

¢ Increase heat recovery efficiency: The ventilation system currently recovers 80% of
the heat from exhaust air before it leaves the building. Increasing this to 85-90% would
reduce the amount of reheating required, thereby lowering the heat output demand of
the ventilation system. This would also affect the energy use positively. However, since
it only contributes to 14.28% of the total heat output demand, this measure should be
implemented last.

5.1.2 Indicator 2: Solar Heat Load

The solar heat load, the second indicator, varies between 8 and 202 W/m? across the
assessed zones, as shown in Table 5.3. The highest values were recorded in the corridors on
floors 2, 3, and 4, reaching 199, 202 and 202 W/m? respectively, which can be attributed to
their south-west orientation and associated exposure to solar radiation. The peak solar heat
load in the corridors occurs on March 15th. This may be explained by the lower position of the
sun in March, which results in a more direct angle of incidence on the windows. In summer,
the higher solar altitude increases the angle of incidence, leading to greater reflection and
reduced solar heat gains through the glazing.

Table 5.3: Solar heat load per zone — Base model

Zone in IDAICE model  SHL [W/m?] Certification

StCa_1 0 Gold
StCb_1 0 Gold
StCa_2 3 4 11 Gold
StCb_2 3 4 11 Gold
Corridor_floor_2 199 Not certified
Offices_floor_2 14 Gold
Corridor_floor_3 202 Not certified
Offices_floor_3 12 Gold
Corridor_floor_4 202 Not certified
Offices_floor_4 14 Gold
Total indicator rating Not certified

All remaining zones perform significantly better, with values below 22 W/m?, which would
individually qualify for Gold certification (see Subsection 4.2.3). The better performance of
these zones can be attributed to their windows facing the north-east, therefore receiving less
solar irradiation. However, as the MB assessment applies an aggregation method, the overall
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rating for this indicator is determined by the worst-performing zones, resulting in no
certification (see Subsection 2.1.3).

Since the corridors on floors 2, 3, and 4 are the sole zones responsible for the indicator failure,
targeted renovation measures addressing their solar heat loads present a clear potential for
the building to achieve certification for this indicator:

¢ Install external shading devices on the windows of the south-west facing corridors
to block solar radiation before it enters the building.

¢ Replace the current glazing in the corridors with windows of a lower g-value, thereby
directly reducing the solar heat load at the source.

5.1.3 Indicator 3: Energy Use

The assessment of indicator 3, the energy use, reveals that the building does not meet BBR’s
energy requirements. With a calculated primary energy number of 83 kWh/m2Asemp, it stands at
119% of the permitted limit for Bronze certification (70 kWh/m?Aemp). It is therefore not eligible
for certification.

As shown in Table 5.4, district heating accounts for the majority of the delivered energy,
representing approximately 93% of the total energy consumption. This high heating demand
is the primary reason the building fails to meet the BBR requirements.

Table 5.4: Delivered energy breakdown for B23 — Base model

Delivered Energy
kWh kWh/(mzAtemp) %

Fans 7529.6 49 4.36
Pumps 187.6 0.1 0.1
District heating 160,488.7 103.6 92.99
Comfort cooling, district cooling 4375.9 2.8 2.54
Total 172,581.8 111.1 100

To understand why this demand is so high, Table 5.5 breaks down the energy losses during
the heating period. The results show that the combined contribution of the building fabric
(envelope, thermal bridges and windows) accounts for over 90% of the total heat losses. This
directly links back to the findings of indicator 1, where poor envelope performance was
identified as the primary source of transmission losses (see Subsection 5.1.1).

Table 5.5: Contribution of building components to heat losses during the heating period — Base model

Source of loss during heating kWh %
Envelope and thermal bridges 107,140.5 50.49
Window & solar 89,750.8 42.30
Mech. supply air 9,274.4 4.37
Infiltration & openings 6,032.4 2.84
Total 212,198.1 100

To achieve compliance with MB standards, the energy use needs to be reduced to at least a
primary energy number of 70 kWh/m2Awemp. To achieve this reduction the following
improvements are recommended:
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¢ Enhance the building envelope: Improving the thermal performance of walls, roof
and floor through additional insulation would directly reduce transmission losses, which
represent the largest single contribution to heating demand.

¢ Window replacement: Given that windows are the second largest source of heat loss
the improvement of the windows is crucial. As described in Section 3.2, the U-value of
the windows is currently significantly higher than today’s standard. Replacing the
windows therefore offers great potential for reducing heating demand.

o Install on-site renewable energy sources: Rather than reducing energy
consumption directly, this measure would lower the primary energy number by
generating electricity on-site and thereby reducing the building's dependence on grid
electricity.

5.1.4 Indicator 7: Winter Thermal Climate

The assessment of indicator 7, winter thermal climate, shows that the base model already
meets MB requirements for Bronze certification across all evaluated zones, as presented in
Table 5.6. The evaluated zones are the office zones on floors 2, 3 and 4 and are representative
zones of the building, as defined in the methodology (see Subsection 4.2.5).

Table 5.6: Winter thermal climate (indicator 7) per zone — Base model

Zone in IDAICE model PPD[%] Tmin[°C] Topmin[°C] Date & Time  Rating

Offices_floor 2 15 21.52 20.40 16.02. 08:04 Bronze
Offices_floor_3 11 21.53 20.53 16.02. 08:19  Bronze
Offices_floor_4 15 21.49 20.28 16.02. 08:05 Bronze
Total indicator rating Bronze

PPD values range between 11% and 15% across all analysed zones, indicating a largely
uniform level of thermal comfort with no significant local discomfort. These peak values occur
on February 16th at around 8:00 for each analysed zone. The timing of the peak PPD at the
start of occupancy may be attributed to several interacting factors. Although the air
temperature exceeds 21°C in all zones at the time of discomfort, the operative temperature
falls below this threshold in every zone. This discrepancy suggests that while the air is
sufficiently heated, occupants may be exposed to the radiant cooling effect of cold surrounding
surfaces, reducing their thermal comfort.

These cold surface temperatures are likely a consequence of overnight cooling. While the
radiators operate continuously to maintain the heating setpoint of 21°C, the AHU is only
activated at 07:00 according to its schedule and operates exclusively on weekdays . Since
February 16th falls on a Monday, the ventilation system had been inactive throughout the
preceding weekend. It is therefore possible that the single hour between AHU activation and
the start of occupancy is insufficient to fully reheat the building fabric and establish thermally
comfortable conditions.

This behaviour is reflected in the delivered heat energy diagram shown in Figure 5.1 on the
following page. During the night, a continuous base load of approximately 4-10* W is
maintained by the radiators. Upon AHU activation at 07:00, the delivered energy rises sharply
to a peak of approximately 8.5-10* W before declining from 08:00 onwards, suggesting that
the proportional controller reduces heating output as the air temperature approaches the
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heating setpoint of 21°C, even though the surrounding surfaces remain cold and the operative
temperature has not yet reached a comfortable level. This is due to the radiator control sensor
operating according to the zone air temperature. Between 10:00 and 14:00, energy demand
decreases further, likely due to internal heat gains and weak solar irradiation typical of
February. A second smaller peak is visible around 18:00, possibly corresponding to the
evening transition as occupancy ends.
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Figure 5.1: Delivered heat energy (district heating) on February 16%, 2026 (DVUT)

Overall, winter thermal climate does not represent a primary concern for B23 under current
conditions, with the indicator already reaching Bronze certification. However, achieving MB
Silver or Gold certification would require further improvements to winter thermal comfort:

Improve the U-value of the building envelope: reducing heat losses through the
walls would limit cooling of the building fabric and reduce radiation asymmetry caused
by cold surrounding surfaces.

Replace the glazing: improving the U-value of the windows would additionally reduce
heat losses and limit the radiant cooling effect of cold glazing surfaces on occupants.

Change the radiator control sensor to operative temperature: the current
proportional controller reduces heating output as soon as the air temperature
approaches the heating setpoint of 21°C, even if the operative temperature remains
below the comfort threshold. Switching to operative temperature as the control variable
would ensure that the radiators continue operating at full capacity until actual thermal
comfort is achieved.

Raise the base heating load during night hours and weekends: since the building
fabric cools significantly during unoccupied periods, particularly over the weekend, a
higher base heating load could prevent excessive cooling of the thermal mass.
However, this will increase the energy consumption and therefore negatively affect
indicator 3. Other measures should therefore be prioritised.

Replace radiators with a heating system that warms surfaces rather than air: for
example implement floor heating systems to reduce discrepancy between air and
operative temperature.
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¢ Raise the heating setpoint: increasing the current heating setpoint from 21°C to a
higher value would partially compensate for the low operative temperature. However,
this is not recommended as a primary measure, as it would increase energy
consumption and negatively affect indicator 3.

5.1.5 Indicator 8: Summer Thermal Climate

The assessment of indicator 8, summer thermal climate, reveals that the base model fails to
meet MB requirements in all evaluated zones, resulting in no certification for the building, as
presented in Table 5.7. The results indicate severe overheating across all assessed zones,
with PPD values ranging from 69% to 99%, far exceeding the Bronze threshold of 20%. Since
corridors, offices and staircases differ in their properties, such as ventilation type, solar
shading and glazing orientation, they are analysed individually. As the analysis is based on
representative zones on floor 4, the findings are equally applicable to the corresponding zones
on the lower floors.

Table 5.7: Summer thermal climate (indicator 8) per zone — Base model

Zone in IDAICE model PPD [%] Tmax[°C] Topmax[°C] Date & Time Rating

Corridor_floor_4 99 36.04 36.38 26.07.17:19  Not certified
Offices_floor_4 99 34.06 35.44 08.07.08:00 Not certified
StCa_2 3 4 76 32.09 31.85 08.07.17:06  Not certified
StCb_2 3 4 69 31.58 31.41 08.07. 16:41  Not certified
Total indicator rating Not certified

The corridor on floor 4 exhibits the most severe overheating with mean air and operative
temperatures above 36°C and a PPD of 99%, indicating that almost every occupant is
dissatisfied with the summer thermal climate. The critical conditions occur on July 26th at
17:19, consistent with the corridor's south-west orientation and the afternoon solar peak
shown in Figure 5.2. The high g-value of 0.71 combined with the absence of any external
shading further amplifies the solar heat gains entering the zone.
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Figure 5.2: Solar heat gains and structural heat flow in the fourth-floor corridor on July 26
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The structural heat flow of the fourth-floor corridor is also illustrated in Figure 5.2. As solar
radiation increases throughout the afternoon, the structural heat flow turns increasingly
negative, indicating that the building fabric directly absorbs a large proportion of the incoming
solar energy. Following the solar peak at around 15:40 at 15,000 W, the structural heat flow
begins to reverse, as the thermally massive components release their stored energy back into
the space. This delayed re-radiation may explain the temperature peak occurring
approximately 1.5 hours after the solar peak, at 17:19, and contributes to the sustained
overheating observed throughout the day and the higher operative temperatures. The mean
air and operative temperature remain above 30°C throughout the entire day (see Figure B.1
in Appendix B). Even during the early morning hours, the air temperature does not drop below
30°C, indicating that the corridor is unable to recover thermally overnight.

The corridors receive neither mechanical supply air nor comfort cooling. Exhaust air points
create a pressure imbalance that draws hot air from the adjacent offices through door
openings into the corridors, with inflow temperatures reaching 36°C (see Table B.11),
contributing significantly to the thermal load in these zones. Natural ventilation in the corridor
is insufficient to prevent overheating. The openable window area is comparatively small and
the windows close at 16:00, after which temperatures rise further, contributing to the peak at
17:19.

The office zone also fails to reach the level required for certification, with temperatures
exceeding 35°C, resulting in a PPD value of 99%. The critical conditions in the zone occur on
July 8" at around 8:17. Since the occupants only come in at around 08:00, the internal heat
gains do not seem to be the main contributing factor for the peak at this time. Due to the offices
facing the north-east, the overheating appears to be driven by the morning sun. As shown in
Figure 5.3, solar heat gains begin at around 04:00, coinciding with a sign change in the
structural heat flow as the building fabric begins absorbing incoming solar energy directly. Both
curves reach their peak magnitude simultaneously at 07:00 at 2,400 W, suggesting that a large
proportion of the incoming solar energy is absorbed by the interior surfaces rather than the
room air, causing indoor temperatures to peak at this time, as shown in Figure B.2.
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Figure 5.3: Solar heat gains and structural heat flow in the fourth-floor offices on July 8%
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Following this peak, the structural heat flow and the solar heat gain reverse signs. With a
decrease in solar heat gains in the zone, the walls and floors begin to release their stored
energy back into the office. This contributes to the overheating observed throughout the day.
The sign change at 07:00 may additionally be reinforced by the activation of the AHU, which
cools the indoor air and increases the temperature differential between the warm structural
surfaces and the room air, further driving heat release from the structure. This effect can be
seen in the operative temperature consistently exceeding the air temperature.

Although the offices are equipped with interior roller shades, these only activate at 09:00,
leaving the early morning sun unblocked from 04:00 onwards. Combined with a g-value of
0.71, which transmits a large proportion of solar radiation even when shades are active, solar
heat gains remain high throughout the morning. Although AHU activation at 07:00 lowers
indoor temperatures, levels remain above the comfort threshold, and temperatures rise again
upon deactivation at 19:00. Natural ventilation is also insufficient, as its schedule restricts
operation to 09:00-16:00, making it ineffective against the early morning temperature rise.

The staircases show comparatively lower PPD values of 69% in the NW staircase and 76% in
the SE staircase. The slightly better performance of the NW staircase may be attributable to
its less frequent use (see Subsection 4.1.3). However, these values still exceed the
certification threshold, resulting in no certification. The critical date for both staircases is July
8" at approximately 17:00. As in the other zones, solar gains drive the initial temperature rise
from 05:00, but decrease significantly after 07:00, suggesting additional heat sources driving
the afternoon peak, see Figure 5.4. The temperature curve of the SE staircase is shown in
Figure B.3.
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Figure 5.4: Solar heat gains and structure heat flow in the SE staircase on July 8"

Figure 5.4 furthermore illustrates the structural heat flow from walls and floors in the SE
staircase on July 8™. As in the office and corridor zone, the two curves follow a near-inverse
pattern. As solar radiation rises from around 04:00, the structural heat flow turns negative
simultaneously, indicating that the building fabric absorbs a proportion of the incoming solar
energy directly. Both curves reach their peak magnitude at around 07:00. At only 200 W, this
peak is considerably lower than the solar heat gains observed in the corridors and offices.
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However, unlike in the other zones, the structural heat flow remains negative throughout the
afternoon despite minimal solar gains, suggesting that the walls continue to absorb heat from
an additional source beyond direct solar radiation. This could be attributed to heat conducted
through the thermally massive south-western facade, which continues to accumulate heat
from solar irradiation on the exterior surface throughout the afternoon.

Unlike in the corridors and offices, the mean air temperature exceeds the operative
temperature, suggesting that convective heat transfer is the dominant mechanism. The
staircases have no mechanical supply air but are equipped with exhaust points, creating a
pressure imbalance that draws hot air from the adjacent overheated zones into the staircases.
With inflow temperatures reaching 32°C and a ventilation heat removal of 0.00 W (see Table
B.11), no heat is extracted through ventilation, causing excess heat to accumulate throughout
the day and driving the afternoon peak.

In summary, the simulation results indicate significant overheating across all analysed zones,
with the corridor and the office showing the most critical conditions. The overheating is driven
by three main factors: the high g-value combined with no shading or ineffective shading,
control schedules that only activate from 09:00-16:00 and the thermal mass of the building
fabric which continuously releases stored heat back into the zone.

It should be noted that the critical days (July 8" and 26™) identified by the simulation fall within
KTH's summer holiday period, during which the building would typically be unoccupied or only
partially occupied. Since the simulation assumes full occupancy throughout the year, the
results may represent a conservative estimate under normal operation. However, it cannot be
excluded that staff or researchers are present during this period, meaning the identified
conditions remain practically relevant. To improve the summer thermal climate, the following
renovation measures are recommended:

o Replace the current glazing: choose windows with a lower g-value thereby reducing
solar heat gains at the source. Lower U-values also reduce the inner surface
temperature of the glass, resulting in lower operative temperatures.

¢ Install external shading devices as they are more effective than interior roller shades
by blocking the radiation before it enters the building.

¢ Improve the building envelope: especially the roof insulation on the fourth floor since
it is mainly exposed to solar irradiation.

¢ Implement nighttime ventilation: according to the climate file, outdoor temperatures
drop below 20°C at night on the critical day (see Figure B.4). By enabling natural
ventilation that potential could be exploited to cool down the building structure
overnight, reducing the thermal load at the start of the day.

¢ Increase openable window area in the office and corridor zones and enable window
opening in the staircases to increase the potential for natural ventilation.

¢ Adjust window opening schedule: Extend the window opening hours so that office
windows open earlier in the morning before the critical peak occurs, and extend the
opening period in the corridor beyond 16:00. Additionally, adjust the control so that
windows only open when the outdoor temperature is lower than the indoor
temperature, preventing hot air from entering the building.

¢ Revise the shading control schedule in the office zone: to activate based on
sunrise rather than a fixed time of 09:00, ensuring that the morning sun on the north-
east facing fagade is blocked before it drives indoor temperature to critical levels.

46



Results and Discussion

¢ Increase supply air flow rates in the office zone to enhance convective cooling and
reduce peak operative temperatures. This will increase energy consumption and
therefore negatively affect indicator 3.

e Conversion to VAV (Variable Air Volume) control: Replacing or optimising air flow
control to a VAV system allows for demand-oriented cooling, specifically increasing
supply air in overheated zones. This measure may also influence energy use (indicator
3) positively, since it cools demand-oriented.

o Extend AHU operating hours to support night cooling: the AHU should run during
the early morning or late evening hours to actively flush the building with cool ambient
air, removing heat released by the structure during the night. However, this comes with
higher energy consumption, negatively influencing indicator 3.

¢ Install mechanical supply air in the staircases and corridors to counteract the
pressure imbalance and prevent hot air from being drawn in. This will increase energy
consumption.

¢ Comfort cooling should be considered if the measures above prove insufficient. It is
the most energy-intensive option and should therefore be treated as a last resort.

5.1.6 Overview of Recommended Renovation Measures

Table 5.8 summarises the renovation measures recommended in the preceding subsections
and maps them to the indicators they are expected to affect. It is marked whether they are
expected to affect them positively (v') or negatively (x). Measures addressing multiple
indicators simultaneously offer the greatest potential for certification and are therefore
prioritised in the subsequent renovation analysis with the aim of achieving MB Bronze, Silver
and Gold certification.

Table 5.8: Recommended renovation measures and their effect on indicators. (v') positive, (x) negative.

Renovation Measure Indicator 1 Indicator 2 Indicator 3 Indicator7 Indicator 8
Improve the building v v v v
envelope

Window replacement v v v v v
Increase heat recovery v v

efficiency

Install external shading
devices

Install on-site renewable v
energy sources

Change radiator control

sensor

Increase base heating load

during the night and X v
weekend

Replace radiators with v
surface heating

Raise heating setpoint X 4
Increase openable window

area
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Adjust the window opening

v
schedule
Implement nighttime v
ventilation
Revise the shading control v
schedule in the office zone
Install mechanical supply air < v
in corridors and staircases
Extend AHU operating
hours to support night X v
cooling
Increase supply air flow « v
rates in the office zone
Conversion to VAV control v v
Install comfort cooling X v

5.2 Bronze Certification

The first objective of this study is to achieve Bronze certification for B23 under Miljébyggnad.
As established in the baseline assessment in Section 5.1, only indicator 7 (winter thermal
climate) currently satisfies the Bronze threshold, while the remaining fail to meet the
certification requirements.

This section therefore investigates which renovation measures are required to achieve an
overall Bronze certification. The measures are implemented in a stepwise manner, with each
step building on the previous one. As discussed in Subsection 2.2.3, passive strategies tend
to yield the greatest environmental benefits at comparatively lower investment costs (Ma et
al., 2012), making them the logical starting point for the renovation strategy. Within the passive
measures, interventions with the greatest potential to improve multiple indicators
simultaneously are implemented first, followed by more targeted measures addressing the
remaining deficiencies.

5.2.1 Step 1: Window Replacement

The first renovation measure investigated is the replacement of the existing windows in all
zones. Although thermal insulation is the most commonly implemented retrofit measure in
literature (see Subsection 2.2.1), the baseline assessment identified glazing performance as
a critical weakness across all five indicators. Window replacement was therefore prioritised
over insulation measures.

The replacement window was selected based on three key performance parameters, as
described in Subsection 2.2.1: the U-value, the g-value and the visible transmittance T.is. For
the U-value, BBR (Boverket, 2020) allows a maximum value of 1.2 W/(m2K) for glazing, which
served as the minimum requirement (see Section 3.2). For the g-value, typical high-
performance glazing ranges between 0.2 and 0.7, with lower values being preferable to limit
solar heat gains. For T.is, MB requires a minimum of 0.6 to achieve Silver or Gold certification
for indicator 2, which was therefore used as the lower bound to ensure sufficient daylight
availability while avoiding glare (see Subsection 4.2.3). Based on these criteria, the Pilkington
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“SunCool 70/35” glazing system was selected. The window consists of triple pane glazing with
4 mm glass panes and argon-filled cavities (90% argon, 10% air). Table 5.9 compares the key
parameter of the proposed and the existing glazing systems.

Table 5.9: Comparison of key parameters of proposed and existing windows

Parameter Old windows  Pilkington “SunCool 70/35” Requirement

U-value 2.859 W/m2K 0.564 W/m2K < 1.2 W/m2K (BBR)
g-value 0.71 0.368 0.2-0.7
Tvis 0.79 0.675 > 0.6 (MB)

The selected window significantly exceeds the BBR minimum U-value requirement, offering
substantially improved thermal performance compared to the existing glazing. With a
reduction of approximately 48% compared to the current g-value of 0.71, the new glazing
offers significant potential to reduce solar heat gains. The visible transmittance remains above
the MB minimum requirement of 0.6, ensuring adequate daylight availability. The impact of
this measure on the five assessed MB indicators is evaluated below.

The replacement of the windows alone leads to substantial improvements in overall building
performance. As shown in Table 5.10, three of the five indicators achieve certification after
step 1, compared to only one indicator in the base model. Indicators 1 and 7 improve directly
to Silver, while indicator 3 reaches Bronze certification. Indicators 2 and 8 remain uncertified,
preventing overall building certification due to MB’s weakest-link aggregation method.

Table 5.10: Assessment results after step 1 — Window replacement

. . Base Bronze .
Nr. Indicator Name Unit Model Step 1 Threshold Rating
1 Heat output demand W/m?Aom 37.54 21.48 30 Silver
2 Solar heat load' Wim? 8-202 4-106 40 Not certified
3  Energy use kWh/m?2Atemp 83 53 70 Bronze
7  Winter thermal climate’ % 14-15 10-11 15 Silver
8 Summer thermal climate’ % 69-99 43-91 202 Not certified

"Note: This indicator reports results by zone. The table therefore presents a range of results. The rating is based
on the MB aggregation method (see Subsection 2.1.3).
2Note: The Bronze threshold is 20% for buildings without comfort cooling, which is the case here.

Indicator 1, the heat output demand decreased by approximately 43% to 21.48 W/m?Aom. This
reduction is primarily caused by a 51% decrease in transmission losses through the building
envelope and thermal bridges, as shown in Table 5.11. Although the building envelope remains
the dominant source of heat loss, the remaining gap to Gold certification is only 3.48 W/m?Aon,
suggesting that window replacement already captures the majority of the achievable
improvement for this indicator.

Table 5.11: Heat output demand per building component — Base model vs. step 1

Base Base Step 1 [W] Step 1 [%]
Model [W] Model [%]
Building envelope 58,346 64.37 28,505 54.98
Thermal bridges 17,504 19.31 8,552 16.50
Ventilation 12,944 14.28 12,944 24.97
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Infiltration 1,846 2.04 1,846 3.56
Total 90,639 100 51,846 100

Indicator 2, the solar heat load, remains uncertified. The corridor zones nevertheless show a
substantial improvement, with maximum solar heat load values decreasing from 202 to 106
W/m?2, directly resulting from the lower solar transmittance of the new glazing. As shown in
Figure 5.5, peak solar heat gains decreased from approximately 15,000 W to 9,000 W.
However, the remaining solar heat loads still exceed the Bronze threshold of 40 W/m? by a
considerable margin, meaning that window replacement alone is insufficient to achieve
certification for this indicator.
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Figure 5.5: Solar heat gains in the fourth-floor corridor on July 26" for the base model (brown) and step 1 (green)

Indicator 3, the energy use, achieves Bronze certification with a primary energy number of 53
kWh/m?2Asemp after window replacement. As shown in Table 5.12, the energy required for district
heating was reduced by approximately 41%, driven by the lower U-value of the new glazing
which directly reduces transmission heat losses through the windows. Despite this significant
reduction, district heating remains by far the largest contributing component, indicating that
further reductions in heating demand are key to improving the certification level to Silver or
Gold.

Table 5.12: Delivered energy breakdown for B23 — Base model vs. step 1

Base Model Step 1
kWh KWh/(m2A¢emp) kWh KWh/(m2A¢emp)
Fans 7529.6 4.9 7529.1 4.9
Pumps 187.6 0.1 107 0.1
District heating 160,488.7 103.6 94,811.9 61.2
Comfort cooling, district cooling 4375.9 2.8 4376.9 2.8
Total 172,581.8 1111 106,824.9 69.0

As shown in Table 5.13, the window replacement reduced the contribution of windows and
solar gains to total heat losses by 30 percentage points, reinforcing the building envelope as
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the most critical component to address in order to further reduce energy use. To achieve Silver,
the primary energy number would need to be reduced to 49 kWh/m?Asemp.

Table 5.13: Contribution of building components to heat losses during the heating period — Base model vs. step 1

] . Base Model Step 1
Source of loss during heating Wh % Wh %
Envelope and thermal bridges 107,140.5 50.49 106,388.4 76.60
Window & solar 89,750.8 42.30 17,956.0 12.93
Mech. supply air 9,274 .4 4.37 8,763.8 6.31
Infiltration & openings 6,032.4 2.84 5,771.9 4.16
Total 212,198.1 100 138,880.1 100

Indicator 7, the winter thermal climate, improves from Bronze to Silver after window
replacement, as shown in Table 5.14. The reduced U-value of the new glazing raises the
internal surface temperature of the windows during winter, increasing operative temperatures
and reducing thermal discomfort caused by radiant asymmetry. As a result, two of the three
analysed office zones achieve Gold level, while the fourth-floor office remains slightly above
the Gold threshold with a PPD of 11%. Its exposed position beneath the roof likely increases
transmission losses relative to the lower floors, resulting in marginally lower operative
temperatures, suggesting that additional roof insulation could further improve winter comfort
in this zone. Since two out of three zones reach Gold, the overall indicator rating advances to
Silver according to the MB aggregation method.

Table 5.14: Winter thermal climate (indicator 7) per zone — Step 1

Status Quo Step 1
Zone in IDA ICE PPD [%] | PPD [%] [T'g']‘ T[‘:,P(':"ii“ Date & Time  Rating
Offices_floor_2 15 10 21.65 21.26 16.02. 08:04 Gold
Offices_floor_3 11 8 21.70 21.28 16.02. 08:04 Gold
Offices_floor 4 15 11 21.59 21.08 16.02. 08:04 Bronze
Total indicator rating Silver

Despite the improvements achieved across the other indicators, window replacement alone is
not sufficient to achieve a Bronze rating for indicator 8, summer thermal climate. As shown in
Table 5.15, PPD values remain well above the threshold of 20% across all evaluated zones.

Table 5.15: Summer thermal climate (indicator 8) per zone — Step 1

Status Quo Step 1
Zone in IDA ICE PPD [%] ':;']3 I“g; Tfjg‘]a" Date & Time  Rating
Corridor_floor_4 99 91 33.20 3341 26.07.17:29  Not certified
Offices_floor_4 99 90 3212  33.08 08.07.08:29 Not certified
StCa_2 3 4 76 50 3046 30.22 08.07.17:06  Not certified
StCb_2 3 4 69 43 2999 29.79 08.07.16:51  Not certified
Total indicator rating Not certified

The most significant reductions after the window replacement are observed in the staircases,
where PPD decreases by 26 percentage points in both zones. This improvement can be
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attributed to the reduced g-value of the new glazing, which lowers diffuse and transmitted solar
radiation. In addition, the lower U-value results in reduced internal surface temperatures,
which improves thermal comfort, as reflected in the PPD values.

Compared to the staircases, the window replacement in the corridor and office zone only has
a limited effect on thermal comfort, resulting in a PPD reduction of just 8 and 9 percentage
points, respectively. As discussed for indicator 2, the lower g-value of the new glazing reduces
solar heat gains in the zone, but they remain sufficiently high to cause overheating and
discomfort. In the corridor zone, this is particularly pronounced due to strong afternoon solar
exposure, the narrow geometry of the corridor and additional heat transfer from adjacent office
spaces. In the office zone, this is attributable to the larger window area compared to the
corridor, despite the north-east orientation (see Table B.5).

The remaining high heat gains in the corridor and office zones continue to contribute to the
heating of the building fabric. This becomes evident when analysing the temperatures. The
operative temperatures in these zones remain higher than the corresponding air temperatures,
as shown in Table 5.15. Consequently, solar heat gains continue to play a significant role in
thermal discomfort in combination with thermal storage effects and internal heat gains. To
achieve a Bronze rating for this indicator, additional measures are required to further reduce
overheating in these spaces.

Overall, the window replacement proves to be a highly effective single measure. While
indicator 3 reaches Bronze certification, indicators 1 and 7 already achieve Silver directly.
However, indicators 2 and 8 remain uncertified, meaning that window replacement alone is
not sufficient to achieve an overall Bronze certification. Further targeted measures are
therefore required.

5.2.2 Step 2: Installation of External Shading

Building on the results of step 1, indicators 2 and 8 remain the critical barriers to Bronze
certification, both driven by excessive solar gains. As identified in Subsection 5.1.6, external
shading devices directly target both indicators and are therefore implemented in this step, with
the aim of achieving at least Bronze certification forthese indicators.

Markisolettes were selected as external shading devices due to their effectiveness, as
discussed in Subsection 2.2.2. The default settings were applied without manual modification,
and the devices are controlled by the SUN control signal. For the office zones, a schedule-
based control was applied, consistent with the previous interior shading setup (see Table B.6).
They were installed on all windows throughout the building, targeting both indicator 2 in the
corridor zones and indicator 8 across all zones.

Following the implementation of step 2, indicator 2 achieves a Gold rating across all zones.
The solar heat loads in the critical corridors were reduced to 13 W/m?, which is well below the
Gold threshold of 20 W/m?. Compared to the 104—106 W/m? recorded in step 1, this represents
a substantial reduction. This demonstrates the high effectiveness of external shading devices
in combination with the replaced windows, compared to window replacement alone.
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For indicator 8, the installation of external shading devices proves significantly more effective
than window replacement alone, as the devices block solar radiation before it enters the
zone, as shown in Table 5.16

Table 5.16: Summer thermal climate (indicator 8) per zone — Step 2

Step 1 Step 2
Zone in IDA ICE PPD [%] | PPD [%] I“g; Tfjg‘]a" Date & Time  Rating
Corridor_floor_4 91 50 29.21 29.12  08.07.17:01 Not certified
Offices_floor_4 90 36 2944 29.70 08.07.17:00  Not certified
StCa_2_3 4 50 18 28.23 28.12 08.07.17:05 Bronze
StCb_2 3 4 43 20 28.05 28.04 09.07.13:54 Bronze
Total indicator rating Not certified

The office zone shows the greatest effect with the PPD reduced by 54 percentage points. It
can be observed that this step shifts the critical time of thermal discomfort from 08:25 to 17:00.
However, as shown in Figure 5.6, the solar heat gain peak in the morning remains nearly
unchanged after the implementation of this step.
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Figure 5.6: Solar heat gains in the fourth-floor offices on July 8" for step 1 (brown) and step 2 (green)

This is due to the shading devices operating according to a schedule which is only active
between 09:00 and 16:00. Nevertheless, when the shading activates at 09:00, it leads to a
reduction in solar gains during midday hours, visible in the steeper decline of the green curve
after the morning peak. The shift of the critical hour to 17:00 can be attributed to the interplay
of accumulated internal heat gains throughout the occupancy period, peak outdoor
temperatures in the late afternoon, and the reduced solar gains due to shading, which together
shift the dominant thermal load from the morning solar peak to the end of the occupancy
period.

The corridor also shows substantial improvement with a reduction of the PPD by 41
percentage points. As discussed for indicator 2, the solar heat load in the corridor is reduced
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noticeably, leading to improved thermal comfort. The solar heat gains seem to be no longer
the dominant driver of thermal discomfort. This shift is also reflected in the critical date, which
moves from July 26th to July 8", the hottest day of the year according to the climate file. Since
the adjacent offices also experience their critical conditions on this day, the thermal discomfort
in the corridor appears to be driven primarily by convective heat transfer from these zones
rather than direct solar gains. This is supported by the air temperature now slightly exceeding
the operative temperature, in contrast to the base model where radiation from warm surfaces
was dominant.

The PPD in the staircases is also reduced significantly, by 32 and 23 percentage points in the
SE and NW staircase respectively, resulting in Bronze certification for both zones. This
improvement can be attributed to the reduced heat loads in the adjacent corridors and offices,
which lower the temperature of the air drawn into the staircases through the pressure
imbalance, with inflow temperatures decreasing to 28.05°C and 28.23°C for the NW and SE
staircase respectively.

Although the installation of external shading devices yields substantial improvements across
all zones, the corridor and office zones remain above the Bronze threshold, meaning indicator
8 remains uncertified and no overall building certification is achieved. Since solar gains no
longer appear to be the primary driver of thermal discomfort in these zones, further measures
should focus on dissipating the accumulated heat.

As anticipated from the baseline analysis, the installation of external shading had no effect on
the other indicators and the values remained unchanged, as shown in Table 5.17.

Table 5.17: Assessment results after step 2 — Installation of external shading

. . Bronze .
Nr. Indicator Name Unit Step 1 Step 2 Threshold Rating
1  Heat output demand W/m2Aom 21.48 21.48 30 Silver
2  Solar heat load" W/m?2 0-106 0-13 40 Gold
3  Energy use kWh/m2Atemp 53 53 70 Bronze
7  Winter thermal climate’ % 8-11 8-11 15 Silver
8 Summer thermal climate’ % 43-91 18-50 202 Not certified

"Note: This indicator reports results by zone. The table therefore presents a range of results. The rating is based
on the MB aggregation method (see Subsections 2.1.3).
2Note: The Bronze threshold is 20% for buildings without comfort cooling, which is the case here.

5.2.3 Step 3: Extension of Openable Window Area

Since all indicators except indicator 8 have already reached at least Bronze level after step 2,
step 3 focuses exclusively on reducing summer overheating. As established in the previous
step, thermal discomfort is no longer primarily driven by solar gains but by heat accumulating
towards the end of the occupancy period. The measures in this step therefore aim at
dissipating this accumulated heat through increased natural ventilation.

To improve the summer thermal climate, the openable window area was increased in this step
by enabling window opening in all zones, including the staircases, which had previously been
modelled as non-openable. This results in a significant increase in total openable area from
60.39 m? to 457.67 m?, which is due to the windows being modelled as one large window area
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in IDA ICE. The newly enabled windows follow the same control strategy as the existing ones,
using Pl temperature control in combination with the opening schedule defined in Table B.6.

In all zones, the increase in openable window area leads to a measurable improvement in
thermal comfort, as summarised in Table 5.18. The now openable windows in both staircases
reduce the PPD to below 15%, reaching Silver certification. The corridor and office zone on
floor 4 also improve significantly, by 10 and 11 percentage points respectively, demonstrating
that increased natural ventilation is effective in reducing operative temperatures across all
zones.

Table 5.18: Summer thermal climate (indicator 8) per zone — Step 3

Step 2 Step 3
Zone in IDA ICE PPD [%] | PPD [%] [T"c‘:] [T(;]"‘ Date & Time  Rating
Corridor_floor_4 50 40 28.39 28.26 08.07.17:02  Not certified
Offices_floor_4 36 25 28.77 2896 08.07.17:00  Not certified
StCa_2 3 4 18 12 2757 27.47 08.07.17:08 Silver
StCb_2 3 4 20 12 2758 27.44 08.07.19:00 Silver
Total indicator rating Not certified

Despite these improvements, the corridor and office zones remain above the Bronze threshold
and do not reach certification in this step. This can be attributed to the magnitude of internal
heat gains in these zones. While the additional ventilation successfully removes a
considerable share of accumulated heat, the persistent internal loads from occupants,
equipment and lighting continuously regenerate thermal discomfort during occupied hours.
Ventilation acts as a heat removal mechanism but cannot offset the ongoing heat generation
itself, which limits the achievable reduction in PPD. Furthermore, as the offices continue to
generate excess heat, with a maximum operative temperature of 28.96°C recorded at 17:00,
the adjacent corridor, which receives the return air from the office zones, similarly benefits only
to a limited extent. The thermally loaded air drawn from the adjacent offices continues to
contribute to elevated corridor temperatures, as reflected in the inflow temperature of 28.39°C
recorded after step 3.

The results of this step demonstrate that increasing the openable window area is an effective
passive measure for improving summer thermal comfort across all zones. However, it proves
insufficient to achieve full building certification, as the corridor and office zones remain above
the Bronze threshold. A further limiting factor across these zones is the window opening
schedule, which is currently restricted to 09:00 to 16:00, while the critical overheating occurs
at 17:00, after the windows have already closed. Extending the schedule to cover this critical
period is therefore the next logical measure.

5.2.4 Step 4: Extension of Window Opening Schedule

Step 4 builds on step 3 by addressing the timing issue identified in the previous step. The
window opening schedule is extended to cover the period from 07:00 to 20:00, replacing the
previous schedule of 09:00 to 16:00, in order to cover the critical overheating periods in the
corridor and office zone at around 17:00. All windows continue to be controlled by PI
temperature control in combination with the new schedule.
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The extended opening schedule shows only a comparatively marginal improvement of 3—4
percentage points across all zones, as shown in Table 5.19.

Table 5.19: Summer thermal climate (indicator 8) per zone — Step 4

Step 3 Step 4
Zone in DA ICE PPD [%] | PPD [%] [T"c‘:] [T(;]"‘ Date & Time  Rating
Corridor_floor_4 40 36 28.03 27.89 08.07.17:01  Not certified
Offices_floor_4 25 21 28.46 28.63 08.07.17:00 Not certified
StCa 2 3 4 12 9 2713 27.02 08.07.17:.07 Gold
StCh 2 3 4 12 9 2715 27.01 08.07.19:.00 Gold
Total indicator rating Not certified

The limited effectiveness can be attributed to two counteracting mechanisms that apply across
all zones. Since indoor temperatures exceed 25°C throughout the entire day on July 8th (see
Figure 5.7), the windows remain open for the full duration of the schedule. In the morning,
between 07:00 and 10:00, the outdoor temperature is cooler than 25°C, providing a cooling
effect. However, as outdoor temperatures rise above 25°C from approximately 10:00 onwards,
warm outdoor air enters the zones, introducing additional heat rather than dissipating it. The
net effect of the morning cooling and the afternoon heat intake largely cancel each other out,
resulting in only marginal overall improvement. The corridor and office zone on floor 4
therefore remain uncertified after implementation of this step.
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Figure 5.7: Ambient (green) and zone temperature (brown) of the corridor on floor 4 on July 8%

This modest improvement, however, is sufficient for the staircases to reach Gold certification,
with both zones recording a PPD of 9%, indicating that the staircases benefit more directly
from the additional opening hours.

In summary, the overall building indicator remains uncertified, as the corridor and office zones
remain above the Bronze threshold despite the improvements achieved in this step. Both
zones suggest that extending the opening hours alone is insufficient without a control strategy
that restricts window opening to periods when outdoor air is actually cooler than indoor air.
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5.2.5 Step 5: Smart Window Opening Control

To ensure that windows only open when outdoor air is actually cooler than indoor air, a smart
window opening control macro was implemented in IDA ICE. A window opens only if the zone
air temperature is approaching the maximum setpoint, indicating a need for cooling, and the
outdoor temperature is lower than the indoor temperature.

The zone temperature setpoint for the first condition was set to 23°C rather than the maximum
setpoint of 25°C. This ensures that the window opens when the zone temperature reaches
24°C, providing sufficient lead time to prevent the temperature from reaching 25°C. The
window closes again when the temperature falls to 22°C, avoiding unnecessary opening and
closing while maintaining a reasonable operating range. For the second condition, the ambient
temperature was offset by +0.75°C before comparison to introduce a deadband, ensuring that
windows only open when the outdoor air is meaningfully cooler than the indoor air. Additionally,
a time delay of 900 seconds was applied to avoid rapid and repeated opening and closing of
windows. The macro setup is shown in Figure B.5.

The smart window opening control yields substantial improvements across all zones, leading
to certification of all zones except for the corridor, as shown in Table 5.20. Warm outdoor air
no longer enters the zones during peak hours, and the morning cooling window effectively
lowers the air temperature.

Table 5.20: Summer thermal climate (indicator 8) per zone — Step 5

Step 4 Step 5
Zone in IDA ICE PPD [%] | PPD [%] I"c‘;:‘]* TE’;’&“‘]“ Date & Time  Rating
Corridor_floor_4 36 23 2665 26.48 08.07.17:01  Not certified
Offices_floor_4 21 9 2719 2729 08.07.17:00 Gold
StCa_2 3 4 9 0 2528 2510 08.07.17:07 Gold
StCb_2 3 4 9 0 25.31 2511  08.07.19:00 Gold
Total indicator rating Not certified

Although the PPD was reduced by 13 percentage points in the corridor zone, it does not meet
the certification level. During the day, residual solar gains and continuous heat input from
adjacent offices raise the air temperature faster than ventilation and the building structure can
absorb. During the night, the structure releases the heat accumulated throughout the day, with
peaks of approximately 8,000 W observed around midnight and again at approximately 06:00,
as shown in Figure 5.8. This prevents the zone from cooling down sufficiently overnight,
meaning each subsequent day begins with a thermally pre-loaded structure. The corridor
structure continues to release heat into the zone at 07:00, reducing the effectiveness of the
morning cooling and limiting the temperature reduction achievable before the onset of daytime
heat gains. The morning cooling window alone is too short to dissipate this stored heat.
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Figure 5.8: Structural heat flow in the fourth-floor corridor on July 8% after implementation of step 5

The PPD in the offices was reduced from 21% to 9%, improving from no certification to Gold.
As illustrated in Figure 5.9, the thermal mass of the offices effectively absorbs the heat
generated during occupied hours, with the structure only beginning to release heat slightly
after approximately 18:00, once occupancy has ended. Eliminating the afternoon period of
warm air infiltration therefore proves highly effective, and the morning cooling further prevents
heat release from the structure from accumulating.
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Figure 5.9: Structural heat flow in the fourth-floor offices on July 8™ after implementation of step 5

The staircases had already reached Gold certification in the previous step, but the
temperatures and PPD could be reduced further with the implementation of the smart window
control.
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5.2.6 Step 6: Nighttime Ventilation

Despite the improvements achieved in step 5, the corridor remains the only uncertified zone.
The thermal mass continues to release stored heat at night, limiting the effectiveness of
daytime ventilation alone. Step 6 therefore extends the smart window control from step 5 to
include nighttime ventilation.

To implement nighttime ventilation, the schedule setpoint was reduced to 20°C from 00:00 to
06:00. The daytime setpoint was furthermore reduced from 23°C to 21°C to increase the
aggressiveness of the cooling. Additionally, the ambient temperature offset was reduced from
0.75°C to 0.5°C, allowing the windows to open at a smaller temperature difference between
indoors and outdoors, thereby increasing the frequency and duration of ventilation events and
making better use of the available cooling potential of the outdoor air.

To prevent excessive heat loss during colder periods, an additional condition was introduced.
Windows only open during nighttime ventilation if the outdoor temperature exceeds 16°C. The
threshold was initially set to 12°C and subsequently increased to 16°C, as simulations
indicated a reduction in energy consumption from 66 to 57 kWh/m?Asemp Without compromising
the cooling performance of the nighttime ventilation. The new macro setup can be seen in
Figure B.6.

As shown in Table 5.21, nighttime ventilation is sufficient to certify the corridor at Silver level.
Since more than half of all assessed zones exceed Silver, the overall indicator 8 rating
advances to Gold according to the MB aggregation method, bypassing the Bronze and Silver
thresholds for this indicator. This means the building achieves overall Bronze certification for
the first time.

Table 5.21: Summer thermal climate (indicator 8) per zone — Step 6

Step 5 Step 6
Zone in IDAICE PPD [%] | PPD [%] I“‘Ca]* Ti’fg‘]a" Date & Time  Rating
Corridor_floor_4 23 11 2492 2469 08.07.17:01 Silver
Offices_floor_4 9 0 2565 2570 08.07.17:00 Gold
StCa_2 3 4 0 0 2329 2311 08.07.18:30 Gold
StCb_2 3 4 0 0 23.28 23.14 09.07.13:50 Gold
Total indicator rating Gold

The key mechanism behind the corridor improvement is the successful discharge of structural
heat overnight. As can be seen in Figure 5.10, the heat flow from the structure reaches
approximately zero by 07:00, in contrast to step 5, where significant heat was still being
released at this point. As a result, the structure begins each day in a thermally neutral state,
providing sufficient storage capacity to absorb daytime heat gains without releasing them back
into the zone during occupied hours.
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Figure 5.10: Structural heat flow in the fourth-floor corridor on July 8" after implementation of step 6

The office zone and staircases had already been certified as Gold in the previous step.
However, the implementation of nighttime ventilation is noticeable since temperatures and
PPD values in these zones decrease further. The results confirm the hypothesis formulated in
step 5. Nighttime ventilation provides the additional cooling capacity needed to pre-cool the
building fabric before the onset of occupancy.

As shown in Table 5.22, indicators 1, 2 and 7 retained their previous ratings, confirming that
the measures implemented in steps 3 to 6 had no adverse effects on them. However, indicator
3 increased slightly by 9% due to higher heating demand from the extended window opening
strategy. As it remains below the Bronze threshold, the building is now certified across all
indicators, achieving an overall Bronze certification according to MB's weakest-link principle.

Table 5.22: Assessment results after step 6 — Nighttime ventilation

Nr. Indicator Name Unit Step2 Step 6 T::thz; d Rating Step 6
1  Heat output demand W/m2Aom 2148  21.48 30 Silver

2 Solar heat load' W/m? 0-13 0-13 40 Gold

3  Energy use kWh/m2Atemp 53 57 70 Bronze

7  Winter thermal climate’ % 8-11 8-11 15 Silver

8 Summer thermal climate! % 18-50 0-11 202 Gold

"Note: This indicator reports results by zone. The table therefore presents a range of results. The rating is based
on the MB aggregation method (see Subsection 2.1.3).
2Note: The Bronze threshold is 20% for buildings without comfort cooling, which is the case here.

5.2.7 Summary

The steps presented in this section demonstrate the renovation pathway required for B23 to
achieve Bronze certification under Miljdbyggnad, within the scope of this study covering five
indicators. Of the six steps investigated, the following four measures are recommended for
practical implementation:
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o Step 1: Replacement of all windows

o Step 2: Installation of external shading devices (markisolettes) on all windows
e Step 3: Increase openable window area

o Step 6: Implementation of nighttime ventilation

Steps 4 and 5 are not required as independent renovation measures in practice, as the
nighttime ventilation control implemented in step 6 technically replaces both. However, they
were instrumental in identifying the limitations of a fixed opening schedule and developing the
smart control logic ultimately implemented in step 6.

Window replacement proved to be the single most impactful measure, bringing three out of
five indicators to certification in a single step, with indicators 1 and 7 reaching Silver level
directly. The subsequent installation of external shading devices resolved the remaining
deficiencies in indicator 2, achieving Gold certification, while also significantly reducing
summer overheating in indicator 8.

Increasing the openable window area and implementing nighttime ventilation with smart
window control were the steps that finally led to Bronze certification with indicator 8 reaching
Gold level. The smart control proved particularly effective by restricting window opening to
periods when outdoor air is cooler than indoor air, while the nighttime ventilation pre-cools the
building fabric overnight, preventing heat accumulation in the corridor.

The necessity of step 3 was furthermore confirmed by an additional simulation, in which
nighttime ventilation was applied directly after step 2. Without the increased openable window
area, indicator 8 could not be certified. Increasing the openable window area exclusively in
the staircases, combined with nighttime ventilation, is sufficient for indicator 8 to achieve a
silver rating, resulting in an overall Bronze rating for the building. However, the full
implementation of step 3 across all zones was retained in this study as it yields a higher overall
performance, does not negatively affect energy use, and provides the foundation for Silver
and Gold certification investigated in the subsequent sections.

5.3 Silver Certification

After successfully identifying renovation measures to achieve Bronze certification, the
subsequent objective of this study is to upgrade B23 to Miljdbyggnad Silver certification.
Notably, several indicators already exceed the Bronze level as a result of the previously
implemented measures, with indicator 1 and 7 reaching Silver and indicators 2 and 8 reaching
Gold. Only indicator 3, the energy use, remains at Bronze level and therefore constitutes the
limiting factor for achieving Silver certification. Consequently, the following measures in this
section focus specifically on reducing the building’'s energy use. As described in the
methodology, the certification process is iterative, meaning that each step builds upon the
results of the previous one.
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5.3.1 Step 7: Building Envelope Improvement

As the only remaining passive measure targeting indicator 3, the opaque building envelope
was improved by adding thermal insulation to the walls and roof, reducing their U-values to
meet current BBR requirements. The transparent components were already addressed in step
1 and meet BBR standards (see Subsection 5.2.1).

Regarding the exterior walls, exterior thermal insulation (ETI) was selected as the preferred
renovation strategy. The decision was based on three main considerations. First, since the
office spaces are already undersized for their occupancy, a further reduction of floor area
through interior thermal insulation (ITI) is not desirable. Second, ETI allows the building to
retain its full thermal mass, which is essential for the implemented nighttime ventilation
strategy in step 6 (see Subsection 5.2.6). Third, ETI significantly reduces the risk of moisture
condensation within the wall construction, particularly relevant in the cold Stockholm climate
(Kolaitis et al., 2013). Although ITI would preserve the characteristic brick facade of the KTH
campus, this advantage can be mitigated through ETI systems designed to complement the
existing architectural appearance. The KTH campus already demonstrates a reinterpretation
of its brick character, as shown in Figure 5.11.

(@)

Figure 5.11: Undervisningshuset (a) and KTH School of Architecture (b) on the KTH campus

The Undervisningshuset (U-Building), for example, features a beaver-tail brick fagade that
differs from the traditional one (AHa, n.d.). Similarly, the KTH School of Architecture
demonstrates with its rustic steel facade that new fagade concepts can be successfully
introduced within the campus context. Therefore, despite the higher installation costs
associated with ETI, it was considered the most suitable solution for this project.

The target U-value for the exterior walls is 0.18 W/(m?K), based on BBR requirements
(Boverket, 2020). For the primary fagcade, a 10 cm insulation layer was added to the exterior,
covered by 1 cm render. This yielded a new U-value of 0.1649 W/(m?K), as shown in Table
5.23. The ventilation room fagades were treated as part of the thermal envelope and insulated
externally in line with the overall fagade strategy. Due to the higher initial U-value, a thicker
insulation layer of 18 cm was required, covered by chip boards of 25 mm, resulting in a new
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U-value of 0.1673 W/(m2K). This yielded an average U-value of 0.1652 W/(m2K) for the entire
facade, meeting current BBR standards (see Table B.12).

Table 5.23: Existing and improved thermal properties of the building envelope

Component Existing U-value Target U-value  New U-value Trﬁ:s::ss
[W/(m2K)] [W/(m2K)] [W/(m2K)] [m]
Primary fagcade 0.3056 0.18 0.1649 0.1
Ventilation room fagade 1.2740 0.18 0.1673 0.205
Roof floor 4 0.2154 0.13 0.1299 0.1
Ventilation room roof 0.172 0.13 0.1289 0.07

The target U-value for the roof is 0.13 W/(m2K) according to BBR (Boverket, 2020). To yield a
new U-value of 0.1299 W/(m?K), the insulation layer in the fourth floor roof was increased to
0.26 m. For the ventilation room roofs, where insulation is located on the interior side, an
additional 7 cm of lightweight insulation was added, resulting in a U-value of 0.1289 W/(m?K).
This yielded an average U-value of 0.1296 W/(m?K) for the entire roof, which is below the BBR
threshold (see Table B.13). The detailed wall and roof assemblies before and after
improvement are illustrated in Figures B.7 to B.10 in Appendix B. The improved building
envelope yields significant results across multiple indicators, as summarised in Table 5.24.
Indicator 1, the heat output demand, is reduced from 21.48 to 17.39 W/m?Aom, achieving Gold
certification. Indicator 2, the solar heat load, remains unchanged at Gold certification, as the
building envelope improvement does not affect solar gains.

Table 5.24: Assessment results of step 7 — Building envelope improvement

Nr. Indicator Name Unit Step6 Step7 Th?él;’:;ld Rating Step 7
1 Heat output demand W/m?Aom 21.48 17.39 24 Gold

2  Solar heat load! W/m2 0-13 0-13 32 Gold

3  Energy use kWh/m?Atemp 57 46 49 Silver

7  Winter thermal climate’ % 8-11 8-10 10 Gold

8 Summer thermal climate!' % 0-1 0-10 152 Gold

"Note: This indicator reports results by zone. The table therefore presents a range of results. The rating is based
on the MB aggregation method (see Subsections 2.1.3).
2Note: The Silver threshold is 15% for buildings without comfort cooling, which is the case here.

Indicator 3, the energy use, was reduced by 11 kWh/m?Aewmp, successfully reaching Silver
certification. As shown in Table 5.25, this reduction is driven exclusively by a decrease in
district heating demand, while all other energy components remain unchanged. This confirms
that the improved thermal insulation effectively reduces the heating demand of the building.

Table 5.25: Delivered energy breakdown for B23 — Step 7: Building envelope improvement

Step 6 Step 7
kWh kWh/(m2A¢emp) kWh kWh/(m?2A¢emp)
Fans 7,518.2 49 7,517.9 4.9
Pumps 207.2 0.1 176.2 0.1
District heating 102,978.0 66.7 79,292.0 51.3
Comfort cooling, district cooling 3,755.1 24 3,748.9 24
Total 114,458.5 74.1 90,735.1 69.0
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Indicator 7, the winter thermal climate, also improves in this step. The PPD in the office zone
on floor 4 is reduced from 11% to 10%, crossing the Gold threshold. As all office zones now
achieve Gold certification, the overall indicator rating advances to Gold. The additional thermal
insulation proves effective in reducing discomfort on the top floor, which is particularly exposed
due to its direct contact with the improved roof assembly and the absence of a sheltering floor
above.

Indicator 8, the summer thermal climate, shows a marginal improvement, with the corridor on
floor 4 reducing from 11% to 10% PPD. As the overall indicator was already at Gold
certification, this change has no effect on the indicator rating.

5.3.2 Summary

In summary, following the implementation of step 7, the building has reached Silver
certification. Notably, while Bronze certification required four renovation steps, Silver was
achieved in a single additional measure, the improvement of the building envelope. All
indicators have reached Gold certification with the exception of indicator 3, the energy use,
which remains at Silver. The energy use therefore remains the critical indicator determining
the overall building rating.

The renovation pathway in this study demonstrates a systematic approach to achieving
different certification levels. Should Silver certification be the primary objective, the renovation
sequence should be adapted accordingly. The improvement of the building envelope,
presented here as step 7, should in practice be executed first, as the addition of external
insulation affects the wall thickness, window placement, and daylight availability. New windows
and external shading devices should subsequently be integrated into the improved fagade.
The measures targeting summer thermal comfort, corresponding to steps 3 to 6, do not involve
fagade modifications and can therefore be implemented independently at a later stage.

5.4 Gold Certification

The previous steps brought the building to MB Silver certification through passive measures
such as window replacement, external shading, building envelope improvement and natural
ventilation strategies. Following these steps all indicators except energy use already achieved
Gold level, making it the sole barrier to overall Gold certification. This section therefore
identifies the measures required to reduce energy use to the Gold threshold.

5.4.1 Step 8: Conversion to Variable Air Volume Ventilation

The first renovation measure introduced to reduce the energy use was converting the
ventilation system type from constant air volume (CAV) to variable air volume (VAV). VAV
systems ensure that air is only supplied when it is actually needed, which reduces both the
energy required to heat or cool the air and the auxiliary energy used for fan operation. This
measure is being prioritised over the installation of solar panels, as the ventilation system is
already in place and the retrofit is therefore less complex.

In all ventilated zones (the offices, corridors and staircases), the ventilation type was changed
to VAV with combined temperature and CO; control. This means that the supply airflow in each
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room varies dynamically based on both the indoor temperature and the local CO,
concentration, so the system only activates when either parameter exceeds its setpoints.
Since no setpoints had been defined for the VAV system previously, these needed to be
specified. According to BBR (Boverket, 2020), the minimum airflow is 0.35 I/(s'm?) for
unoccupied conditions, ensuring that VOCs and pollutants from furniture and building
materials are continuously flushed out even when no one is present. The minimum supply and
return flow rates were therefore set to this value, while the maximum was set to the IDA ICE
default of 5.0 I/(s-m?). Additionally, the CO. setpoint was lowered from 1100 ppm to 900 ppm,
since concentrations above 1000 ppm are considered hygienically critical (KiclkhUseyin,
2021). Setting the threshold at 900 ppm provides enough buffer for the system to respond and
flush out excess CO; before the limit of 1000 ppm is reached.

Following the implementation of this step, the energy use was reduced noticeably, now
reaching Gold certification. The breakdown of the delivered energy in Table 5.26 highlights the
effectiveness of the demand-oriented VAV system. Fan energy was reduced by 91%
compared to step 7, as the system no longer runs at full capacity continuously. The cooling
energy was reduced by more than half without compromising summer thermal comfort. The
energy required for district heating was only reduced by approximately 10%, meaning it
remains the largest contributor to the building's total energy use. However, since the energy
use has already reached Gold certification level, further reductions in district heating demand
are not required.

Table 5.26: Delivered energy breakdown for B23 — Step 8: Conversion to VAV ventilation

Step 7 Step 8
kWh kWh/(m2A¢emp) kWh kWh/(m?2A¢emp)
Fans 7,517.9 49 679.5 0.4
Pumps 176.2 0.1 162.0 0.1
District heating 79,292.0 51.3 71,676.0 46.8
Comfort cooling, district cooling 3,748.9 2.4 1,449.3 0.9
Total 90,7351 69.0 73,966.8 48.3

In addition to the energy use, the other MB indicators were assessed to check whether the
implementation of this step already brings an overall Gold certification. Indicator 1 and 2 did
not change and remained at Gold, as shown in Table 5.27. Indicator 8 also remained at Gold
and the PPD in the fourth-floor corridor decreased by a further 3 percentage points after the
conversion to VAV.

Table 5.27: Assessment results of step 8 — Conversion to VAV ventilation

Nr. Indicator Name Unit Step7 Step8 Th:zl:old Rating Step 8
1 Heat output demand W/m?Aom 17.39 17.39 18 Gold

2 Solar heat load! W/m?2 0-13 0-13 22 Gold

3  Energy use kWh/m?Atemp 46 34 42 Gold

7  Winter thermal climate’ % 8-10 8-11 10 Silver

8 Summer thermal climate’ % 0-10 0-7 102 Gold

"Note: This indicator reports results by zone. The table therefore presents a range of results. The rating is based
on the MB aggregation method (see Subsection 2.1.3).
2Note: The Gold threshold is 15% for buildings without comfort cooling, which is the case here.
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However, indicator 7 falls back to Silver. As shown in Table 5.28, the CAV system in step 7
continuously supplies a large volume of air to the fourth-floor office, creating a significant
cooling load that the radiator actively counteracts. When switching to VAV in Step 8, the supply
airflow is significantly reduced. At reduced flow rates, duct heat losses affect a smaller air
mass, causing a greater temperature drop along the distribution network, and the supply air
temperature decreases from 18.65°C to 18.13°C. Since the supply air temperature is below
the room temperature, the incoming air has a slight cooling effect on the space. As the reduced
airflow lowers the overall cooling load, the radiator output also decreases from 34.76 W/m? to
27.47 W/m2, This reduction is, however, insufficient to fully compensate for the cooler supply
air, leading to the marginal drop in operative temperature. The lower radiator output
additionally contributes to the reduced district heating energy. The conversion from CAV to
VAV pushes the PPD in the fourth-floor office beyond the Gold threshold, dropping it to Bronze
level. As floor 4 represents the worst case zone, this results in an overall Silver rating for
indicator 7 according to the MB aggregation method, meaning no overall Gold rating can be
achieved in this step.

Table 5.28: Thermal comfort and HVAC parameters — offices floor 4 on February 16t

Offices floor 4 Step 7 Step 8
Trin, op [°C] 21.22 21.10
Supply air temperature [°C] 18.65 18.13
Supply air flow [I/s] 513.77 122.54
Max. heat output radiator [W/m?] 34.76 27.47

5.4.2 Step 9: Conversion of Radiator Sensor to Operative Temperature

Although step 8 successfully achieved Gold certification for indicator 3, the conversion to VAV
caused indicator 7 to fall back to Silver. This step therefore targets this remaining deficiency
by addressing the thermal discomfort in the fourth-floor office zone. First, the minimum VAV
air supply rate was increased as an initial test to verify whether improved air distribution could
resolve the thermal discomfort. The lowest value at which all zones still achieved Gold level
for indicator 7 was identified as 1.2 I/(s-m?), resulting in a supply airflow of 420.12 I/s at
18.19°C. As described in Subsection 5.4.1, the higher airflow increases the cooling load on
the space, requiring the radiator to work harder and thereby restoring thermal comfort.
However, this resulted in an increase in energy use to 62 kWh/m?Aw.mp, the highest value
recorded across all renovation steps. This is driven by both the increased fan energy required
to move the larger air volume and the additional heating demand placed on the radiator,
making this approach incompatible with the energy use targets of indicator 3.

Since increasing the airflow is not a viable solution, the VAV settings are kept as defined in
step 8 to preserve the energy savings. The cause of thermal discomfort is therefore the cooler
supply air introduced by the reduced VAV airflow, which the radiator must compensate for. To
address this, the radiator capacity was increased. However, this proved ineffective, as the
radiator still shuts off once the air temperature setpoint is reached, regardless of its capacity.
The issue therefore lies not in the heating capacity but in the control variable itself.
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The radiator sensor was therefore changed from air temperature to operative temperature, as
suggested in Subsection 5.1.4. Since the operative temperature accounts for both air
temperature and mean radiant temperature, the radiator now continues heating until the
operative temperature reaches the setpoint rather than stopping when the air temperature is
satisfied, effectively providing the additional heating needed to counteract the cooling effect of
the VAV supply air. This measure successfully resolved the thermal discomfort, as the PPD
in the fourth-floor office zone decreases to 9%, bringing indicator 7 to Gold certification. The
remaining indicators are unaffected by this measure, as shown in Table 5.29.

Table 5.29: Assessment results of step 9 — Conversion of radiator sensor to operative temperature

Nr. Indicator Name Unit Step8 Step9 Thrct;:s)l:old Rating Step 9
1 Heat output demand W/m2Aom 17.39 17.39 18 Gold

2 Solar heat load' Wim? 0-13 0-13 22 Gold

3  Energy use kWh/m?Atemp 34 34 42 Gold

7  Winter thermal climate’ % 8-11 7-9 10 Gold

8 Summer thermal climate’ % 0-7 0-6 102 Gold

"Note: This indicator reports results by zone. The table therefore presents a range of results. The rating is based
on the MB aggregation method (see Subsection 2.1.3).
2Note: The Gold threshold is 15% for buildings without comfort cooling, which is the case here.

5.4.3 Summary

In summary, Gold certification was achieved in two additional steps following Silver. The
conversion to VAV ventilation proved highly effective in reducing energy use to the Gold level.
The unintended side effect on indicator 7 was successfully resolved by changing the radiator
sensor to operative temperature, ensuring that the radiator continues heating until actual
thermal comfort is achieved. With all five indicators reaching Gold certification, B23 achieves
an overall Gold rating following the implementation of step 9.

67



Overall Discussion

6 OVERALL DISCUSSION

This chapter discusses the findings presented in Chapter 5 and their broader implications,
covering the performance of each indicator and the overall renovation pathway. It furthermore
evaluates across the three dimensions of sustainability which certification level should be
targeted for practical implementation in B23.

The heat output demand followed a clear two-step reduction throughout the renovation
pathway, as shown in Figure 6.1a. Window replacement in step 1 contributed the largest share
of improvement, reducing the heat output demand by 16.06 W/m?A.m and bringing the
indicator directly to Silver certification. The subsequent improvement of the opaque building
envelope in step 7 reduced it further to below the Gold threshold. The disproportionately larger
impact of glazing compared to opaque envelope insulation reflects the particularly poor
thermal performance of the existing windows, which is consistent with the literature identifying
windows as the most critical part of the building envelope due to their poor thermal properties
relative to other components (Brunoro, 2024; Li & Wu, 2025). Two passive measures were
therefore sufficient to bring the indicator from no certification to Gold, confirming that window
replacement presents a high-impact entry point for renovation strategies targeting heat output
demand, particularly in buildings of similar construction.
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Figure 6.1: Development of indicator 1, heat output demand (a) and indicator 2, solar heat load (b) across all
renovation steps. Note: Steps 4 and 5 are shown for completeness but are not recommended as independent
renovation measures in practice (see Subsection 5.2.7).

As shown in Figure 6.1b, window replacement substantially reduced the maximum solar heat
load in the critical corridor zones, and the subsequent installation of external shading devices
brought the indicator directly to Gold certification. Since the renovation pathway prioritised
window replacement as the first measure due to its broad cross-indicator impact, the individual
contribution of external shading could not be directly assessed within the stepwise results. An
additional simulation was therefore conducted in which shading was installed without prior
window replacement. The results showed that external shading alone was sufficient to achieve
Silver certification, suggesting that it is the more critical measure for controlling solar heat
loads, while window replacement provides a complementary contribution through the reduced
g-value of the new glazing. The combination of both measures was nevertheless retained in
the renovation pathway, as window replacement simultaneously targets multiple indicators
and therefore offered a significantly broader impact beyond indicator 2 alone.
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As shown in Figure 6.2, the energy use required three main measures to progress from no
certification to Gold, each corresponding to a different certification level. Window replacement
in step 1 brought the indicator to Bronze, driven by a significant decrease in transmission heat
losses through the glazing. Building envelope improvement in step 7 reduced the energy use
further to Silver level, with the reduction driven exclusively by decreased district heating
demand. To reach Gold certification, a conversion to VAV ventilation was necessary. This
progression highlights that while passive measures alone were sufficient to reach Silver
certification, the active conversion to VAV was necessary to achieve Gold.
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Figure 6.2: Development of indicator 3 — energy use — across all renovation steps. Note: Steps 4 and 5 are
shown for completeness but are not recommended as independent renovation measures in practice (see
Subsection 5.2.7).

As shown in Figure 6.3a, indicator 7 already achieved Bronze certification in the status quo,
making it the only indicator already meeting the minimum certification level. This shows that
occupant discomfort during winter is not a primary concern of the building. Window
replacement in step 1 immediately brought two of the three office zones to Gold, advancing
the overall indicator to Silver. Since the threshold for both Silver and Gold certification is 10%,
the Silver zone is not visible in the diagram. While the added insulation on the building
envelope led to an overall Gold rating, the conversion to VAV ventilation caused it to fall back
to Silver.
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Figure 6.3: Development of indicator 7, winter thermal climate (a) and indicator 8, summer thermal climate (b)
across all renovation steps. Note: Steps 4 and 5 are shown for completeness but are not recommended as
independent renovation measures in practice (see Subsection 5.2.7).

This illustrates the complexity of building renovation, where a measure targeting one indicator
can inadvertently affect another. If a Gold rating for the entire building is targeted, all nine steps
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are necessary, where the change of the radiator sensor to operative temperature resolved the
issue. This highlights that simple control-based measures can effectively compensate for
unintended side effects of more complex renovation steps, and underlines the importance of
evaluating all indicators simultaneously when assessing the impact of each renovation
measure.

Indicator 8 was the most critical indicator throughout the renovation pathway, requiring six
steps before reaching certification, as shown in Figure 6.3b. The overall rating was
consistently determined by the worst-performing zone, the corridor on floor 4, due to its south-
west orientation, narrow geometry and lack of mechanical supply air. Window replacement
and external shading devices already yielded substantial reductions in PPD across all zones,
as visible in the steep decline between the base model and step 2 in Figure 6.3b. This indicates
that the discomfort in the summer was mainly driven by solar heat gains that were effectively
removed through the implementation of step 1 and 2. However, these measures alone were
insufficient to achieve certification, as the accumulated heat towards the end of the occupancy
period and the overnight heat release from the building fabric continued to drive thermal
discomfort beyond the threshold.

The thermal mass of the building proved to be a double-edged sword in this context. In the
status quo, it acted as a heat accumulator, absorbing thermal energy during the day and
releasing it back into the zone overnight, preventing thermal recovery and driving severe
overheating. Once nighttime ventilation was implemented in step 6, however, the same
thermal mass became a valuable cooling asset. By discharging the stored heat overnight
through controlled natural ventilation, the building fabric began each day in a thermally neutral
state, providing sufficient capacity to absorb daytime heat gains without releasing them back
during occupied hours. This transformation highlights that the effectiveness of a building's
thermal mass depends not on its presence alone, but on how intelligently it is utilised through
control strategies. This finding has broader implications for buildings of similar construction,
that share comparable thermal mass characteristics and may face similar summer overheating
challenges. The results suggest that nighttime ventilation, combined with smart window
control, presents a highly effective and low-cost passive cooling strategy for this building
typology, requiring no structural modifications and minimal investment. Rather than treating
the thermal mass as a problem to be overcome through active cooling, it can be leveraged as
a resource.

Across all indicators, window replacement emerged as the single most impactful renovation
measure. It simultaneously improved all indicators, even though solar heat load and summer
thermal comfort were not improved sufficiently to reach Bronze certification. The fact that a
single measure led to improvements across nearly all indicators makes it a particularly efficient
starting point for renovation, suggesting its potential as a prioritised measure for buildings of
similar construction. However, the remaining measures were evaluated step-wise following
window replacement, meaning their individual contributions may differ if implemented in
isolation or in a different order.

Building envelope improvement also affected multiple indicators, reducing heat output
demand, energy use, and improving winter thermal comfort, although its individual effect per
indicator was smaller compared to window replacement. This suggests that passive measures
overall had the broadest impact across the renovation pathway, which is consistent with
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literature findings. Ma et al. (2012) suggested that passive strategies vyield greater
environmental benefits than active strategies at comparatively lower cost to implement.

Overall, as all individual indicators reach Gold certification, the entire building in the scope of
this study is eligible for Gold certification. Each certification level is possible to be reached with
different renovation packages necessary, as summarised in Table 6.1 below.

Table 6.1: Recommended renovation measures for B23 to achieve MB Bronze, Silver and Gold certification

MB Bronze Certification MB Silver Certification MB Gold Certification
e Window replacement e All Bronze measures e All Silver measures
e Installation of external e Building envelope e Conversion to VAV
shading improvement ventilation
e Extension of openable e Conversion of radiator
window area sensor to operative
¢ Nighttime ventilation temperature

It becomes visible that Bronze certification requires the most renovation measures, whereas
Silver can be reached with one additional measure and Gold with two more after reaching
Silver. This reveals that the primary challenge lies not in achieving a high certification level,
but in achieving certification at all. Once the fundamental deficiencies of a building are
addressed, higher certification levels can be reached with fewer measures necessary.
However, whether this also translates into lower financial effort remains unclear, as no cost
analysis was conducted in this study. It is furthermore notable that the renovation pathway to
achieve Bronze and Silver certification relied exclusively on passive measures. This approach
was deliberately chosen to avoid increasing the energy use, which would otherwise rise with
active measures such as comfort cooling or extended AHU operation and prevent certification
for indicator 3. Active measures only became necessary at the Gold level, where the
conversion to VAV ventilation proved highly effective in reducing energy consumption rather
than increasing it.

In order to determine which certification level should be targeted for practical implementation
in B23, the three dimensions of sustainability, social, ecological, and economic, can help
evaluate that decision.

In terms of the ecological dimension, renovation measures reaching Gold certification are most
desirable. The highest certification level corresponds to the greatest energy savings and
lowest CO2 emissions, while simultaneously providing the highest thermal comfort throughout
the year. This aligns with the sustainability goals of Akademiska Hus, the owner of the building,
that has committed to net zero emissions by 2040 (AHb, n.d.).

The thermal comfort improvements directly address the social dimension of sustainability.
Higher thermal comfort has measurable effects on the productivity and well-being of
occupants. As discussed in the literature review, MacNaughton et al. (2017) found that
occupants of high-performing certified buildings demonstrated better cognitive performance,
higher sleep scores, and fewer sick building symptoms. However, the buildings included in
that study were certified across a range of certification levels, not exclusively the highest. This
indicates that certification itself already has a noticeable positive effect on occupants, meaning
that Bronze or Silver certification may already be sufficient to generate meaningful
improvements. As the results of this study showed, both Bronze and Silver already reduced
thermal discomfort significantly compared to the status quo. Depending on the costs
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associated with the respective renovation packages, Bronze certification therefore already
presents a valuable opportunity.

Beyond the direct benefits for occupants, higher certification would also serve as a visible
sustainability signal for both stakeholders. This is further supported by KTH's sustainability
policy, which explicitly requires Miljébyggnad certification for refurbishment projects and aims
for the highest certification level (KTH, 2026a, 2026b).

From an economic perspective, Ugur and Leblebici (2018) demonstrated that LEED-certified
buildings achieve substantial reductions in annual energy costs, with Gold-certified buildings
saving 31% and Platinum-certified buildings saving 40%. While the specific relationship for
Miljobyggnad has not yet been quantified, the reduced resource consumption associated with
higher certification levels generally leads to lower operative costs, resulting in financial savings
for the building owner. Since indicator 3, energy use, only reaches Gold certification when the
overall building reaches Gold, it represents the most impactful level in terms of operative cost
reduction.

Studies have further shown that certified buildings achieve price premiums compared to non-
certified properties. In Europe, green certification is associated with a price premium of
approximately 19% for office buildings (Porumb et al., 2020), which would provide direct
financial benefits for Akademiska Hus as the building owner. However, the influence of
certification levels on willingness to pay varies significantly across markets. While Heinzle et
al. (2013) found that buyers in Singapore were willing to pay more than twice the price
premium for the highest certification level compared to the lowest, Jang et al. (2018) found no
such effect in the Seoul real estate market, where the presence of certification alone was the
decisive factor regardless of level. Whether higher Miljébyggnad certification levels generate
measurable price premiums in the Swedish context therefore remains unclear and warrants
further research.

In terms of certification costs, the certification fee itself does not constitute the main financial
burden. The dominant cost factor arises from the consultants and experts required to prepare
and compile the documentation necessary for the certification process, with higher certification
levels requiring considerably more effort and therefore higher costs (Ade & Rehm, 2020;
Marchi et al., 2021). This suggests that from a purely economic standpoint, Bronze certification
may be the more financially viable target.

Ultimately, although environmental awareness has increased in recent years, costs remain the
primary decision-making criterion in retrofitting projects (Felius et al., 2020). Since no cost
analysis was conducted in this study, no definitive recommendation can be made regarding
the target certification level. A detailed cost-benefit analysis, specifically examining the cost
differences between the renovation packages required for Bronze, Silver, and Gold
certification, would therefore be a necessary next step to support well-founded implementation
decisions.
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7 CONCLUSION

This thesis explored which renovation measures are required for Brinellvagen 23 to achieve
Miljébyggnad Bronze, Silver, and Gold certification, and examined how these measures differ
across certification levels. In order to do so, dynamic building simulations were conducted in
IDA ICE to systematically evaluate the building’s performance against five Miljdbyggnad
indicators: heat output demand, solar heat load, energy use, winter and summer thermal
climate.

First, the current performance of the building was analysed to identify the critical indicators
and performance shortcomings. This revealed that the building does not meet certification
requirements for any indicator, with the exception of winter thermal climate, which already
reaches Bronze level.

To reach overall Bronze certification, four renovation measures were required: window
replacement, installation of external shading devices, extension of the openable window area,
and the implementation of nighttime ventilation. Silver certification is reached with one
additional step, the improvement of the opaque building envelope. Gold certification requires
two further measures: a conversion to a VAV ventilation system and an adjustment of the
radiator sensor to operative temperature control.

Each certification level was determined by a different critical indicator. Summer thermal climate
proved to be the decisive factor for Bronze, only meeting the threshold after the
implementation of nighttime ventilation. For both Silver and Gold, energy use was the critical
indicator. At the Gold level, the conversion to VAV ventilation additionally caused a slight
deterioration in winter thermal climate, which was resolved through the adjustment of the
radiator sensor. This highlights that renovation measures can have unintended effects on other
indicators, underlining the importance of evaluating all indicators simultaneously.

The results further show that passive measures, window replacement and building envelope
improvement, had the broadest effect across all indicators, whereas the remaining measures
targeted specific indicators only. Passive measures alone were sufficient to reach Bronze and
Silver certification, with active measures only becoming necessary at the Gold level.
Furthermore, the most renovation steps were required to reach Bronze, indicating that the
primary challenge lies not in achieving a high certification level, but in achieving certification
at all. Once the fundamental deficiencies of the building are addressed, higher certification
levels can be reached in comparatively fewer steps.

The case of Brinellvdgen 23 demonstrates that even a building constructed in 1967 with poor
initial performance can meet current sustainability standards across all three Miljdbyggnad
certification levels through a targeted and comparatively modest number of renovation
measures. The identified renovation packages furthermore provide a practical basis for
decision-making, allowing building owners to select the appropriate certification level
according to their budget and sustainability ambitions. Given that the vast majority of Europe's
building stock was constructed before the year 2000 and continues to perform well below
current standards, findings of this kind extend beyond the individual building and highlight the
potential of green building certification systems as a practical tool for guiding renovation
decisions. This not only contributes to the increase of renovation rates and the associated
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reduction in energy consumption but also reduces the need for demolition and the demand for
new construction materials, ultimately achieving a more sustainable building sector.
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8 FUTURE WORK

While this study demonstrates a viable renovation pathway for B23, several aspects remain
outside its scope and present opportunities for future research. In particular, the following
points should be taken into account:

The analysis is restricted to five of the 15 MB indicators that can be assessed through
IDA ICE simulation. To evaluate whether the building would reach a full building
certification, the remaining 10 indicators need to be evaluated.

Only the high-rise office section of B23 was assessed in this study. To verify whether
the entire building is eligible for certification, the complete building complex needs to
be assessed.

No cost analysis was conducted. As investment costs remain a decisive factor in
renovation decisions, a detailed cost analysis of the proposed measures would be
valuable to support practical implementation.

The simulations were performed using a current climate file for Stockholm. As climate
change is expected to alter weather patterns in Sweden, future weather files should
be incorporated to assess the long-term effectiveness of the proposed measures,
particularly the nighttime ventilation strategy whose cooling potential may decrease as
outdoor temperatures rise.

The renovation measures were evaluated sequentially, meaning their individual
contributions could not be fully isolated. Future research should assess each measure
in isolation to quantify its singular effect, and additionally explore alternative
implementation sequences based on cost-effectiveness to identify the most financially
viable renovation pathway.

Studies have shown that the influence of certification levels on willingness to pay varies
significantly across markets. Further research into whether higher MB certification
levels generate measurable price premiums in the Swedish context would provide
valuable guidance for building owners considering which certification level to pursue.
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A APPENDIX: CASE STUDY

FASAD MOT NORDOST Punt-200m

Figure A.1: North-east facing facade of Brinellvégen 23. Above: architectural sketch (A-40.3-101, 2009), below:
current exterior view
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Figure A.2: North-west facing fagade of Brinellvdgen 23. Above: architectural sketch (A-40.3-102, 2009), below:
current exterior view
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Figure A.3: South-west facing fagade of Brinellvdgen 23. Above: architectural sketch (A-40.3-101, 2009), below:
current exterior view
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Figure A.4: South-east facing fagade of Brinellvdgen 23. Above: architectural sketch (A-40.3-102, 2009), below:
current exterior view
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Figure A.5: Brinellvdgen 23 floor plan basement (A-40.1-101, 2009)
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Figure A.7: Brinellvdgen 23 floor plan floor 2 (A-40.1-103, 2009)
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Figure A.8: Brinellvdgen 23 floor plan floor 3 (top), 4 (middle) and 5 (bottom) (A-40.1-104, 2009)

Table A.1: Weighted average U-value - Facade B23

Exterior Wall Component U-value [W/m2K] Area [m?] U*A [W/K]
Primary Facade Wall 0.3056 1088.61 332.6784
Facade Ventilation Rooms 1.274 174.14 221.8513
Total Area [m?] 1262.74
Weighted Average U-value [W/m2K] 0.4391
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Table A.2: Weighted average U-value - Roof B23

Roof Component U-value [W/m2K] Area [m?] U*A [WIK]
Primary Roof Floor 4 0.2154 393.13 84.6798
Roof Ventilation Rooms Floor 5 0.172 147.42 25.3562
Total Area [m?] 540.55
Weighted Average U-value [W/m2K] 0.2036
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B APPENDIX: IDA ICE

Table B.1: Schedule “office_general”

Table B.2: Schedule “corridor_occupant_general”

Weekday profile

Weekend and holiday profile

Time Value Time Value
00:00 0.0

08:00 0.0

08:00 1.0

17:00 1.0 Always 0
17:00 0.0

24:00 0.0

Weekday profile

Weekend profile

Holiday profile

“corridor_occupant_daily”

“corridor_occupant_weekend”

“corridor_occupant_vacation”

Time Value Time Value Time Value
00:00 0.0 00:00 0.0 00:00 0.0
08:00 0.0 09:50 0.0 09:50 0.0
08:05 0.1 10:00 0.15 10:00 0.15
08:10 0.2 15:20 0.15 15:20 0.15
08:20 0.4 19:00 0.055 19:00 0.05
08:30 0.5 00:00 0.0 24:00 0
08:40 0.7

08:50 0.85

09:30 0.85

09:40 0.7

11:30 0.6

11:40 0.5

12:00 0.2

13:00 0.2

13:15 0.75

13:25 0.75

14:45 0.7

14:55 0.6

15:15 0.6

15:30 0.75

15:50 0.7

16:00 0.75

16:30 0.7

17:30 0.3

18:30 0.1

21:00 0.02

24:00 0.0

Table B.3: Schedule “corridor_lighting”

Weekday profile

Weekend and holiday profile

Time Value Time Value
00:00 0.0

08:00 0.0

08:00 1.0 Always 0
20:00 1.0
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20:00

0.0

24:00

0.0

Table B.4: Schedule “office_equipment”

Weekday profile

Weekend profile

Holiday profile

“office_equipment_sched

“office_equipment_weekend”

“office_equipment_vacation”

ule”

Time Value Time Value Time Value

00:00 04 00:00 0.4 00:00 0.4

09:50 04 09:50 0.4 09:50 0.4

10:00 1.0 10:00 0.5 10:00 0.5

12:00 1.0 16:30 0.5 14:00 0.6

12:15 0.5 19:00 0.4 16:30 0.5

13:00 0.5 24:00 0.4 19:00 0.4

13:15 1.0 24:00 04

16:30 1.0

19:00 04

24:00 04

Table B.5: Window Measurements IDA ICE model
Window Height Width Area  Amount Open in Open after
[m] [m] [m?] per Status Quo? Step 3?
floor
SE Staircase 1.905 1.96 3.73 1 No Yes
NW Staircase 1.905 1.96 3.73 1 No Yes
Corridor Window Small 0.72 0.8 0.58 3 Yes Yes
Corridor Window Large 0.72 35.21 25.35 3 No Yes
Office Window Small 1.36 13.52 18.39 1 Yes Yes
Office Window Large 1.36 52.78 71.78 1 No Yes
Total Openable Area 60.39 m? 457.67 m?

Table B.6: Schedule “schedule_open_windows”

Weekday profile

Weekend and holiday profile

Time Degree of Opening Time Value
00:00 0.0

09:00 0.0

09:00 0.5

16:00 0.5 Always 0

16:00 0.0

24:00 0.0

Table B.7: Schedule “office_doors”

Weekday profile

Weekend and holiday profile

“offices_daily” “corridor_weekend”
Time Value Time Value
00:00 0.0 00:00 0.0
08:00 0.0 09:50 0.0
08:05 0.1 10:00 0.15
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08:10 0.2 15:20 0.15
08:20 0.4 19:00 0.055
08:30 0.5 00:00 0.0
08:40 0.7

08:50 0.85

09:30 0.85

09:40 0.7

11:30 0.6

11:40 0.5

12:00 0.2

13:00 0.2

13:15 0.75

13:25 0.75

14:45 0.7

14:55 0.6

15:15 0.6

15:30 0.75

15:50 0.7

16:00 0.75

16:30 0.7

17:30 0.3

18:30 0.1

21:00 0.02

24:00 0.0

Table B.8: Schedule “corridor_door”

Weekday profile Weekend and holiday profile

“corridor_daily” “corridor_weekend”
Time Value Time Value
00:00 0.0 00:00 0.0
08:00 0.0 09:50 0.0
08:05 0.2 10:00 0.15
08:10 0.2 15:20 0.15
08:20 0.15 19:00 0.055
08:30 0.1 00:00 0.0
08:40 0.1
08:50 0.2
09:30 0.2
09:40 0.1
11:30 0.1
11:40 0.15
13:15 0.15
13:25 0.1
14:45 0.1
14:55 0.15
15:15 0.15
15:30 0.1
15:50 0.15
16:00 0.2
16:30 0.15
17:30 0.15
18:30 0.1
21:00 0.0
24:00 0.0
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Table B.9: Schedule “corridor_door_b”

Weekday profile Weekend and holiday profile

“corridor_daily b” “corridor_weekend”
Time Value Time Value
00:00 0.0 00:00 0.0
08:00 0.0 09:50 0.0
08:05 0.1 10:00 0.15
08:10 0.1 15:20 0.15
08:20 0.05 19:00 0.055
08:30 0.0 00:00 0.0
08:40 0.0
08:50 0.05
09:30 0.05
09:40 0.0
11:30 0.0
11:40 0.05
13:15 0.05
13:25 0.0
14:45 0.0
14:55 0.05
15:15 0.05
15:30 0.0
15:50 0.02
16:00 0.05
16:30 0.05
17:30 0.02
18:30 0.0
21:00 0.0
24:00 0.0

Table B.10: Schedule “07-19 vardager”

Weekday profile Weekend and holiday profile
Time  Degree of Opening Time Value
00:00 0.0
07:00 0.0
07:00 1.0
19:00 1.0 Always 0
19:00 0.0
24:00 0.0
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Figure B.1: Mean air temperature and operative temperature in the fourth-floor corridor on July 26 — status quo

Table B.11: Simulated supply air conditions and ventilation heat removal per zone — Indicator 8: summer thermal
climate

. Supply air Removed heat
Zone Supply air flow [l/s] ten‘:::e{ature [°C] ventilation [W]
Corridor_floor_4 0.0 36.04 1959.00
Offices_floor_4 507.0 18.67 11236.00
StCa_2 3 4 0.0 32.09 0.00
StCb 2 3 4 0.0 31.58 0.00
‘T
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Figure B.2: Mean air temperature and operative temperature in the fourth-floor offices on July 8" — status quo
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Figure B.3: Mean air temperature and operative temperature in south-eastern staircase on July 8% — status quo
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Figure B.4: Exterior temperature curve in Stockholm on July 8"
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Figure B.5: IDA ICE window opening control macro for step 5
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Figure B.6: IDA ICE window opening control macro for step 6

Table B.12: Weighted average U-value of the improved facade — Step 7

Exterior Wall Component U-value [W/m?K]  Area [m?] U*A [W/K]
Primary Fagade Wall 0.1649 1088.61 179.5113
Facade Ventilation Rooms 0.1673 174.14 29.1332
Total Area [m?] 1262.74
Weighted Average U-value [W/m2K] 0.1652

Table B.13: Weighted average U-value of the improved roof — Step 7

Roof Component U-value [W/mZ?K] Area [m?] U*A [WIK]
Primary Roof Floor 4 0.1299 393,13 51.0673
Roof Ventilation Rooms Floor 5 0.1289 147,42 19.0024
Total Area [mZ2] 540.55
Weighted Average U-value [W/m2K] 0.1296
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Figure B.7: Primary fagade before (a) and after adding thermal insulation (b)
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Figure B.8: Ventilation room fagade before (a) and after adding thermal insulation (b)
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Figure B.9: Floor 4 roof before (a) and after adding thermal insulation (b)
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Figure B.10: Ventilation room roof before (a) and after adding thermal insulation (b)
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