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Abstract

The recast Energy Performance of Buildings Directive introduces binding Minimum Energy
Performance Standards for existing non-residential buildings, requiring Member States to identify and
renovate the worst-performing segments of their building stock. This study develops and applies an
integrated framework for evaluating energy renovation measures in office buildings, addressing building
category selection, model fitting under data uncertainty, and techno-economic assessment of renovation
packages.

Two office buildings of similar construction period in Stockholm, both connected to district heating,
were selected as case studies. Building energy models were developed and fitted against measured
heating energy data, based on the most impactful parameters, followed by a parametric simulation
evaluated against the calibration criteria of ASHRAE Guideline 14. Three energy models were retained
per building to preserve residual modelling uncertainty. Among the input parameters investigated,
ventilation system parameters showed the strongest influence on simulated heating demand.

A systematically selected set of renovation combinations was evaluated through parametric simulation,
assessed using energy savings and simple payback time for individual measures and a profitability
framework for packages. Ventilation-related measures, specifically AHU replacement and conversion
from constant to variable air volume operation, consistently delivered the highest energy savings
combined with short payback times across both buildings and all energy models with average return on
investment of 27 % and 40 %, respectively. At the package level, the replacement of the air handling
unit together with LED lighting formed a high-return renovation package with a cumulative return on
investment above 30 %. The further conversion of the ventilation system control from constant air
volume to variable air volume increased the energy savings while keeping the package return on
investment above 25 %. Adding roof insulation to the package consistently yielded moderate returns,
with a cumulative return on investment of approximately 20 %. Window replacement provided a
secondary contribution but highly sensitive to the precondition of the existing windows, at substantially
higher investment cost. Lighting and pump replacement had marginal impact on total energy use despite
relatively low investment.

The ranking of measures remained consistent across the three energy models selected per building,
suggesting limited impact on the choice of interventions to modelling uncertainty for the building
characteristics studied. The methodology supports structured identification of effective renovation
pathways for office buildings sharing similar functional characteristics, providing a pathway to support
energy improvement required by Minimum Energy Performance Standards under the recast Energy
Performance of Buildings Directive.
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Pareto Front

Sensitivity Screening

Model inputs identified through sensitivity screening as having a high
impact on simulation output and therefore selected as model fitting
variables in the process.

The return on investment of an additional renovation measure when
added to an existing package, used to order measures along the
renovation path.

A structured process in which uncertain input parameters are varied and
evaluated against measured energy data to reduce discrepancies between
simulated and measured heating demand. This process does not claim to
produce a physically correct or unique representation of the building but
rather identifies a set of plausible parameter combinations that satisfy
accepted statistical criteria.

Model inputs that cannot be determined from direct evidence (e.g.,
infiltration rate, internal gains, occupant behaviour, set-point
deviations).

Model inputs supported by direct evidence from as-built drawings,
technical documentation, site inspections, or verified geometric data.

The set of renovation packages for which no alternative achieves both
lower cost and lower energy use simultaneously; visualised as a trade-
off boundary.

An initial analysis identifying which input parameters have a high
impact on simulation output, used to select parameters for further
calibration.



1 Introduction

The European Union aims to become the world's first climate-neutral continent by 2050, with Sweden
targeting climate neutrality by 2045. Buildings represent approximately 40% of final energy use in the
EU , and improving their energy performance is recognised as one of the most cost-effective pathways
toward these targets (EPBD (Recast) 2024).

In line with the EU Renovation Wave (European Commission 2020), the recast Energy Performance of
Buildings Directive (EPBD) introduces Minimum Energy Performance Standards (MEPS) for existing
non-residential buildings, establishing binding renovation obligations for the worst-performing
segments of the building stock. In Sweden, Boverket delivered the first interim report on MEPS in
October 2024 (Boverket 2024), analysing the existing non-residential stock as of 2020 and proposing
energy performance thresholds for two target years. Buildings representing the worst-performing 16 %
of the stock are required to meet the first threshold by 2030, increasing to 26 % by 2033. These
requirements must be transposed into Swedish law by May 2026 (Boverket 2025)

These standards create an urgent need to identify and implement effective renovation strategies, as
building owners and policymakers must develop concrete pathways to meet compliance deadlines.
However, determining effective renovation strategies is complex due to the variety of building functions,
internal loads, and operational patterns across the non-residential sector. The frequent discrepancy
between measured and simulated energy use, known as the Energy Performance Gap (EPG), adds further
complexity, reducing confidence in predicted savings and hindering decision-making (Lassen et al.
2024).

This study addresses these challenges by developing and applying an integrated framework for
evaluating energy renovation measures in non-residential buildings, selecting office buildings as the
most appropriate category for analysis. The framework covers building category selection, energy model
fitting under data uncertainty, and techno-economic assessment of renovation packages applied to two
case study buildings in Stockholm.

1.1 Objectives

This thesis aims to investigate energy and cost-effective renovation strategies for existing non-
residential buildings in Sweden, with a focus on office buildings as a representative category of the non-
residential stock. Through a structured modelling and evaluation framework, the study develops a
method for identifying renovation pathways to support energy improvement required by MEPS under
the recast EPBD. The work addresses the challenge of evaluating renovation potential under data
uncertainty, a common condition when working with existing building stock, by developing and
applying a systematic model fitting process based on measured energy data. The study was carried out
in collaboration with Zerotude AB, an innovative startup based in Lund specialising in large-scale
energy renovation strategies.

The study aims to investigate the following:

e Identification of the most appropriate non-residential building category for analysis in the
context of MEPS legislation and the Swedish building stock

e Determination of appropriate modelling assumptions and critical input parameters for energy
performance simulation of the selected building category, addressing the performance gap
between measured and simulated energy use

e Development and application of a model fitting framework that explicitly accounts for data
uncertainty in existing buildings



e Evaluation of energy renovation measures and packages in terms of energy savings, cost of
conserved energy, and economic return, identifying renovation pathways that balance technical
performance with financial viability
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2 Background and regulatory framework

This chapter establishes the regulatory context within which the present study is situated. Energy
renovation of non-residential buildings in Sweden is currently shaped by a layered policy framework
that originates at the European Union level and is progressively translated into national legislation,
technical guidelines, and verification practices.

The chapter is organised into two parts. First, it introduces the European Union Energy Performance of
Buildings Directive (EPBD), outlining its overall objectives, the role of the Renovation Wave initiative
within its most recent recast, and the introduction of Minimum Energy Performance Standards (MEPS)
for non-residential buildings. Second, it addresses the implementation of the EPBD in Sweden, covering
its transposition into national law, the structure of the Swedish energy performance certification and
regulatory framework.

2.1 European Union EPBD

2.1.1 Overview and objectives of the EPBD

The building sector represents one of the largest sources of energy usage and greenhouse gas emissions
in the European Union (EU), accounting for approximately 40 % of final energy use and around 36 %
of energy-related greenhouse gas emissions, while a substantial proportion (75 %) of EU buildings are
still energy-inefficient. As a result, improving the energy performance of buildings is recognised by the
EU as a critical and cost-effective measure to reduce emissions and support the transition towards
climate neutrality (EPBD (Recast) 2024).

The EPBD was first adopted in 2002 with the objective of establishing a common framework for
improving the energy performance of buildings across Member States (DIRECTIVE 2002/91/EC). The
initial focus of the Directive was on harmonising calculation methodologies, introducing minimum
energy performance requirements for new buildings, and providing transparency through Energy
Performance Certificates (EPCs) (EPBD 2002).

Subsequent revisions of the EPBD in 2010 and 2018 progressively expanded the scope and ambition of
the Directive. The 2010 revision (DIRECTIVE 2010/31/EU) introduced the concept of Nearly Zero-
Energy Buildings (NZEBs), strengthened requirements for technical building systems (EPBD (Recast)
2010; Kalaycioglu and Yilmaz 2018).

The 2018 act (DIRECTIVE (EU) 2018/844) amends the 2010 EPBD. Its main shift is from “design of
new buildings” to “deep renovation, digitalisation and smart readiness of the existing stock”. As stated
in Article 2a each EU nation must develop a comprehensive strategy to decarbonize its entire building
sector by 2050. This involved creating a roadmap to cost-effectively renovate all private and public
buildings, with the aim of turning them into energy-efficient, nearly zero-energy structures (EPBD
Amendment 2018). Despite these advances, EU policy for the existing building stock continued to rely
primarily on financial incentives, information instruments and long-term renovation strategies, while
binding obligations remained largely limited to major renovations and the replacement of building
elements or systems (Economidou et al. 2020).

The 2024 recast of the EPBD (DIRECTIVE (EU) 2024/1275) marks a fundamental shift in regulatory
approach by explicitly addressing the energy performance of existing buildings and introducing binding
renovation requirements, by the recognition that voluntary renovation rates are insufficient to meet
climate targets within the required timeframe. A central objective of the recast EPBD is the introduction
of MEPS, which require Member States to identify the worst-performing buildings within their national
building stock and ensure that these buildings are renovated to meet defined energy performance
thresholds by specified target years. Article 9 of the directive establishes a progressive compliance
pathway for non-residential buildings, targeting the worst-performing segments of the stock rather than
imposing uniform requirements across all buildings (EPBD (Recast) 2024).

11



2.1.2 The renovation wave initiatives and its role in the EPBD recast

The Renovation Wave initiative (COM (2020) 662 final) was launched by the European Commission in
2020 as part of the European Green Deal, as a strategic response to persistently low renovation rates
across the EU. At the time of its adoption, annual renovation rates were estimated at approximately 1 %
of the building stock, with the majority of interventions classified as shallow renovations delivering
limited energy savings (European Commission 2020).

The Renovation Wave established ambitious targets that MEPS operationalize reducing building sector
greenhouse gas emissions by 60 % and final energy use by 14 % by 2030 compared to 2015 levels.
Therefore, the objective of Renovation Wave was aiming to renovate 35 million buildings by 2030, at
least doubling the annual rate of energy renovations in the EU. The Renovation Wave directly drove the
creation and implementation of MEPS as a core mechanism to accelerate building renovations across
Europe (European Commission 2020).

The revised EPBD, finalized in May 2024 (DIRECTIVE (EU) 2024/1275), embedded MEPS as the
primary policy instrument to deliver on these goals by creating legally binding renovation obligations
rather than relying on general encouragement.

2.1.3 MEPS for non-residential buildings

DIRECTIVE (EU) 2024/1275 in article 9(1) introduced MEPS for non-residential buildings on the basis
of maximum energy performance thresholds (EPBD (Recast) 2024).

MEPS established mandatory energy performance thresholds for existing non-residential buildings,
requiring Member States to ensure that the worst-performing segments of their building stock are
renovated to achieve minimum levels of energy efficiency within defined timeframes. Member States
are required to identify the worst-performing buildings using a reference year, set at 2020, and ensure
that at least the worst-performing 16 % of non-residential buildings meet a minimum energy
performance threshold by 2030, increasing to 26 % by 2033.

Each Member State shall set a maximum energy performance threshold as a whole or per building type
or category of buildings. The Directive allows Member States to define MEPS thresholds using either
primary or final energy indicators, provided that the chosen metric is consistent based on national energy
performance data.

The maximum energy performance threshold for non-residential buildings may be set as a value for the
whole stock, or buildings may be grouped into categories to reflect differences in function or usage
patterns, enabling differentiated thresholds across building types such as offices, educational buildings,
healthcare facilities, and commercial premises.

2.2 Implementation of EPBD in Sweden

2.2.1 Transposition of the EPBD into Swedish law

The Swedish National Board of Housing, Building and Planning (Boverket) issues detailed rules through
Boverket’s Building Regulations (BBR). Energy performance requirements for buildings have been
regulated through BBR since 2006, with successive revisions between 2006 and 2017 progressively
tightening energy performance standards for new constructions. These developments established a
regulatory foundation aligned with the objectives of the EPBD, particularly regarding improved energy
efficiency and performance-based requirements (Karlsson Hjorth et al. 2021)

Sweden had already implemented most elements of the EPBD by 2014. Following the 2010 and 2018
revisions of the EPBD, Sweden further developed its regulatory framework focused on developing and
refining the regulations for NZEB. NZEB requirements were introduced into the Planning and Building
Ordinance (PBF 2011:338) in December 2016 and subsequently implemented in BBR (BFS 2011:6) in
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2017. These changes introduced the primary energy number (priméirenergital) as the main indicator for
assessing building energy performance, and the NZEB framework was further extended in 2018 to the
Swedish system for EPCs, regulated through Boverket’s provisions (BED, BFS 2007:4). Subsequent
revisions in 2020 introduced weighting factors for different energy carriers and further strengthened
overall energy performance requirements (Karlsson Hjorth et al. 2021).

In 2017, Sweden's building stock accounted for 39 % of final energy usage. Temperature-corrected
statistics, normalized by building surface area, reveal a positive trend from 1995 to 2017: energy use
declined by 33 % in single-family houses, 22 % in residential apartment buildings, and 21% in non-
residential buildings (Karlsson Hjorth et al. 2021).

In preparation for the implementation of the EPBD recast (Directive (EU) 2024/1275), Boverket has
been assigned responsibility for analysing how new requirements, including MEPS for existing non-
residential buildings, can be integrated into the Swedish regulatory framework. As part of this process,
Boverket delivered the first interim report on MEPS in October 2024. According to the national
implementation timetable, the transposition of the recast EPBD into Swedish law is required to be
completed by May 2026, in accordance with EU obligations (Boverket 2026a).

2.2.2 Swedish energy performance certification and regulatory framework

EPCs were introduced by the EU’s EPBD in 2002. The directive requires member states to use
standardized methods to assess and certify building energy use, helping owners, tenants, and
policymakers make informed decisions about building energy performance (EPBD 2002). In Sweden,
the Energy Declaration Act introduced EPCs in 2006, with data collection starting in 2007. EPCs
became mandatory for buildings that are sold or rented, frequently visited by the public, or newly
constructed (Energy Declaration Act 2006).

BBR, issued by Boverket, provides the detailed regulatory framework for building performance in both
new builds and renovation projects in Sweden. These regulations include mandatory requirements and
general guidelines, with Chapter 9 specifically addressing energy performance (BBR 29 2011).

In Sweden, energy performance assessment begins during the design phase, when calculated energy
performance is submitted to the municipality as part of the building permit application. After
completion, the building’s actual energy use must be measured, and an EPC is issued by a certified
energy expert. During the first two years of operation, energy performance is monitored and adjusted to
ensure compliance before the final EPC is issued (Bandak et al. 2025). According to BBR (BFS 2011:6),
Chapter 9:25, compliance with the primary energy requirement in Section 9:2 must be verified in the
completed building. The measured data for existing buildings are normalized to represent “normal use”
and a “normal year,” in accordance with Boverket’s BEN regulations (BFS 2017:6) (Boverket 2016;
BBR 29 2011).

Boverket defines a building’s energy use under normal use during a normal year, as the energy needs to
be delivered to a building (usually referred to as purchased energy) for heating, comfort cooling,
domestic hot water, and the building's property energy (Equation (1). Boverket’s BEN regulations
(BFS 2017:5) specifies that measured energy must be corrected to account for typical user behaviour,
indoor temperatures, internal gains, and a reference climate year (Bandak et al. 2025). In short, measured
use is “normalized” so that the energy performance reflects standard conditions, thus making EPCs
comparable across buildings. BBR then requires that compliance with the Planning and Building Act’s
energy requirement (section 9:2 in BBR) be verified using those BEN-corrected values.

Epeq = uppy T Ekyl + Eppy + Ef (1)
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Where Eje, is building’s total delivered energy in kWh/yr, E; .y, is energy for space heating in kWh/yr,
Ejy 1s building’s energy for comfort cooling in kWh/yr, Ey,,,, is delivered energy for domestic hot water
in kWh/yr, and E is building property electricity in kWh/yr.

The Sveby programme (initiated in 2006) is a joint industry effort supporting these rules by providing
standardized contracts, calculation templates, and measurement protocols (Sveby 2026). These tools
have influenced key official rules, such as BEN guidelines (Wahlstrom 2008). Sveby offers
standardized input data recommendations derived from statistical analysis. In short,
Sveby interprets BBR 9:2-9:25 for practitioners. For designers, Sveby supplies the default inputs for a
“normal-use” energy calculation, and for operators it gives procedures to verify performance. Swedish
building professionals widely use Sveby to reduce uncertainty and improve compliance (Bandak et al.
2025).

Under BBR, a building’s energy performance is expressed as a primary energy number (E Py ), in kWh
per heated floor area per year. E Py, is calculated by summing each end-use energy demand (heating,
cooling, hot water, and building electricity) weighted by primary energy factors, correcting
space-heating by a geographic factor, and dividing by heated area (areas heated to more than 10°C)
(Equation (2)). The climate correction factor equalizes heating needs across climates, so that identical
buildings have the same E P, regardless of location. BBR sets maximum allowed E P,,; by building
category (Bandak et al. 2025).

6
E .
E 3 (% + Eyri + Evpni + Ef,l-) X VF; )
EPpet =

Atemp

E Py is primary energy number of the building in kWh/(m*-yr), i is index representing different energy
carriers, Eyppy; 18 delivered energy for space heating in kWh/yr, Fye,is geographical adjusting factor,
Ejy1,i 1s delivered energy for space cooling in kWh/yr, Ey,,,; is delivered energy for domestic hot water
in kWh/yr, Ef ; is building property electricity in kWh/yr, VF; is primary energy factor, and A¢epy, 1S

heated floor area in m2.

2.2.3 Boverket’s MEPS interim report (2024)

In October 2024 Boverket published an interim report on Sweden’s MEPS for existing non-residential
buildings (Boverket 2024). This study uses the Swedish EPC register to characterize the 2020 non-
residential stock and to compute preliminary primary-energy-based thresholds in kWh/(m?-yr) for
MEPS by 2030 and 2033.

Boverket’s analysis is based on a comprehensive dataset that merges EPCs from multiple years to cover
as much of the 2020 building stock as possible. The dataset includes EPCs issued before and after 2020
but explicitly excludes buildings constructed after 2020. Only buildings whose declared floor area is >
50 % non-residential are included; protected heritage buildings are also excluded. Boverket notes
important uncertainties in this data: older EPCs may not reflect post-declaration efficiency measures,
while newer EPCs may not represent 2020 conditions. Some non-residential buildings lack EPCs
altogether (e.g. if ownership or tenancy never changed since the 2006 EPC law), and adjustments
between different EPC calculation methods introduce further errors.

It should be noted that the dataset reflects the scope of the Swedish energy declaration regulation, which
excludes several building categories that are also expected to be exempt from the MEPS requirements
under Article 9(6) of the EPBD. These include industrial buildings, workshops, agricultural buildings
with low energy demand, buildings used for religious activities, temporary buildings, buildings with a
floor area below 50 m?, and certain defence buildings (Boverket 2024).
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To account for functional differences, Boverket groups the stock into seven building categories: Offices,
Education, Hospitals, Accommodation and Restaurants, Sports facilities, Commercial and Culture
buildings, and other energy-using buildings. These categories follow the spirit of EPBD Annex I
classification and allow each category’s energy use distribution to be analysed separately. Energy use
intensity (kWh/m?) varies greatly by function, so category specific thresholds are needed to set realistic
MEPS. For each category, Boverket set MEPS limits so that 16 % of buildings fall above the threshold
by 2030 and 26 % by 2033. The resulting preliminary primary-energy limits in kWh/(m?-yr) are as
follows as shown in Table 1. These thresholds are expressed in primary energy, matching the metric
used in Swedish EPCs and Boverket’s analysis.

Table 1- Preliminary limit values of primary energy (primdrenergital) for MEPS 2030 and MEPS 2033 across
different building categories, based on Boverket’s MEPS Interim Report (Boverket 2024)

Building Categor Preliminary limit value MEPS- Preliminary limit value MEPS-
g Lategory 2030/ (kWh/(m>-yr)) 2033/ (kWh/(m2-yr))
Office buildings 214 174
Educational buildings 238 188
Hospital buildings 239 194
Ac.co.mmodatlon and restaurant 334 271
buildings
Sports buildings 278 223
Co'ml'nermal and cultural 220 178
buildings
Other types of energy-using 243 190
buildings

The report emphasizes that these MEPS values are based on an updated calculation method aligned with
the recast EPBD (Directive 2024/1275). Boverket adopted fixed “category typical” usage factors for
ventilation and domestic hot water by building category. In effect, this creates standardized energy
profiles per category, allowing each MEPS limit to be set as a fixed energy value for that category.
Because of this shift to category typical assumptions, the resulting performance ratings will not be
directly comparable to existing EPC values. In other words, a building’s EPC rating under current rules
cannot be used to predict how it would score under the new MEPS calculation method.

2.2.4 Non-residential building categories and their relevance under MEPS

The condition of the Swedish non-residential building stock in the baseline year 2020 is described based
on the analysis presented in Boverket’s MEPS Interim Report (2024) (Boverket 2024). The report
evaluates the characteristics and energy performance of the national building stock in preparation for
the implementation of MEPS under the revised EPBD.

The analysed database represents approximately 87 163 non-residential buildings, corresponding to a
total floor area of just under 200 million m?. This dataset is derived from the national EPC register and
is used to represent the condition of the building stock in the baseline year. Figure 1 illustrates the
breakdown of non-residential building stock per premises type by Count and percentage of total.

The report indicates that these worst-performing segments are defined based on the number of buildings
rather than their floor area. Consequently, the buildings falling within the lowest 16% and 26 % account
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for only 7.8 % and 15 % of the total floor area, respectively. This suggests that the least energy-efficient
buildings in Sweden tend, on average, to be smaller than the better-performing buildings.

13201
(15.1%)

15 664
(18.0%)

= Office buildings
» Educational buildings
Hospital buildings

Accommodation and restaurant buildings

23508 = Sports buildings

5397 (6.2%) (27.0%)

= Commercial and cultural buildings

6164 (7.1%) Other types of energy-using buildings

10 354
(11.9%)

Figure 1 - Distribution of the non-residential building stock in Sweden by building category, showing number of
buildings and percentage share of the total stock based on Boverket’s MEPS Interim Report (Boverket 2024)

The distribution of the building stock varies depending on whether it is measured by number of buildings
or total floor area as presented in Table 2. According to the baseline dataset of 87 163 buildings,
educational buildings represent the largest category in terms of building count, with 23 508 units,
followed by office buildings with 15 664 units.

However, when the stock is assessed by total floor area, a different pattern emerges. Office buildings
constitute the largest segment, representing approximately 47 million m? of floor area. This is followed
by commercial and cultural buildings with about 43 million m?, and educational buildings with about
37 million m?. These numbers indicate that although educational buildings are more numerous, office
buildings dominate the non-residential building stock in terms of total floor area.

Table 2 - Distribution of the non-residential building stock by category, including the total number of buildings,
total floor area (million m? and the quantity of buildings exceeding the proposed MEPS-2030 and MEPS-2033
energy performance thresholds based on Boverket’s MEPS Interim Report (Boverket 2024).

Total number Number over limit value | Number over limit value

Type of buildings PR MEPS-2030 MEPS-2033
(Bizn /{102 ) (Area / (10° m?)) (Area / (10° m>))

o 15 664 2 506 4073

Office buildings (47) (3.3) (72)
. o 23508 3761 6112
Educational buildings (37) (6.6) (4.9)
. o 10 354 1657 2 692
Hospital buildings (28) 2.2) (4.6)
Accommodation and 6162 986 1 602
restaurant buildings (8.3) (0.6) (1.2)
. 5397 864 1403

Sports buildings 9.5) (1.0) (1.6)
Commercial and 12 877 2 060 3348
cultural buildings (43) (3.9) (6.9)
Other types of 13201 2112 3432
energy-using buildings (26) 2.1 (3.8)
All non-residential 87 163 13 946 22 662
buildings (200) (16) (30)
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3 Literature review

3.1 Literature review structure

The literature review was conducted identifying relevant sources through keyword-based searches in
databases such as Google Scholar, Scopus, ScienceDirect, and the Lund University publication database.
The search followed a geographic prioritisation, drawing first from Swedish sources including Lund
University publications, followed by Nordic studies, and then broader European literature when
sufficient regional evidence was not available. Studies presenting statistical analysis across multiple
buildings were prioritised over single building case studies; the latter were included only where broader
evidence was insufficient to establish a finding.

EEIINT3

For EPG the terms for the search included “energy performance gap”, “measured vs predicted energy
use”, and “non-residential buildings”. The review was subsequently extended to cover energy
renovation measures and strategies relevant to the selected building category. Sources were identified
using search terms including "energy renovation", "office buildings", "HVAC retrofit", "envelope

renovation", and "Renovation non-residential buildings".

The review of renovation measures was structured in two stages, beginning with general renovation
strategies for non-residential buildings before narrowing to each specific intervention category:
envelope measures, ventilation and HVAC system upgrades, and auxiliary measures including lighting
and circulation pumps. Relevant regulations and industry guidelines were also consulted where peer-
reviewed evidence was limited.

3.2 Performance gap

3.2.1 Scope and relevance, definitions, and magnitude

Across the building-energy literature, the term “energy performance gap” (EPG) is commonly used to
describe the mismatch between predicted energy performance, derived from simplified regulatory
calculations or detailed building performance simulations, and the actual measured energy use during
building operation. This discrepancy is widely recognised as a persistent issue in buildings and is
increasingly understood as a combined technical and socio-organisational challenge, rather than solely
a modelling error (De Wilde 2014).

A key conceptual distinction in defining the EPG concerns the difference between design intent and
realised performance. During the design stage, energy performance is predicted based on assumptions
regarding building use, systems, and boundary conditions. In contrast, post-construction assessments
reflect the performance of the building as actually built and operated over time. The EPG therefore
represents the difference between the predicted performance of the design intent and the observed
performance of the completed building in use (De Wilde 2014).

Building on this definition, different types of EPG can be identified. According to Zou et al. (2018), two
main forms are commonly distinguished: (1) the discrepancy between predicted (or simulated) and
measured (actual) energy use, and (2) the difference between performance targets defined by standards
or specifications and the measured performance of the building (P. X. W. Zou et al. 2018). These
distinctions highlight that the EPG is not a single phenomenon but depends on the reference baseline
used for comparison.

In a Swedish context, additional distinctions are made between different definitions of energy use.
Bandak et al. (2025) conceptualise the EPG using three terms: Calculated Energy (design-stage
prediction), Measured Energy (actual metered use), and Declared Energy (normalised values reported
in energy performance certificates). The “legal” energy gap refers to the difference between Declared
and Calculated energy, while the “actual” energy gap refers to the difference between Measured and
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Calculated energy. This distinction highlights how regulatory frameworks can influence both the
interpretation and magnitude of the EPG (Bandak et al. 2025).

The scope of energy performance analysis further influences how the EPG is interpreted. Energy use
can be assessed at different levels of detail, ranging from heating and cooling demand to broader system
boundaries including lighting, equipment, and domestic hot water. Similarly, performance can be
evaluated at different temporal resolutions, from annual to hourly data. These variations affect both the
magnitude and interpretation of the performance gap (De Wilde 2014).

The relevance of the EPG extends beyond technical discrepancies. Closing the gap between predicted
and actual performance is essential for ensuring that buildings meet their intended targets, including
high-performance, zero-carbon, and net-zero energy standards. It is also critical for maintaining long-
term performance, enabling buildings to remain resilient and adaptable to changing conditions such as
evolving occupant behaviour and climate (De Wilde 2014). Furthermore, addressing the EPG is
fundamental for the development of performance-based approaches in building delivery and facility
management, where the focus shifts from delivering components to achieving measurable performance
outcomes (Zhang and Gao 2010).

More broadly, the existence of a persistent performance gap undermines confidence in the design and
engineering sectors and contributes to scepticism toward high-performance building concepts (De Wilde
2014). This erosion of trust can weaken support for energy efficiency initiatives and broader
decarbonisation strategies (Li et al. 2023).

Evidence from Sweden-specific research highlights that the direction and magnitude of the gap vary
substantially by building type, end-use boundary, and baseline definition, especially whether predictions
represent regulatory/compliance conditions, design purpose, or a calibrated performance model
reflecting actual operation (van Dronkelaar et al. 2019).

The magnitude of the EPG varies significantly across studies and contexts. According to Li et al. (2023),
there is no universal value for the EPG, as it depends on building type, methodological approach, data
sources, and temporal scope. Reported values range widely, from approximately 20 % to over 500 %,
although the gap is consistently found to be substantial. This variability reflects both the complexity of
the phenomenon and the influence of different modelling and measurement approaches (Li et al. 2023).

In non-residential buildings, the performance gap is often particularly noticeable. Studies indicate that
discrepancies between predicted and measured energy use are influenced by standardised compliance
modelling assumptions, incomplete representation of operational energy uses, and the dynamic nature
of real building operation, including controls, schedules, and plug loads (van Dronkelaar et al. 2016).

3.2.2 Causes of the EPG

The causes of the EPG are widely discussed in the literature and can be grouped into four main
categories. These include (1) modelling and representation causes, which relate to assumptions and
inputs used in energy calculations; (2) construction, commissioning, and system performance causes,
which arise from discrepancies between design intent and actual technical performance; (3) operational
and management causes, which reflect how buildings are used and managed in practice; and (4) occupant
behaviour versus occupant representation, which addresses the mismatch between real occupant
behaviour and its simplified representation in energy models.

Modelling and representation causes

These sources address simulation tool limitations, input data accuracy, weather files, occupancy
schedule representation, and internal load assumptions.

One part of the EPG is often driven by modelling and representation causes, where the simulation is
inconsistent with the actual building or relies on low-quality or standardised input data. Rather than
being primarily caused by deficiencies in simulation tools themselves, the literature consistently
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emphasises that discrepancies arise from the assumptions and inputs used within these models (De Wilde
2014; Menezes et al. 2012).

Ekstrom et al. (2021) also highlights that the EPG is not merely a product of simulation limitations, but
a direct consequence of input data quality. Using a replicated building design across 28 locations in
Sweden, the authors show that replacing standardised regulatory inputs (e.g., BEN or Sveby) with
object-specific, measurement-based data significantly improves both the accuracy and robustness of
simulation results. This indicates that even advanced modelling approaches are unable to reduce the
EPG when input data remain biased or overly generic (Ekstrom et al. 2021).

A detailed investigation by van Dronkelaar et al. (2019) provides further insight into the relative
importance of different modelling assumptions in non-residential buildings. The paper uses calibrated
dynamic simulation models against high-resolution measured energy data to systematically assess how
individual parameters contribute to the performance gap. The results identify internal heat gains (from
lighting, equipment, and server loads) and usage profiles (including night-time baseloads and seasonal
occupancy variations) as the dominant drivers of discrepancies between predicted and measured energy
use (van Dronkelaar et al. 2019).

In addition to parameter sensitivity, a fundamental source of modelling uncertainty lies in the limited
predictability of future building use at the design stage. Variables such as occupancy patterns, plug
loads, and internal heat gains are inherently uncertain and often cannot be accurately defined in advance
(Menezes et al. 2012). As a result, design-stage simulations frequently rely on simplified or assumed
values that may not reflect actual operational conditions.

The representation of weather and climate conditions forms another major modelling-related source of
the EPG. Many energy simulations rely on Typical Meteorological Year (TMY) data, which are
constructed from aggregated historical records to represent typical climatic conditions. However, such
datasets do not capture the variability of actual weather during building operation and may therefore
introduce systematic deviations in predicted performance (Zheng et al. 2024). Observed studies further
show that simulations based on standard weather files tend to overestimate retrofit energy savings
compared to models using locally measured weather data (Cuerda et al. 2020).

Construction, commissioning, and system performance causes

These sources address construction quality, thermal bridges, HVAC commissioning, equipment
efficiency, auxiliary energy, and performance degradation.

Commissioning and system performance causes refer to situations in which the building, as constructed
and delivered, does not operate as assumed in energy calculations due to faults, incomplete
commissioning, suboptimal control parameters, or performance drift of building services systems. These
causes differ from modelling and representation issues, as they persist even when the simulation
accurately reflects the design intent. They arise primarily during the transition from design to
construction and operation, and are related to the technical integrity and interaction of systems such as
HVAC, controls, sensors, and distribution networks (van Dronkelaar et al. 2019).

A key issue identified in the literature is incomplete or ineffective commissioning. Commissioning
processes are often limited to verifying functionality rather than ensuring optimal energy performance,
which can result in persistent inefficiencies after handover. A study by Bandak et al. (2025), based on
28 interviews with professionals across the Swedish building sector, identifies insufficient system
commissioning and optimization as one of the main contributors to the EPG. Effective optimisation
involves calibrating heating and ventilation systems to achieve intended performance, and practitioners
recommend a one-year post-construction “tuning” period to address these issues (Bandak et al. 2025).

Airflow imbalance and deviations in ventilation performance are among the most influential system-
related causes of the EPG. In many cases, ventilation systems operate with airflow rates that differ from
their design values due to inadequate balancing, or commissioning errors. Such deviations can
significantly increase heating demand and fan energy use, particularly in low-energy buildings.
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Differences between as-built and as-designed system configurations further contribute to these
discrepancies, as construction quality may not fully align with specifications (Menezes et al. 2012;
Turner 2008).

Control system malfunction or misconfiguration represents another critical system performance issue.
While energy models typically assume correctly functioning control logic, real buildings frequently
experience incorrect parameter settings, faulty sensors, or incomplete system integration. Poorly
configured control systems and inadequate feedback mechanisms are common in practice and can
undermine predicted energy performance even when system components meet design specifications (De
Wilde 2014)

Construction-related deviations also play a significant role in the EPG. During the construction phase,
technical details may be modified, omitted, or inadequately executed, creating discrepancies between
design intent and as-built performance. These include the formation of unintended thermal bridges,
changes in insulation quality, or alterations in system layout, such as duct routing or pipe insulation
(Bell et al., n.d.; Kempe 2025). Such mismatches can lead to significant increases in total energy use.

Another important system-related cause is the underestimation of distribution and auxiliary energy
losses. Energy models often simplify or neglect losses associated with hot water circulation, ductwork,
piping, and auxiliary equipment such as pumps and fans. Measured studies indicate that hot water
distribution losses alone can exceed 12—15 kWh/(m?-yr), making them a major contributor to measured
energy use (Kempe 2025). Practitioner-based evidence further shows that assumed values (e.g. 4
kWh/(m?-yr)) significantly underestimate real losses due to factors such as poor insulation, construction
defects, and insufficient system testing (Bandak et al. 2025).

In addition, discrepancies between expected and actual equipment performance contribute to the EPG.
High-performance or “green” building designs often rely on idealised efficiency values derived from
laboratory conditions, which are not always achieved in real operation. Equipment performance may be
reduced due to installation conditions, system interactions, or operational constraints (Newsham et al.
2009).

Finally, performance degradation over time represents a further source of the EPG. Even when systems
initially operate as intended, the gradual ageing of equipment and deterioration of building components
can lead to reduced efficiency. Without continuous monitoring and re-commissioning, such degradation
remains undetected and contributes to persistent discrepancies between predicted and measured energy
use (Zheng et al. 2024).

Operational and management causes

These sources address operating hours, facility management, comfort-driven adjustments, energy
monitoring, control overrides, and building handover.

The operational phase is widely recognised as a major contributor to the EPG, as actual building use
often deviates from the conditions assumed during design and simulation. While occupants are
frequently identified in the literature as key factors influencing building performance, recent studies
emphasise that discrepancies arise primarily from how buildings are operated and managed in practice,
rather than from inappropriate user behaviour alone (De Wilde 2014; Liang et al. 2016; Yan et al. 2015;
P. X. W. Zou et al. 2018).

One of the primary causes within this category is extended or modified operating hours, where actual
building use differs from the schedules assumed in energy calculations. In non-residential buildings,
operational hours are often variable than standardised assumptions. For example, measured data from
Swedish school buildings show extended occupancy periods compared to assumed profiles, resulting in
increased heating demand and longer ventilation operation (Simanic et al. 2020).

Closely related to extended schedules are comfort-driven operational adjustments, which further
contribute to the EPG. Facility managers are often required to respond to occupant complaints related
to thermal comfort or indoor air quality, leading to higher indoor temperature setpoints, prolonged
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ventilation operation, or reduced use of night setback strategies. Case studies from energy-efticient
office buildings in Norway shows that operational decisions frequently prioritise occupant comfort over
energy performance targets, resulting in systematic increases in energy use (Pettersen et al. 2017).

A further operational contributor to the EPG is the lack of systematic performance monitoring and
feedback. In many buildings, measured energy data are collected but not actively analysed or used to
inform operational adjustments. This absence of structured feedback mechanisms limits the ability to
identify and correct inefficiencies during operation. In office buildings, insufficient communication
between occupants and facility managers, combined with limited use of performance indicators, reduces
the effectiveness of optimisation strategies (Liu et al. 2019).

Practitioner-based studies further highlight the importance of feedback loops between measured
performance and design assumptions. Interviews conducted within the Swedish building sector indicate
that access to operational data from previous projects allows consultants and engineers to refine
assumptions and improve future modelling accuracy (Bandak et al. 2025). However, in practice, such
feedback mechanisms are often weak or absent, allowing discrepancies between predicted and actual
performance to persist over time.

Occupant behaviour vs occupant representation

These sources address the gap between actual occupant behaviour and its representation in models,
unsystematic vs. deterministic approaches, and diversity in occupant energy use.

This category focuses on a fundamental mismatch between real occupant behaviour and its simplified
representation in energy calculations. In practice, occupants’ schedules, presence, and interactions with
building systems differ systematically from the standardised profiles used in simulations (Yan et al.
2015).

Energy simulations commonly represent occupants using fixed schedules, average profiles, and
deterministic interaction patterns with building systems. Such representations fail to capture the
diversity, adaptability, and context-dependent nature of real occupant behaviour. de Wilde (2014)
highlights that occupant behaviour is typically treated as a static or average input in stationary
calculations, rather than as a dynamic component influencing building performance.

Empirical studies further demonstrate the limitations of these assumptions. For example, a study of an
office building by Liang et al. (2016) investigated occupancy prediction using historical data and showed
that standard schedules fail to capture actual weekday variability and peak demand. The results indicate
that occupant presence is inherently dynamic, stochastic, and highly variable, making it difficult to
accurately represent using traditional deterministic approaches (Liang et al. 2016).

This limitation is particularly relevant in non-residential buildings, where occupancy patterns are often
non-stationary and influenced by organisational and temporal factors such as working hours, seasonal
variations, and after-hours use. As a result, default schedules used in energy models may overlook
systematic behavioural patterns, leading to discrepancies between predicted and measured energy use
(van Dronkelaar et al. 2019).

3.2.3 Reducing the gap: calibration

Building energy model calibration is commonly defined as an inverse modelling process in which
uncertain input parameters are adjusted to reduce discrepancies between simulated and measured energy
use (Yang and Becerik-Gerber 2015). However, this definition does not imply that calibration leads to
a unique or physically correct representation of the building. Due to the over-parameterised nature of
building energy models, a large number of interdependent inputs must be specified despite limited
empirical data, particularly in existing buildings. As a result, multiple parameter combinations can
produce similar levels of agreement with measured data, a problem widely documented in the literature
(Coakley et al. 2014; Yang and Becerik-Gerber 2015)
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This problem, commonly referred to as equifinality, implies that statistical agreement between simulated
and measured energy use does not guarantee that calibrated parameters accurately reflect the physical
characteristics of the building (Coakley et al. 2014). From this perspective, calibrated models represent
conditional approximations of reality, constrained by available data and modelling assumptions.

Uncertainty in building energy modelling arises from multiple sources, including uncertain input
parameters, measurement error, and simplifications embedded within simulation models. A key
distinction in the literature is between epistemic uncertainty, which arises from incomplete knowledge
of system properties such as material characteristics or system efficiencies, and aleatory uncertainty,
which reflects inherent and irreducible variability such as occupant presence and behavioural patterns
(Tian, Heo, et al. 2018). While calibration can reduce epistemic uncertainty by refining model inputs
based on available evidence, aleatory uncertainty cannot be eliminated through this process and
continues to affect the reliability of model predictions. In addition, discrepancies between simulated and
measured performance may arise from model form limitations, meaning that even a well-calibrated
model may not fully represent real system behaviour.

Beyond parameter uncertainty, discrepancies between predicted and measured energy use are also linked
to broader systemic factors, including construction quality, commissioning processes, and operational
management. These factors are central to the concept of the EPG, as examined by De Wilde (2014),
who identifies causes across the design, construction, and operational stages of a building's life cycle,
arguing that the gap cannot be attributed solely to modelling assumptions. Calibration primarily
addresses discrepancies within the model itself, while many real-world influences remain outside its
scope (De Wilde 2014).

To manage the complexity of calibration, structured approaches have been proposed that combine
sensitivity analysis with targeted parameter adjustment (Yang and Becerik-Gerber 2015). Sensitivity
analysis is used to identify influential parameters and reduce the dimensionality of the calibration
problem. Without this step, the risk of compensating errors increases, whereby unrealistic adjustments
in one parameter may mask inaccuracies in another (Coakley et al. 2014). However, simplified
sensitivity methods such as one-factor-at-a-time screening do not fully capture interactions between
parameters and therefore provide only a partial characterisation of model behaviour.

Deterministic calibration approaches remain widely used in practice due to their relative simplicity and
lower computational requirements. However, they have been criticised for their inability to explicitly
represent uncertainty and for relying on single-point estimates of model parameters. The traditional
deterministic approach has been characterised as insufficient on its own, given that a single simulation
run cannot provide adequate information about the range of plausible system behaviours (Tian, Heo, et
al. 2018). In contrast, probabilistic or Bayesian calibration methods represent parameters as distributions
and update them using measured data, allowing uncertainty in both inputs and outputs to be quantified.
Despite their theoretical advantages, these approaches require extensive data and computational
resources, which often limit their application in practice.

Calibration approaches can be broadly categorised into analytical, statistical learning-based, and
integrated methods (Yang and Becerik-Gerber 2015). Analytical or heuristic calibration relies on
iterative adjustment of model inputs based on expert judgement and observed discrepancies but lacks
reproducibility and depends heavily on analyst experience (Coakley et al. 2014). Statistical learning-
based approaches apply mathematical models to identify relationships between inputs and outputs,
offering computational efficiency but without a direct link to physical building parameters. Integrated
approaches combine these methods with sensitivity analysis or optimisation techniques to systematically
explore the parameter space (Yang and Becerik-Gerber, 2015). These methods are widely applied in
practice but remain subject to the limitations of non-unique solutions arising from equifinality.

The limitation of non-unique solutions is particularly relevant when a single parameter set is selected as
the calibration outcome, as this obscures the existence of alternative configurations that provide
comparable agreement with measured data. Probabilistic and Bayesian calibration methods address this
directly by representing uncertain parameters as distributions and updating them using measured data,
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thereby quantifying uncertainty across both parameter estimates and model predictions (Tian, Heo, et
al. 2018). Despite their methodological strengths, the computational and data demands of these
approaches constrain their applicability in many practical contexts.

The choice of calibration approach in practice is shaped by trade-offs between data availability,
computational demands, and intended use of the model. Deterministic parametric approaches are widely
used in applied calibration work due to the compatibility with limited empirical datasets and their
capacity to systematically explore the influence of uncertain parameters without requiring prior
probability distributions (Yang and Becerik-Gerber 2015). However, as established earlier, such
approaches do not yield a unique solution. The appropriate response, as reflected in a growing body of
calibration literature, is not to treat the calibrated model as a definitive representation but to define a set
of plausible configurations that collectively satisfy the statistical performance criteria applied.

Sensitivity analysis is commonly employed as a preliminary screening step in calibration workflows to
reduce the number of parameters requiring adjustment. One-factor-at-a-time approaches, such as the
Morris method applied by Yang and Becerik-Gerber (2015), offer a computationally efficient means of
ranking parameter influence without requiring predefined probability distributions. However, these
methods assess each parameter in isolation and therefore do not capture interaction effects between
variables. The results of such analyses are consequently treated in the literature as indicative of relative
parameter importance rather than as a complete characterization of model sensitivity (Yang and Becerik-
Gerber 2015; Tian, Heo, et al. 2018).

The definition of parameter variation ranges is an acknowledged challenge in calibration practice. Where
statistically derived distributions are unavailable, some studies have adopted uniform percentage
deviations from baseline or default values as an alternative (Yang and Becerik-Gerber 2015). While this
approach facilitates a structured exploration of parameter space, it may encompass non-physical
combinations that do not reflect realistic building behaviour. In such cases, additional screening based
on physical plausibility has been proposed to reduce unrealistic parameter combinations.

Calibration performance is commonly assessed using the Normalized Mean Bias Error (NMBE) and the
coefficient of variation of the Root Mean Square Error (CV(RMSE)), with accepted thresholds defined
by ASHRAE Guideline 14, the International Performance Measurement and Verification Protocol
(IPMVP), and the Federal Energy Management Program (FEMP).

As documented by Yang and Becerik-Gerber (2015), acceptable calibration accuracy depends on the
temporal resolution of the data. For hourly data, calibration is typically considered acceptable when
NMBE lies within £10 % and CV(RMSE) within 30 %, whereas stricter thresholds of +5 % for NMBE
and 15 % for CV(RMSE) are recommended for monthly data. These thresholds provide standardized
criteria for assessing the statistical agreement between simulated and measured energy use. However,
they assess statistical fit rather than physical validity and do not distinguish between models that satisfy
the criteria through physically plausible parameter values and those that do so through compensating
errors (Coakley et al., 2014). A model that meets ASHRAE thresholds, therefore, cannot be assumed to
provide a physically correct representation of the building.

Even where calibration criteria are satisfied, residual uncertainty persists in calibrated models. Sources
of discrepancy that lie outside the scope of parameter adjustment, including measurement error, model
form simplifications, and unconsidered operational factors, are not resolved through the calibration
process and remain embedded in the results (Tian, Heo, et al. 2018; De Wilde 2014). Furthermore, the
existence of multiple parameter combinations capable of satisfying the same calibration thresholds
means that the outcome of any calibration exercise is inherently non-unique. This observation has led
several authors to advocate for the reporting of solution sets rather than single parameter configurations,
and for the application of additional physical plausibility checks to filter candidate solutions (Coakley
et al. 2014; Yang and Becerik-Gerber 2015).

Taken together, the literature establishes that calibrated building energy models should be interpreted as
one of several plausible representations of building performance consistent with available data, rather
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than as verified descriptions of physical reality. While calibration can improve agreement between
simulated and measured energy use, it does not eliminate uncertainty or resolve the broader causes of
the EPG (De Wilde 2014; Coakley et al. 2014). This limitation is particularly significant in the context
of existing buildings, where incomplete documentation, restricted measurement data, and evolving
operational conditions constrain the reliability of model-based representations.

3.3 Renovation measures and strategies

Energy renovation in existing buildings encompasses a wide range of interventions that can be grouped
into different categories depending on their function and impact on building performance. A commonly
adopted conceptual distinction is between measures targeting the building envelope, technical systems,
energy supply, and operational conditions.

Technical measures aimed at improving building energy performance include, among others,
improvements to the building envelope (e.g., reducing transmission losses), upgrades to technical
systems such as ventilation and heating, and the integration of renewable energy systems (Shaikh et al.
2017). Similarly, renovation strategies in office buildings have been shown to include envelope-related
actions (e.g., glazing improvements), system-level interventions (e.g., heat recovery installation), and
combined solutions addressing multiple aspects simultaneously (Valdiserri and Biserni 2016).

In addition to purely technical interventions, energy performance improvements can also be achieved
through energy management practices and behavioural changes. These include operational strategies
and occupant-related factors, which are explicitly identified as contributors to energy efficiency
alongside technical measures (Shaikh et al. 2017; Gangolells et al. 2020).

3.3.1 Envelope renovation measures in office buildings

Envelope renovation measures aim to reduce transmission losses and improve thermal performance by
modifying the building’s external components, including walls, roofs, floors, and windows. Typical
interventions include additional insulation, air-tightness improvements, and facade or roof upgrades.

From a building physics perspective, the performance of envelope measures cannot be evaluated solely
based on thermal transmittance (U-value). Additional insulation alters the hygrothermal conditions
within the construction, which may introduce risks of moisture accumulation, reduced drying capacity,
and material degradation. For example, a study on traditional masonry buildings shows that interior
insulation reduces heat flow through the wall and lowers wall temperatures, which under certain
conditions can increase the risk of moisture-related damage, including freeze—thaw effects and
biological growth (Lang and Sandgren 2016). Similarly, adding insulation without adequate control of
air leakage and moisture transport has led to condensation and mould problems in attics and crawl spaces
(Sundlof 2022).

In heritage buildings, these technical considerations are further constrained by conservation
requirements. A study focusing on Swedish heritage buildings highlights that energy efficiency
measures must be balanced against the preservation of character-defining elements, such as facade
materials and architectural detailing (P. Johansson et al. 2020). This creates a limitation for certain
interventions, particularly external wall insulation, which can alter the external appearance of the
building.

In this context, European guidelines for historic buildings emphasize that energy renovation measures
cannot be evaluated in isolation, but must be assessed through a systematic, case-specific process that
considers both technical performance and heritage significance. The standard explicitly states that each
building should be treated as an individual case requiring detailed investigation, and that measures
should be selected based on a structured assessment of risks and benefits rather than predefined
solutions. This assessment framework includes multiple criteria, such as hygrothermal risks, structural
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compatibility, impact on heritage significance, energy performance, economic viability, and indoor
environmental quality

The implications of this approach are evident in the case of interior insulation, which is frequently
identified as a high-risk intervention due to its impact on temperature gradients and moisture transport
within the wall. However, its applicability depends on the specific construction type, material properties,
and indoor conditions, requiring a detailed assessment prior to implementation

In heritage buildings, these technical considerations are further constrained by conservation
requirements. A study focusing on Swedish heritage buildings highlights that energy efficiency
measures must be balanced against the preservation of character-defining elements, such as facade
materials and architectural detailing (Moshfegh et al. 2018).

Roof and attic insulation represent another common envelope intervention. These measures can be
implemented either by insulating the attic floor (creating a cold attic) or insulating the roof structure
(creating a warm attic). However, both approaches involve moisture-related risks if not properly
designed. For example, insufficient airtightness or uncontrolled air leakage can transport humid indoor
air into colder parts of the roof construction, increasing the risk of condensation and mould growth (Lang
and Sandgren 2016).

The role of air leakage is further highlighted in a study analysing building infiltration, which reports that
uncontrolled air infiltration may account for approximately 20-50 % of total building energy demand,
while also emphasizing large variability in airtightness performance across buildings (Martin-Garin et
al. 2020). The same study notes that airtightness cannot be reliably inferred from construction
characteristics alone and must be determined through in-situ measurements, introducing uncertainty in
predicting the impact of envelope retrofit measures.

3.3.2 HVAC system retrofit measures.

HVAC systems represent a significant electricity end use in Swedish office buildings. According to a
national inventory of office buildings conducted by the Swedish Energy Agency, fan electricity use
averages 13.2 kWh/m? per year, representing between 22% and 30% of total electricity use (Persson et
al. 2025). Within this, ventilation systems represent a major component, both through thermal
conditioning of outdoor air and through electricity consumption for air transport.

In 1995, fan electricity use was estimated to account for approximately 7—8 % of total national electricity
uses in Sweden, highlighting the significance of air-handling processes within the building sector at that
time (Nilsson 1995). The same study also documents a structural shift in non-residential buildings from
natural or exhaust ventilation systems towards mechanical balanced ventilation, particularly in buildings
constructed after the late 1970s Fan electricity savings follow from the fundamental relationship
governing fan power, where demand scales proportionally with both pressure loss and airflow, and
inversely with fan efficiency. Given that pressure loss scales quadratically with fan power scaling
cubically, even moderate reductions in average airflow yield substantial reductions in fan electricity use
directly with both pressure loss and airflow, and inversely to fan efficiency. Given that pressure loss
scales quadratically with power scaling cubically, even moderate reductions in average airflow yield
substantial reductions in fan electricity consumption (Maripuu and Jagemar 2005). This evidence should
be interpreted as representative of the technological and operational context of the late 20th century
rather than current practice. Its relevance in this study lies in providing a baseline for understanding the
characteristics of older ventilation systems, which remain present in parts of the existing building stock
undergoing renovation.

The regulatory framework governing these systems has evolved substantially from the prescriptive
technical norms of Svensk Byggnorm (SNB) (Statens planverk 1980), which specified system types,
minimum outdoor airflow rates by room use, and detailed installation criteria. Boverkets Byggregler
introduced performance-based functional requirements on 1 January 1994
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Under BBR, buildings must be designed to provide acceptable indoor air quality in regularly occupied
rooms. The minimum outdoor airflow requirement of 0.35 1/s per m? floor area has applied since BBR
94 (Boverket 1993). In residential buildings where ventilation can be controlled separately per dwelling,
BBR additionally permits flow reduction to no less than 0.10 1/s per m? during unoccupied periods; no
equivalent quantified lower bound applies under BBR to non-residential buildings. For workplaces,
airflow requirements are governed separately by Arbetsmiljoverket's regulations (Arbetsmiljoverket
2023) which require at least 7 1/s per person plus 0.35 /s per m? floor area for sedentary work in
continuously occupied premises.

Obligatorisk Ventilationskontroll (OVK), established through Plan-och byggforordning (Plan- Och
Byggforordning 2011) requires recurring inspections of ventilation systems in office buildings at
intervals that depend on the type of system installed. Buildings equipped with mechanical supply and
exhaust ventilation (FT) or mechanical supply and exhaust with heat recovery (FTX) must be inspected
every three years. Buildings equipped with natural ventilation (S), mechanical exhaust ventilation (F),
or mechanical exhaust with heat recovery (FX) must be inspected every six years. During each recurring
inspection, the functional inspector is also required to identify measures that could improve energy
management in the ventilation system without deteriorating indoor climate (Plan- Och Byggforordning
2011); inspectors must also propose energy efficiency measures based on readily assessable functional
and energy impacts (OVKAR 1 2012) A system is assessed at OVK against the requirements in force at
the time of its original installation, unless the scope of a renovation triggers reassessment (Plan- Och
Byggforordning 2011).

Explicit energy performance requirements were introduced with BBR 12 (Boverket 2006), which also
first defined and quantified the key metric Specific Fan Power (SFP), total fan electrical power divided
by the larger of supply or extract airflow, in kW/(m?%/s). Recommended limits were set at 2.0 kW/(m?/s)
for supply-and-extract with heat recovery and 0.6 kW/(m?/s) for exhaust-only systems (Boverket 2006).
BBR 18 (Boverket 2018) extended these limits to alterations of existing buildings, establishing them as
recommended targets. BBR 29 (BBR 29 2011) then, tightened the values across all system types,
reducing the FTX limit to 1.5 kW/(m?3/s) and the exhaust-only limit to 0.5 kW/(m?3's). No equivalent
metric existed under SBN(Statens planverk 1980), meaning systems from the 1980s and 1990s were not
designed against any standardised fan efficiency target; a comparison with current SFP limits therefore
contrasts a regulatory benchmark against the typical performance of an older equipment generation
rather than two sets of requirements.

The renovation measures relevant to this context, Air Handling Unit (AHU) replacement, duct upgrades,
heat recovery (HR) efficiency retrofits, and controls improvements, are examined in the following
sections.

Constant Air Volume (CAYV) to Variable Air Volume (VAYV)

In a CAV system, air is exchanged at a constant airflow designed for peak load conditions that rarely
occur, meaning energy is used for air distribution and supply air heating at unnecessarily high rates for
most of the year. By converting to VAV operation, the average airflow is reduced, decreasing both fan
electricity use and heating demand for supply air conditioning. Reduced average airflow also improves
the effective efficiency of the heat recovery unit (Maripuu and Jagemar 2005).

Fan electricity savings follow from the relationship between fan power and airflow, where power
demand scales strongly with flow rate, meaning even moderate reductions in average airflow yield
substantial reductions in fan electricity consumption (Maripuu and Jagemar 2005). A study of pump and
fan operation in Swedish non-industrial buildings indicates a calculated energy saving potential of
approximately 40 % for fan systems through improvements to SFP and system design (Markusson
2011).

Variable-speed high-efficiency fan models can reduce fan electricity use substantially, with savings
potential scaling with the difference between existing and improved fan efficiency (Markusson 2011).
However, such a conversion only becomes meaningful if the system as a whole is adapted to the new
operating principle. Critical components include supply air terminal devices, control dampers for airflow
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regulation to individual zones, variable speed drives for fan control, duct balancing, and control systems.
A reconstruction that addresses only fan speed while retaining unsuitable terminal devices or lacking
proper zone control will not realise the expected savings (Maripuu and Jagemar 2005)

During unoccupied periods, airflow can be reduced to minimum hygienic levels to limit ventilation heat
losses. However, evidence from a Swedish study of a newly constructed residential building indicates
that reducing airflow to 0.1 1/(s'm?) for more than four hours during unoccupancy can result in
unacceptable indoor air quality in terms of volatile organic compound concentrations, a concern
primarily associated with high material emissions in new construction (Hesaraki and Holmberg 2015).
These finding underlines that the duration and timing of airflow setback strategies must be assessed in
relation to building-specific conditions. The authors note that Volatile Organic Compound (VOC)
concentrations in new buildings are typically higher than in older buildings, suggesting that extended
unoccupied setback strategies may be more readily applicable in existing building stock with lower
residual material emissions (Hesaraki and Holmberg 2015).

Cooling Demand

Although Swedish office buildings are predominantly heating-dominated, cooling demand has been
shown to occur consistently even in cold-climate conditions. Based on dynamic energy simulations of
archetypal Swedish office buildings, internal heat gains from lighting and equipment have been shown
to produce a cooling demand alongside the dominant heating load, even in buildings designed to meet
the Swedish building code Year-round cooling loads have similarly been reported in simulated reference
buildings from the 1970s—1980s, with interior zones requiring cooling continuously due to plug loads
and occupancy, including during winter months (Arghand et al. 2021).

Several renovation measures aimed at reducing heating demand can have contradictory effects on
cooling loads. Improving envelope insulation reduces heating demand while simultaneously limiting the
dissipation of internal heat gains, thereby increasing cooling demand (Flodberg et al. 2012).
Furthermore, reducing envelope U-value in isolation has been shown to produce a less favorable
outcome in terms of borehole system sizing compared to a combined package that also addressed solar
heat gains and internal gains (Arghand et al. 2021). These simulation-based results suggest that
renovation measures are best evaluated as packages rather than in isolation, though validation against
measured building data remains limited.

Heat recovery (HR)

HR in AHUs is widely implemented in mechanically ventilated non-residential buildings to reduce
heating demand associated with outdoor air supply. The increasing importance of ventilation heat losses
in well-insulated and airtight buildings has led to broader adoption of mechanical ventilation with HR,
particularly in larger and more complex buildings (Roulet et al. 2001).

Pre-2000 systems commonly integrated HR in AHUs, but the performance of installed systems was
highly variable. Measured real efficiencies reached between 60—70% in the best-performing units but
fell below 10% in poorly functioning systems, despite nominal efficiencies around 80% (Roulet et al.
2001). These results are linked to older buildings where infiltration, leakage, and system malfunctions
were more prevalent (SINTEF Building and Infrastructure 2016). This indicates that older AHUs cannot
be characterised solely by their nominal efficiency or design type but rather carry significant
performance uncertainty due to installation quality and building conditions.

Current Swedish design practice has largely converged around nominal temperature efficiencies of
approximately 80%, with plate heat exchangers typically achieving slightly below this value and rotary
heat exchangers slightly above under comparable conditions. Higher efficiencies are technically
achievable but are associated with increased pressure drops and space requirements, leading to practical
optimisation around this level in Swedish applications Available Swedish and Nordic literature does not
provide a strict decade-based classification of AHU heat recovery types for non-residential buildings.
HR has been used extensively in office buildings for several decades, typically through plate heat
exchangers or rotary systems, both reported as common solutions in practice (D. Johansson 2023).
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3.3.3 Pump replacement

Circulation pumps in district-heated office buildings represent a smaller electricity end-use compared
to ventilation fan systems, but their relevance depends on pump type, control mode, and whether the
existing pump meets current efficiency requirements. Older constant-speed pumps typically operate at
fixed speed against throttling valves, which is an inherently inefficient control strategy. Similarly to
ventilation fans, replacement with variable-speed high-efficiency models can reduce pump electricity
consumption substantially, with savings potential scaling with the difference between existing and
improved pump efficiency (Markusson 2011)

EU Ecodesign Directive regulations have progressively tightened minimum efficiency requirements for
circulator pumps, expressed through the Energy Efficiency Index (EEI). Glandless circulators placed on
the market from August 2015 must meet an EEI of 0.23 or below (European Commission 2012). Pumps
that predate these requirements or operate at constant speed therefore represent a greater improvement
potential than pumps already meeting current standards. Where existing pumps are already compliant
or operate limited hours, pump replacement is a lower priority compared to ventilation system upgrades.

3.3.4 Lighting measures

From a renovation perspective, lighting upgrades, especially LED retrofits, require relatively low
investment compared to envelope or HVAC measures and can be implemented with minimal disruption
to building operation. The literature highlights that a large proportion of existing lighting installations
in industrialised countries still rely on inefficient technologies, indicating a significant remaining retrofit
potential.

Furthermore, LED systems enable retrofit strategies ranging from simple lamp replacement to full
luminaire upgrades. While full system replacement is generally recommended for optimal performance,
cost-effective intermediate solutions such as LED retrofit kits are widely available and commonly used
in practice. Given these characteristics, lighting renovation plays a strategic role in energy renovation
packages, often contributing to immediate energy savings and improving economic indicators such as
return on investment.

While the reduction in electricity consumption is a primary benefit of LED retrofits, a critical and often
overlooked aspect is the impact on internal heat gains. Lighting systems contribute to internal heat loads
within buildings, as a large fraction of the electrical energy consumed is converted into heat. Traditional
lighting technologies, particularly incandescent and fluorescent lamps, generate significant heat during
operation. In contrast, LEDs are substantially more efficient, meaning that a larger share of the input
energy is converted into visible light rather than heat.

As aresult, the transition to LED lighting leads to a reduction in internal heat gains, which has important
implications for building energy performance:

* Reduced cooling demand: Lower internal heat gains can decrease cooling loads, particularly in office
buildings with high internal gains and significant cooling requirements.

* Increased heating demand: In heating-dominated climates such as Sweden, the reduction in internal
heat gains may lead to an increase in space heating demand, as less “free heat” is available to offset
transmission and ventilation losses.

This interaction highlights the need to consider lighting retrofits within the broader building energy
balance. Building energy simulation frameworks explicitly account for this effect through parameters
such as the fraction of lighting energy contributing to internal heat gains (e.g., radiant and convective
fractions). Therefore, although LED retrofits reduce electricity consumption, the net impact on total
energy use, particularly in district-heated office buildings, depends on the balance between reduced
cooling loads and increased heating demand.
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The literature consistently identifies LED retrofits as a highly effective and widely applicable energy
renovation measure in non-residential buildings. Empirical evidence from Sweden (STIL3) confirms
that this transition is already well advanced, with significant reductions in lighting energy use achieved
across the building stock (Persson et al. 2025).

However, from a system-level perspective, lighting renovation cannot be evaluated in isolation. The
reduction in internal heat gains introduces interactions with heating and cooling systems that must be
considered in both energy modelling and techno-economic assessment. In cold climates, this may
partially offset the benefits of reduced electricity use, particularly in buildings connected to district
heating. Consequently, LED retrofits are best understood as part of integrated renovation strategies,
where their effects on both electricity demand and thermal loads are explicitly accounted for.

3.3.5 Combined renovation packages and evaluation approach

Building energy renovation involves complex interactions between multiple building systems and
components. The performance of the building envelope, technical systems, and energy supply measures
are interdependent, and the combined effect of renovation measures cannot be assessed in isolation. This
interdependency means that the identification of cost-effective renovation strategies requires the
simultaneous evaluation of combinations of measures, rather than individual interventions considered
separately (Almeida and Ferreira 2017).

The IEA EBC Annex 56 project developed a methodology specifically addressing this challenge,
providing a framework for the assessment and evaluation of packages of renovation measures intended
to improve the energy performance of existing buildings (Almeida and Ferreira 2017). The study further
demonstrates that cost-effective renovation does not require maximising the performance of each
individual measure, but rather identifying the most advantageous combination across all building
elements considered together.

3.4 Economic evaluation

A practically significant contribution to Swedish renovation decision-making for non-residential
buildings is the Total Concept method (BELOK 2013). Rather than evaluating individual measures in
isolation, the method constructs packages of energy efficiency measures that collectively satisfy the
property owner's profitability requirements, expressed as an internal rate of return (IRR). Measures with
short payback periods ("low-hanging fruit") are combined with more capital-intensive measures, so that
the stronger returns from the former support the viability of the latter. The package assessment is
supported by a cumulative profitability diagram in which renovation measures are added sequentially
and plotted against IRR reference curves.

The process is structured into three steps: pre-study and action package creation, implementation, and
follow-up. Applied across more than 300 buildings in Sweden by 2017, the method has demonstrated
energy savings of 30—-60 % in many cases. It has also been adapted for use in other Nordic countries,
reflecting broader interest in methodologies that make deep renovation financially viable.

This approach illustrates a wider pattern in Swedish and Nordic practice: renovation decision-making
tends to balance regulatory compliance with economic viability. While the EU cost-optimal framework
specifies a lifecycle cost (LCC) methodology based on net present value (NPV) calculated over a 30-
year period for public buildings (Regulation (EU) No 244/2012 2012), simplified economic indicators
are widely used alongside or in place of full LCC analysis in practice, particularly at the early screening
stage of renovation projects. Payback time, return on investment (ROI), and IRR are commonly applied
due to their transparency and ease of interpretation for building owners and decision-makers.

The cost-effectiveness ranking of competing renovation measures is sensitive to the chosen discount
rate and assumed energy price trajectory, and variations in these parameters can reverse the ranking of
otherwise comparable alternatives (Pombo et al. 2016). This sensitivity is a key reason why simplified
indicators, evaluated under fixed economic boundary conditions, are frequently preferred at the

29



comparative screening stage, where the goal is to isolate the physical and technical performance of
measures rather than to forecast financial outcomes for a specific investor.

These indicators present distinct methodological profiles that are relevant to the choice of evaluation
approach in any given study context. Payback time is the most commonly applied indicator in practice:
it measures how long it takes for energy cost savings to recover the initial investment, and its simplicity
makes it effective for communicating results to non-specialist stakeholders. Its main limitations are that
itignores cash flows beyond the payback point and does not account for the time value of money, which
reduces its suitability for long-term comparative assessments. ROI provides a normalised measure of
profitability by relating net savings to investment cost, enabling comparison across renovation options,
but does not incorporate discounting unless the analysis is explicitly structured to do so. IRR (the
discount rate at which the net present value of an investment equals zero) directly addresses the time
value of money and is more consistent with the theoretical underpinnings of the EU cost-optimal
framework. It is the primary indicator used in the BELOK Total Concept method, where it serves as the
basis for package-level assessment rather than individual measure evaluation (BELOK 2017).

A further indicator relevant to comparative renovation analysis is the Cost of Conserved Energy (CCE),
an investment metric for ranking energy efficiency measures independently of building scale. CCE
expresses the investment required per unit of annual energy saved, and a measure is considered cost-
effective when its CCE falls below the prevailing energy price. Unlike payback time or ROI, CCE is
dimensionally consistent across measures of different sizes and types, making it particularly suitable for
cross-measure comparison. In its simplified form, without discounting, CCE reduces to the ratio of
investment cost to annual energy saving, which is the formulation adopted in the present study.

Payback period and IRR are often reported together to balance methodological robustness with
interpretability, and this is consistent with the approach taken in the Valencia school renovation study
(Liébana-Duran et al. 2021), which reports both payback periods and 30-year global costs for each
renovation package, allowing direct comparison of short-term feasibility with lifecycle economic
performance.

The selection of appropriate indicators depends on the purpose of the analysis. Where the goal is a
rigorous assessment of absolute financial performance, full LCC analysis incorporating discounting and
time-varying energy prices is the appropriate instrument. Where the goal is comparative screening of
renovation alternatives, particularly at an early stage or across heterogeneous building conditions,
simplified indicators offer a consistent and transparent basis for ranking measures.
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4 Method

4.1 Overall Workflow

The project began with the selection of a non-residential building category, followed by the choice of
two buildings as case studies. In the next step, available data were collected for each building, including
information on function, geometry, construction properties, year of construction, measured energy data,
and technical systems. Relevant documents such as EPCs, OVK reports, and municipal drawings and
permits were also gathered.

Subsequently, the building geometries were modelled in Rhino 8.0 (Robert McNeel & Associates 2025),
and energy simulations were initiated in Grasshopper (GH) using Honeybee (HB) (“Ladybug Tools |
Honeybee” 2025). The simulations incorporated both regulatory input data and the collected building-
specific information. Building energy models were fitted against measured energy data, including
sensitivity analysis, followed by parametric simulations using Colibri component.

Based on the fitted results, three energy models were selected for each building. These cases were chosen
to reflect different scenarios in terms of unknown envelope properties and technical systems, allowing
for the assessment of renovation measures under varying assumptions.

In the following step, suitable renovation measures were identified and defined. All relevant technical
and financial data required for implementing each measure were collected. The simulations were then
repeated for the selected cases, considering all possible combinations of renovation packages using
Colibri within GH. Cost data were also integrated into the GH script at this stage. Finally, the results
were exported to Excel for further analysis of energy and cost effectiveness. The overall workflow of
method used in the study illustrates in Figure 2.
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4.2 Building category and case selection method

The selection of the building category and the corresponding case studies was guided by three main
considerations: the potential influence of the category on energy use at national level, the suitability of
its functional characteristics for reliable energy modelling, and the availability of detailed building-
specific data.

Building categories that are prominent within the non-residential stock and represent a substantial share
of total floor area are prioritised, as they are expected to have a high influence on overall energy use and
the achievement of national energy performance targets. In addition, preference is given to building
types with relatively homogeneous functional characteristics, avoiding categories with highly complex
or mixed-use patterns. This enables more consistent assumptions in modelling and facilitates
comparative analysis. Further criteria include the presence of stable and well-defined operational
conditions, such as consistent occupancy schedules, standardized internal loads, and typical HVAC
system configurations. Such characteristics support the development of reliable energy models.

In selection of case studies, the primary criterion was the availability of measured energy data and
detailed OVK documentation to support model fitting. A second criterion was the comparability of
building characteristics, including simple geometry, construction period, and no-cooling in the
ventilation system. The selected cases present different levels of data completeness, particularly
regarding ventilation systems, allowing the study to explicitly address uncertainty in model inputs.

4.3 Case studies: data collection

Building A

Building A is a six-story building with a basement, where the attic is also utilised as rentable space. The
structure is a brick masonry building dating back to 1890, located within a central urban block in
Stockholm characterized by closed block typology and inner courtyards surrounded by 5-6 story

buildings. The building is considered historically protected based on self-assessment documented in
EPC.

The building has a rectangular geometry, with two facades oriented towards the north-east and south-
west, while the remaining two facades are adiabatic, adjoining neighbouring buildings. The exterior
consists of red facing brick, with grey smooth plaster at the ground floor level, and a red sheet-metal
roof. According to the EPC, the heated floor area is 1 360 m?2. All above-ground floors are used as office
space, while the basement accommodates archives and technical services, based on documentation from
OVK reports.

Building B

Building B is a seven-story structure with a basement, constructed in 1898 and located within a central
urban block in Stockholm. The building is classified as protected under the Swedish Planning and
Building Act (PBL) stating that “it is designated in the detailed plan or area regulations” in the EPC.
The ground floor is occupied by retail and commercial spaces, while the upper floors are used as offices.
According to the EPC, 84 % of the building area is designated for office use and 16 % for shops and
retail.

The building has a U-shaped configuration that extends around the corner of the block. It features two
main street-facing facades oriented toward the north and west, while the remaining facades face an
internal courtyard. According to the EPC, the total heated floor area is 3 088 m?. No detailed information
was available regarding the use of the basement.

Given the predominance of office space, both buildings are treated as office buildings for modelling
purposes. Additional document for both buildings, including historical drawings, records of construction
permits, and OVK protocols, was obtained from the e-service of the construction and planning authority
(Stockholms stad 2026).

33



4.4 Modelling approach and input parameters

The models were constructed using a combination of building-specific data and standardised
assumptions, depending on data availability and reliability. Where detailed and consistent information
was available from building documentation, these data were used directly to define model inputs. In
cases of incomplete or uncertain information, parameters were defined based on applicable regulations,
standardised guidelines, and relevant literature.

The modelling process is structured into three main components: geometric model development,
representation of building systems, and definition of model input parameters and assumptions.

4.4.1 Geometry

The company Zerotude AB provided the 3D geometry of the buildings (“Zerotude” 2026). The geometry
of both buildings was developed including the surrounding context, with orientation and adiabatic
boundary conditions considered. Windows were modelled in a simplified manner based on window to
wall ratio (WWR) estimated from drawings. For both buildings, the roof was simplified to a flat
geometry, despite the original structures featuring pitched roofs. This approach was applied in line with
the broader objective of the project, which aims to assess renovation measures using an automated
modelling approach suitable for large building datasets, rather than producing detailed individual
geometries. The geometries were modelled in GH, and the energy simulations were performed using
HB. Key geometric parameters for both buildings are summarized in Table 3.

Table 3 - Geometrical characteristics of the selected case study buildings regarding heated area, fagade and
windows.

Parameter Building A Building B
WWR /% 24 20
Atemp / M* 1360 3088
Fagade to A¢emyp ratio / % 43 90
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Figure 3 — Left: Geometry representation for the energy model of Building A. Right: Geometry representation

for the energy model of Building B
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4.4.2 Building systems

The building systems were defined based on available documentation, primarily EPC and OVK
inspection reports.

EPC-based data

For Building A, the most recent EPC, issued in 2022, reports a E Py, of 89 kWh/(m?yr), corresponding
to energy class D. The building is supplied by a district heating system. The EPC recommends replacing
the existing double-glazed windows with new, more energy-efficient units.

For Building B, the latest EPC from 2019 indicates an E Py, of 234 kWh/(m?*-year) and an energy class
F. The building is also connected to district heating. Similar to Building A, the EPC recommends
replacing the existing double-glazed windows as an improvement recommendation. A detailed
breakdown of the building’s final energy use (Specifik energianvindning) from EPC and the most recent
measured energy data for both buildings is presented in Table 4.

It should be noted that the EPCs are based on different versions of BBR; therefore, the values of
E Py and the assigned energy classes are not directly comparable. This is due to differences in the
weighting factors for energy carriers as well as changes in the energy performance requirements for new
constructions across the respective versions.

Table 4 - The building’s final energy data from EPC and the most recent measured energy data for case studies

Building A Building B

Energy Use /
(kWh/(m?-yr)) EPC Measured EPC Measured

(2022) (2025) (2019) (2023)
District heating 103.7 120.0 133.8 170.2
Hot water 2.0 8.9% 2.0 13.8%*
Cooling 0.0 0.0 0.0 0.0
Property Electricity 8.5 23.6 41.6 37.5
Total 114.2 152.5 177.4 221.5

*Calculated based on the flow of cold water as explained in 4.5.4.

OVK-based data
OVK inspection reports were used as a primary source for identifying ventilation system types,
configurations, and installation periods. This information informed the representation of ventilation

systems in the simulation model and the definition of uncertain input parameters, as discussed in Section
4.5.2.

Building A

Two main ventilation systems were identified. The main system serves the majority of the building and
consists of a FT system, with a supply air system installed in 1972 and exhaust fans installed in 2005.
A second system, serving the attic level, is an FTX system, installed in 2002 representing approximately
19% of total airflow.

The attic FTX system is the only system equipped with heat recovery, representing 19% of total building
airflow. An HR efficiency of 60% was assumed for this system based on literature ranges corresponding
to its installation period. A weighted average efficiency was derived for the building as a whole based
on the proportion of airflow served by this system, resulting in a building-level HR efficiency of 12%.
This value was used as the fixed baseline HR condition for Building A in the sensitivity screening.
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For airflow, the OVK measured value of approximately 0.75 1/(s-m?) was selected as the reference value
for sensitivity screening, as it was considered representative of actual operating conditions. The OVK
documentation also reported a projected airflow of approximately 0.68 1/(s'm?) and the EPC indicates
0.66 1/(s'm?). Measured values were consistently higher than projected values across inspections, though
the cause could not be clearly identified. The reassessment of airflow values during model fitting,
following the identification of inconsistencies in the measured data, is discussed in Section 4.5.2.

No information was available regarding system control strategies. Therefore, the ventilation systems
were modelled as CAV systems.

Building B

Three ventilation systems were identified based on the available OVK reports (2018 and 2024). Main
system serves the office areas and dates from 1987, while two systems installed in 2013 serve the retail
spaces. All systems are FTX.

The OVK documentation for Building B was incomplete and inconsistent. Total airflow values were not
reported for the older main system, and building-level airflow was estimated by aggregating room-level
data from the available OVK reports. OVK projected airflow values were substantially higher than the
EPC value of 1.0 I/(s'm?), and inspection notes indicated that the fan was not running at maximum
capacity during the OVK measurement. For this reason, the EPC value of 1.0 I/(s-m?) was selected as
the reference airflow for sensitivity screening.

To represent the building at the model, airflow and HR efficiencies were defined at the building scale
using weighted values based on system characteristics and building use. HR definition of representative
HR values for model fitting is discussed in Section 4.5.2.

No information was available regarding system control strategies. Therefore, the ventilation systems
were modelled as CAV systems.

4.4.3 Selected input parameters

The initial simulation model was developed using input parameters derived primarily from available
building-specific documentation. When data were not available, input values were defined based on
applicable regulations, standardized guidelines and relevant literature for office buildings in Sweden.

The primary regulatory source was BBR (BBR 29 2011), which constitutes the main mandatory
framework for buildings in Sweden. In addition, requirements from Arbetsmiljoverket, which is the
controlling authority for offices as workplaces, were applied (Arbetsmiljoverket 2023). For input
parameters not explicitly defined in regulations, standardized values from Sveby were adopted (Sveby
2012).

In addition, the EPC documentation indicated the absence of active cooling systems, and therefore,
cooling was not included in the simulation model.

For parameters that are highly dependent on building-specific conditions, such as thermal bridges,
infiltration rates, and HR efficiency, values were derived from relevant literature and empirical studies,
prioritizing sources with measured data representative of similar building types and conditions. Inputs
for the initial simulation and the source of each value can be seen in Table 5.
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Table 5 - selected input parameters for initial energy simulation and their sources for case studies

Building A Building B
Input Parameter
Value Source Value Source
. Literature Literature
. 2
Infiltration/ (I/ (8'm? facade)) 0.25 (see452) 0.25 (see 4.5.2)
. Literature Literature
V) 0, 0,
Thermal bridge/ % 25% (see 3.5.2) 25% (see 3.5.2)
U-value Walls/
(W/(m*K)) 1.43 | EN 1745 2020 1.43 | EN 1745 2020
U-value Roof/
(W/(m*K)) 0.40 | BETSI 0.40 | BETSI
U-value Windows/
(W/(m*K)) 3.00 | EPC 3.00 | EPC
5.30 (occupied 5.30 (occupied
Lighting load/ (W/m?) hours) | Sveby hours) | Sveby
1.10 (others) 1.10 (others)
7.20 (occupied 7.20 (occupied
Equipment load/ (W/m?) hours) | Sveby hours) | Sveby
2.10 (others) 2.10 (others)
People density/ (ppl/m?) 0.05 | Sveby 0.05 | Sveby
8am- 5 pm 8am- 5 pm
Occupancy Schedule (weekdays) Sveby (weekdays) Sveby
Ventilation Airflow/
(s m2)) 0.75 | OVK 1.00 | EPC
Literature and Literature and
V)
HR/ % 12 OVK age 63 OVK age
Heating Setpoint/ °C 21 - Constant | Sveby 21 - Constant | Sveby
Cooling off | EPC off | EPC

Energy simulations were conducted using the IWEC weather file for Stockholm—Arlanda (WMO
024600), obtained from the Climate.OneBuilding repository (“Onebuilding” 2026). The IWEC file is a
TMY and translated into EnergyPlus (EPW) format for building energy simulation. The weather file
was applied consistently across baseline modelling, fitting, and renovation scenarios to ensure internal
comparability between cases.

4.5 Model fitting method

This section presents the method used to fit the simulation models against measured data. The objective
is to align simulated heating demand with measured energy data. The following subsections describe
the overall fitting framework, the identification of impactful inputs, the parametric simulation approach
used to explore input variations, the data processing applied, and the assessment of property electricity
consumption used to support the fitting.

4.5.1 Model fitting framework

The process was structured as a staged and evidence-based framework designed to reduce uncertainty.
The framework was developed based on established principles of uncertainty analysis and inverse
modelling in building energy assessment (Tian, De Wilde, et al. 2018) and multi-level calibration
methodologies for building energy simulation (Yang and Becerik-Gerber 2015). The overall objective
of fitting the energy model was to align simulated space heating demand with measured data to ensure
that the model remained reliable for subsequent renovation scenario analysis. The workflow of the fitting
process is illustrated in Figure 4.
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Phase 1 — Initial Input Categorization
Classify all model inputs by source reliability and uncertainty
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Step 2 — ASHRAE 14 Criteria
CVRMSE =15% and |[NMBE| £5% (monthly data)
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Step 3 — Seasonal Adjustment
Heating Dominant Seasen (Jan—Apr, Sep—Dec)
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Step 4 — Monthly Consistency Filter
Exclude runs with monthly deviation >+15% in heating season
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Step 5 — Select Representative Cases
3 cases per building; vary envelope & HVAC configurations
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Figure 4 - Overall workflow of model fitting including four phases: (1) Initial input categorization, (2) Sensitivity
screening, (3) Parametric simulation, and (4) Statistical calibration evaluation and case selection.
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The model fitting was implemented in four sequential phases: (1) Initial input categorization, (2)
Sensitivity screening, (3) Parametric simulation, and (4) Statistical calibration evaluation and case
selection.

Phase 1: Initial input categorisation

The first phase consisted of classifying all model inputs according to their source reliability and degree
of uncertainty. This step was implemented to clearly distinguish between parameters treated as fixed
constants and those subjected to the fitting.

Observable parameters: Observable parameters were defined as inputs supported by evidence derived
from as-built drawings, technical documentation, site inspections, or geometric data. These included
building geometry, floor areas, window dimensions, and envelope constructions when possible. These
parameters were treated as constants and were not modified during the process.

Non-observable parameters: Non-observable parameters were defined as inputs characterized by
incomplete documentation, operational uncertainty, or limited verification. These typically included:
HVAC system efficiencies, infiltration rates, thermal performance of envelopes, and operational loads
and schedules.

Phase 2: Sensitivity screening

The second phase aimed to reduce the set of uncertain input parameters of the model fitting by
identifying the most Impactful non-observable parameters.

A simplified one-factor-at-a-time (OFAT) sensitivity analysis was performed. Each non-observable
parameter was varied individually within its 20 % range, while all other parameters were kept constant.
The relative impact of each parameter was quantified by calculating the percentage change in annual
heating demand caused by the variation of that parameter. Parameters that caused more than a 5 %
variation in total heating demand, were classified as Impactful. Parameters with negligible influence
were fixed at their baseline values and excluded from subsequent tuning. This screening approach
reduced the number of uncertain inputs to a manageable subset of limited variables from an initial pool.

It should be noted that the £20 % variation does not represent realistic input ranges for all parameters
and may exceed plausible conditions. However, this range was used as a simplified approach to assess
relative influence, while acknowledging that uncertainty levels differ between parameters.

Phase 3: Parametric simulation framework

Following the sensitivity screening, a parametric simulation framework was developed to explore the
influence of the impactful non-observable parameters identified in the previous phase. For each
impactful parameter, a set of values was defined, while other parameters were fixed at their baseline
values.

A set of representative values was assigned to each impactful parameter, reflecting plausible variations
within the defined ranges. The combination of these values formed a parametric matrix, within which
all possible combinations of parameter values were simulated using Colibri in GH. This process resulted
in a dataset representing the variation of simulated heating demand in response to changes in the selected
parameters.

Detailed definitions of parameter ranges and selected values are provided in section 4.5.2. In addition,
simulation outputs and measured data were processed to ensure consistency in system boundaries and
comparability, as described in Section 4.5.4.

Phase 4: Statistical calibration evaluation and case selection

The next phase consisted of analysing the parametric simulation results and identifying parameter
combinations that satisfied predefined statistical calibration criteria. For each parametric combination,
simulated space heating demand was compared with measured building-level heating data at two
temporal resolutions: annual and monthly.
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Step 1 — Initial gap assessment

As an initial diagnostic step, the percentage difference between simulated and measured values was
calculated at both annual and monthly levels. The annual percentage difference was calculated with
Equation (3).

M, —S
—“"ICI 4 % 100 (3)
ann

where S, and M, represent simulated and measured annual heating demand, respectively. Monthly
percentage differences were calculated analogously for each month. This step was used to provide a
preliminary overview of the magnitude and seasonal distribution of the deviation between simulated and
measured values. However, percentage-based monthly comparison was treated only as an initial
screening indicator, while the main assessment was based on statistical indicators.

Step 2 — Statistical calibration based on ASHRAE guideline 14

To ensure methodological rigor, statistical calibration metrics were applied in accordance with
ASHRAE Guideline 14 for monthly calibration of energy models (ASHRAE 2014). Two statistical
indicators were calculated for each parametric run: CV(RMSE) and NMBE. These were computed using
Equation (4) Equation and (5):

> (M;—S)?
J l—1n —7 (4)
CVRMSE = = x 100
> (M- S)
NMBE = ==L~ "~ %100
mn-1)M (5

where: M; is measured monthly heating demand, S; is simulated monthly heating demand, n is number
of months included in calibration, and M is mean measured monthly heating demand.

The following ASHRAE acceptance limits for monthly calibration were adopted:
e CV(RMSE) <15%
e |NMBEIS5%

Step 3 — Seasonal adjustment

Heating demand during late spring and summer months (May—August) was found to be very low,
increasing the sensitivity of statistical error metrics to small absolute deviations. In addition, measured
values in these periods may include contributions from domestic hot water. To avoid distortion of the
statistical indicators, CV(RMSE) and NMBE were calculated using only the primary heating season
(January—April and September—December). Accordingly, the value of n in the statistical equations was
adjusted to reflect the number of months included in the heating-dominant period.
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Step 4 — Secondary monthly consistency filter

Following the identification of parameter combinations satisfying the ASHRAE criteria, an additional
filtering step was applied to further improve the consistency of the results. For each retained
combination, monthly percentage deviations during the heating-dominant months were evaluated.
Parameter sets exhibiting deviations greater than =15 % in any of the selected months were excluded.
This additional filter was not part of the ASHRAE acceptance criteria but was applied where feasible to
reduce the number of acceptable cases and identify cases with closer values to measured data. However,
where the application of this filter was not possible, the selection was based solely on the ASHRAE
statistical criteria.

Step 5 — Selection of representative adjusted cases

From the set of adjusted solutions, three representative cases for each building were selected for further
analysis of renovation measures. Where possible, cases with different envelope properties and HVAC
configurations were chosen in order to assess the impact of renovation measures under varying
conditions and enable comparative evaluation across scenarios.

4.5.2 Impactful inputs for model fitting

This section presents the parameters identified as impactful for the model fitting process, together with
the ranges and representative values considered for each parameter. The selected values were selected
based on available building documentation, observed building conditions, relevant standards, and
variability reported in the literature, ensuring that they reflect realistic operational conditions and typical
practice.

U-value of walls

The thermal transmittance (U-value) data for the buildings was limited. Based on the building age and
the absence of recorded facade-related renovation measures in the Stockholms stad building records
(Stockholms stad 2026), it was assumed that no major envelope renovations had been undertaken.
Therefore, a bounded range of U-values was defined based on typological assumptions and standardised
material properties.

The wall construction was first estimated using typological information from the book titled Sa byggdes
husen (Bjork et al. 2021), indicating a solid brick masonry structure with varying thickness by floor.
The ground floor was assumed to have a thickness of 0.60 m, while the remaining floors were assumed
to have a thickness of 0.45 m. A weighted average thickness was calculated as 0.48 m for external walls.
Historical drawings were consulted to support the estimation of wall thickness; however, their reliability
is limited due to age and potential inaccuracies in the documentation.

No additional insulation was assumed, as no documentation indicating facade insulation measures was
identified in the available renovation records. The U-value was calculated using Equation (6).

A
=z 6
U=+ (0)

Where A is the thermal conductivity of the brick in W/(m-K) and d is the wall thickness in meters. A
values were selected for solid clay brick based on SS-EN 1745:2020 (EN 1745 2026). Five discrete U-
values were derived corresponding to the range of clay brick conductivity values reported in the
standard, spanning from well-performing stock to conservative solid brick

Accordingly, five discrete U-values (0.59, 0.80, 1.00, 1.22 and 1.43 W/(m?-K)) were tested to represent
uncertainty in envelope thermal transmittance.
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U-value of windows

The U-value of the windows was defined based on available documentation, as no direct measurements
or detailed specifications were accessible. U-values were derived from EPC comments, which provide
only indicative values and are subject to considerable uncertainty. A value of 3.00 W/(m?-K) was taken
as the upper bound, representing the original windows as indicated in the EPC. A value of 1.30
W/(m?-K) was included as the lower bound, corresponding to the EPC estimate for the renovated
condition. An intermediate value of 2.20 W/(m?-K) was introduced based on BETSI survey data (BETSI
2010), representing typical window performance for Swedish residential building stock of this typology.
Therefore, these three selected U-values (1.30, 2.20, and 3.00 W/(m?-K)) were tested for both buildings.

Thermal bridges

Thermal bridges represent a high share of envelope transmission heat losses, and their relative
importance depends strongly on building system and insulation level. Therefore, it is not appropriate to
apply a single predefined percentage factor for thermal bridges. In Sweden, thermal bridges are
sometimes accounted for by a simple +20 % increase in transmission heat transfer; however, this
approach is a simplification and may be misleading across different constructions and insulation levels
(Berggren and Wall 2013).

Cold-climate studies of multi-storey buildings report that thermal bridges account for approximately 23
% of transmission losses before renovation (Ilomets et al. 2016). Case studies using detailed two-
dimensional calculations, commonly report thermal-bridge contributions in the range of 18-30 % of
transmission losses (Larsson and Berggren 2015). The Swedish environmental rating system
Miljobyggnad allows a default allowance of at least 30% when thermal bridges are not explicitly
calculated (Sweden Green Building Council 2020).

For the studied solid brick buildings from circa 1890 in Sweden, a 25 % share of transmission heat losses
due to thermal bridges was considered a technically reasonable baseline assumption, given the relatively
high initial U-values of the envelope. In the parametric study, a range of 20 % to 30 % was investigated.

Infiltration

No blower-door test results or verified information on envelope airtightness were available for the
buildings, and potential retrofits or degradation effects could not be confirmed. The air infiltration rate
was defined from literature review. The values from documentation were commonly expressed at £50
Pa, to approximate operating pressure conditions the standard power-law relationship was used with the
Equation (7).

Q = C-AP" 7)

Where Q is the airflow rate, C is the flow coefficient, AP is the pressure difference across the building
envelope, and n is the flow exponent. In this study, a value of n=0.67 was adopted, consistent with
engineering practical experience for building envelope leakage. The reported values at £50 Pa were
subsequently converted to a reference pressure difference of 4 Pa to better represent operating
conditions. Since the flow coefficient C is independent of pressure, the leakage rate at the operating
reference pressure of 4 Pa was obtained from the documented value at 50 Pa as:

_ . 4 067
Q4 = Q50 (50) 8

where Q, is the airflow rate at the operating pressure of 4 Pa, and Qs is the airflow rate at the test
reference pressure of 50 Pa.

42



The Swedish building regulation applicable to the existing building stock, BBR 7 (BBR 1998:38 1998,
38) mentioned a maximum average leakage of 0.8 1/(s-m?) at 50 Pa for residential buildings and 1.6
1/(s'm?) at £50 Pa for other premises, which yields values of approximately 0.15 1/(s'm?) and 0.29
1/(s-m?) at 4 Pa, respectively. It should be noted that these represent maximum permitted values under
the regulation, not typical measured performance, and that compliance with this requirement was not
universal in practice (Y. Zou 2010; Wahlgren and Sikander 2010).

A value of 0.43 1/(s'm’ncade) at 4 Pa was derived from the default envelope leakage rate specified in
ASHRAE Standard 90.1 Appendix G (ASHRAE 2022), converted to SI units and adjusted to operating
pressure conditions using the same power-law relationship.

Accordingly, three discrete infiltration rates, 0.25, 0.31, and 0.43 1/(s'm?cade) at 4 Pa, were evaluated.
These values represent a progression from relatively airtight to moderately leaky envelope conditions
and draw on regulatory benchmarks and empirical engineering experience.

Equipment load

In Sweden, there is no explicit regulatory requirement in BBR defining a fixed equipment power density
for office buildings. Instead, equipment electricity is treated as user-related energy and is standardised
through BEN (BFS 2017:6) and industry guidelines. BEN specifies an annual operational electricity use
of 50 kWh/(m?-yr) for office premises, intended to represent normal use conditions in energy
performance calculations (Boverket 2016).

More detailed breakdowns are provided in Sveby, where internal gains from equipment during office
hours (excluding lighting) are estimated at 9.0 W/m? for 100 % occupancy and 6.3 W/m? for 70 %
occupancy, with an additional constant server load of 0.9 W/m? and a standby load of 1.2 W/m? outside
office hours (Sveby 2012). These values correspond to annual electricity use of approximately 60
kWh/(m?-yr) (100 % occupancy) and 49 kWh/(m?-yr) (70 % occupancy).

Equipment load was identified as an impactful parameter influencing heating demand in sensitivity
screening for building A. Accordingly, internal gains from equipment were modelled using the Sveby
methodology, considering two representative scenarios: 100 % occupancy and 70 % occupancy.

Ventilation system parameters

Ventilation system parameters include airflow rate and HR efficiency, both of which directly influence
space-heating demand in mechanically ventilated buildings. Due to differences in system configuration,
documentation quality, and measurement uncertainty, these parameters were defined and implemented
differently for each building.

Airflow

For Building A, the available documentation provided three airflow references: the EPC indicates 0.66
1/(s'm?), OVK projected airflow is approximately 0.68 1/(s'm?), and OVK measured airflow is
approximately 0.75 1/(s-m?). Since the cause of the discrepancy between projected and measured values
could not be clearly verified, both the EPC value and the OVK measured value were retained as
representative cases of projected and plausible operating conditions: 0.66 and 0.75 1/(s-m?).

For Building B, airflow was defined under higher uncertainty due to incomplete and inconsistent
documentation. The EPC indicates a uniform airflow of 1.0 1/(s'm?), while aggregation of room-level
OVK projected data yields a substantially higher estimate of 1.77 1/(s-m?). The cause of this discrepancy
could not be clearly identified, and both values were retained as representative cases.

All airflow values were implemented at the building level, representing aggregated ventilation
conditions across all systems.

Heat Recovery Efficiency
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For Building A, HR efficiency was fixed at 12% as discussed in Section 4.5.2 and was not treated as an
impactful parameter in the fitting process.

For Building B, due to the presence of three systems of different ages and the absence of reliable
performance documentation, representative HR values were defined based on these literature ranges.
Systems measured in the late 1990s showed nominal efficiencies averaging approximately 70% (Roulet
etal. 2001), while in 2015 FTX installations ranged from approximately 60% to 92% (Wahlstrom 2008).

Based on these ranges, the main system of Building B, installed in 1987, was assigned a plausible
efficiency range in the lower part of the measured interval for existing FTX systems, while the two
systems installed in 2013 were assigned a range consistent with better-performing contemporary
Swedish FTX installations. Representative values of 55%, 60%, 65%, 70%, and 75% were selected to
cover the plausible range of weighted building-level HR efficiency.

Heating setpoint

Swedish regulations do not prescribe a fixed indoor heating setpoint for office buildings but define
performance requirements related to thermal comfort. According to BBR (BFS 2011:6), buildings must
ensure satisfactory indoor conditions (BBR 29 2011). Arbetsmiljoverket (AFS 2023:12) indicates that,
for light sedentary work, indoor air temperature should typically remain within 20-24 °C during winter,
providing a practical reference range for acceptable conditions (Arbetsmiljoverket 2023). Sveby
recommends an indoor temperature of 21 °C for simulation purposes unless other values can be justified
(Sveby 2012; Ekberg 2006).

For model fitting purposes in this study, a heating setpoint of 21 °C was used as the baseline, while 20.5
°C and 21.5 °C were tested as alternative values. A setpoint of 20.5 °C was considered representative
for the entire building, taking into account that the basement, may operate at lower temperatures
(approximately 15 °C), while the main occupied spaces are maintained at around 21 °C.

To support this assumption, the temperature correction approach described in BEN (BFS 2017:6) was
applied, according to which heating energy demand changes by approximately 5 % per degree difference
from the reference indoor temperature (Boverket 2016). Based on this approach, a simplified estimation
considering the basement area, its heating demand, and the temperature difference indicates that an
average indoor temperature of 20.5 °C provides a reasonable approximation for representing the overall
building in the simulation model.

4.5.3 Parametric simulation and input variations for model fitting

Following the sensitivity screening, the parameters identified as impactful were assigned value ranges,
as shown in Table 6. Using a parametric simulation workflow in GH with the Colibri component, all
possible combinations of these values were simulated to generate the pool of cases from which the
adjusted models were identified.

For Building A, a full combinatorial sweep was performed, resulting in 1 080 simulated cases. For
Building B, the long computation time associated with a full sweep made this approach impractical;
therefore, a more targeted framework was adopted. In this approach, the most impactful parameters,
such as U-values and airflow rates, were tested at the minimum and maximum bounds of their ranges,
in combination with the remaining measures, to establish an initial understanding of where results could
fall within the acceptable range. For instance, when a U-value for the wall was combined with the lowest
values of all other measures (including infiltration rate, thermal bridges, etc.) and the resulting heating
demand still exceeded the measured data, no further simulations with higher U-values were pursued, as
fitting process within the acceptable range was already ruled out for that branch. Through this iterative
elimination process, the number of simulated cases for Building B was reduced to 132.
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Table 6 - The impactful parameters and their assigned values in parametric simulation in phase 3 of model

fitting process
Parameter Building A Building B
0.25 0.25
Infiltration/ (I/(s-m?)) 0.31 0.31
0.43 -
20.00 20.00
Thermal bridge/ % 25.00 25.00
30.00 -
0.59 0.59
0.80 0.80
U-value Walls/ (W/(m?-K)) 1.00 1.00
1.22 -
1.43 -
1.30 1.30
U-value Windows/ (W/(m?-K)) 2.20 2.20
3.00 3.00
7.20 7.20
Equipment load/ (W/m?)
9.00 -
0.66 1.00
Airflow/ (I/(s-m?))
0.75 1.77
20.50 20.50
heating setpoint/ °C
21.00 21.00
55
60
HR efficiency / % 12 65
70
75

4.5.4 Data processing for simulation and measured data fitting

This section describes the processing of simulated and measured energy data to ensure consistency in
system boundaries prior to model fitting. The fitting process, as can be seen in Figure 5, includes the
estimation and separation of domestic hot water energy, addition of standardized losses in accordance
with Swedish regulations and guidelines.
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Simulated data Measured data
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Figure 5 - Data Processing steps for simulation and measured data adjustment

Inclusion of heating system and distribution losses

To account for system inefficiencies in heat generation, control, and distribution A 10 % increase was
applied to the simulated space-heating demand. These losses represent the difference between delivered
heating energy and useful space-heating demand. This value reflects common engineering practice in
energy audits and early-stage simulations, where system losses are estimated when detailed data is
unavailable.

Window airing and domestic hot water circulation losses (VVC)

BEN requires that user-related energy in premises be based on intended building function. For non-
residential buildings, if window airing losses cannot be determined, an addition of 4 kWh/(m?-yr) shall
be included in the calculation.

Sveby also specifies a standardized domestic hot water use of 2 kWh/(m?-yr) for offices, explicitly
excluding hot water circulation losses. BELOK 2017 reports measured VVC losses of 1.5—
3 kWh/(m?-yr) in offices (BELOK 2017). Therefore, since VVC is not explicitly modelled, an additional
2 kWh/(m?-yr) was added to the simulated space-heating demand.

The annual values for window airing and VVC losses were distributed across months in proportion to
the monthly share of space-heating demand.

Separation of domestic hot water Energy from measured data

To enable comparison between measured heating energy and simulated space-heating demand, the
delivered energy for domestic hot water (DHW) was separated from the total measured heating energy.
In accordance with Boverket’s regulation BEN (BFS 2016:12), when measured hot water energy and
circulation losses are unknown, but the annual cold-water volume is available, the delivered energy for
DHW may be calculated with Equation (9).

Vip - 55

Etvv,lev = 0.35 1
tvv

)
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where Ey,,y, 101,18 the delivered energy for domestic hot water in kWh/yr, Vj,, is the measured annual cold-
water volume in m?*/yr, and 7;,,, is the annual efficiency of the hot water preparation system which was
considered equal to 1.0 for district heating. The value of 55 °C corresponds to the assumed temperature
increase for domestic hot water based on BEN. The calculated DHW energy was subtracted from the
total measured heating energy for each month in building A to obtain the net space-heating energy.

4.5.5 Baseline assessment of property electricity consumption

While the model fitting process was conducted against the space-heating demand, several input
parameters, such as ventilation airflow rates, influence both space-heating and electricity consumption.
Mechanical ventilation systems, and in particular fan electricity, often constitute a high share of property
electricity use and are strongly influenced by factors such as airflow rate, operating hours, and fan
efficiency.

Also, to support the subsequent evaluation of renovation measures, a reliable baseline for property
electricity consumption was necessary. An additional assessment was therefore carried out to estimate
the electricity use of the systems when possible, and to verify the plausibility of the shared input
parameters used in the fitting process.

The calculated results were compared with available measured data for property electricity, as well as
with statistical benchmarks for office buildings in Sweden. When the calculated values were reasonably
consistent with measured and statistical data, the same approach was applied in the renovation scenarios.
If calculations were not possible due to insufficient data, statistical values were used as the baseline.

Statistical benchmarks for property electricity

The report STIL3 published by the Swedish Energy Agency (Statens energimyndighet), was used to
assess the calculation to reach a reliable baseline. The report is as part of a national effort to develop
detailed and reliable energy statistics for non-residential buildings (Persson et al. 2025). The study
focuses on office buildings and is based on the third iteration of the STIL program, which collects
empirical data from a representative sample of buildings across Sweden.

The STIL3 study reports energy use for different end-use categories as minimum and maximum values
observed across the sampled buildings, together with nationally weighted average values. For this study,
only the categories relevant to the case studies were selected and their combined contribution was
considered to represent the total property electricity. As these categories (fan, pump, elevator) are
assumed to be present in all buildings, the national weighted values were considered as a reference
benchmarks for typical electricity use in Swedish office buildings. Based on this assumption, the relative
share of each category was derived and applied to the measured total property electricity of the building
to estimate the initial baseline distribution among end uses. Table 7 shows the statistical value from
STIL3 as well as the percentage allocated to each component.

Table 7- Statistical benchmarks for property electricity end-use categories in Swedish office buildings based on
nationally weighted average values from the STIL3 study (Persson et al. 2025).

Component STIL3 Benchmark / STIL3 Allocation/

(kWh/(m?-yr)) %o
Fans 13.20 65
Pumps 1.70 8
Elevators 1.10 5
Other 430 1
Total 20.30 100
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Estimation of fan electricity

Fan electricity use was estimated using SFP, which relates fan electrical power to airflow rate. Annual
fan electricity use was calculated with (10):

E=SFP-q-t (10)

Where E is annual fan electricity in kWh/yr, SFP is specific fan power in kW/(m?/s), q is airflow rate
in m®/s, and t is operating time in h/yr. The resulting annual energy use was normalised by heated floor
area to obtain kWh/(m?-yr). Due to the CAV system assumption, continuous operation was assumed,
corresponding to 8760 hours per year, reflecting practice in older office buildings where ventilation
systems operate without scheduled shutdowns.

SFP was derived from available fan data using the general relationship between airflow rate, pressure
rise, and total fan efficiency. Where complete fan power data were available, SFP was calculated directly
as the ratio of fan power to airflow. Where such data were incomplete or unavailable, SFP was estimated
using Equation (11):

P q-Ap A
SFP=E—q P_2P

=— (11)
VR

Where P is electrical power in W, q is airflow rate in m%/s, Ap is pressure rise in Pa, and 7 is total fan
efficiency.

Discrepancies were identified in the OVK documentation; therefore, measured fan power data were not
used as primary inputs. To ensure consistency across all systems, projected airflow rates and fan power
values from the OVK documentation were used as the main input data. Measured values were only used
for plausibility checks (Table 8).

Table 8- Input parameters used for fan electricity estimation, derived from OVK projected values.

Building | System System type | Year Ap/ kPa n Fan pov;'{e‘l); J(KW /(mfllz)l;
A Main FT 1972/2005 1.5 - 2.14 3.0
A Attic FTX 2002 1.0 0.6 - 1.7
B Main FTX 1987 1.5 0.5 - 3.0
B Retail FTX 2013 - - - 2.0

For the main ventilation of building A, fan power data were available in the OVK. However, the
measured values showed inconsistencies and were not considered reliable; in several cases, measured
values were significantly higher than projected values, and reported units varied between amperes and
watts, making direct interpretation uncertain. SFP was therefore calculated directly as the ratio of
projected fan power to projected airflow.

For the attic ventilation system, no direct fan power data were available. SFP was instead estimated
using assumed values for pressure rise and fan efficiency derived from literature ranges (Nilsson 1995).
As this system represents a more recent installation, assumptions corresponding to a relatively efficient
and well-designed system were applied, with pressure drop and fan efficiency values selected within
standard ranges reported for such systems.
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The estimation of fan electricity for Building B was subject to greater uncertainty than for Building A,
due to the overall incompleteness of the available OVK documentation. Fan-related information was
fragmented across systems and inspection years, with missing total airflow values, incomplete fan power
data, and inconsistent reporting formats. In several cases, only room-level airflow data were available,
requiring aggregation to obtain building-level values. These limitations prevented direct calculation of
SFP from reported data, and SFP values were therefore defined entirely based on literature-based
assumptions, applying the same reference framework used for Building A to ensure methodological
consistency.

For the main ventilation system, SFP was estimated based on literature describing the typical
performance of older ventilation systems, reflecting higher pressure drops and lower overall efficiency
characteristic of installations from that period (Nilsson 1995).

For the retail system, which comprises two ventilation units installed in 2013, no pressure, efficiency,
or fan power data were available. SFP was defined using the maximum allowable value specified in the
BBR 19, which was in force at the time of installation. This regulatory threshold was used as a reference
to define a plausible upper performance limit for the system.

4.6 Renovation measures

The renovation analysis was carried out using the selected baseline models developed in the previous
section. Renovation measures were applied to these cases by modifying selected model parameter
differences while maintaining all other inputs unchanged. This approach ensures that the impact of each
measure can be evaluated consistently, isolating the effect of the intervention from the uncertainty
associated with the baseline conditions.

4.6.1 Selection of renovation measures

The renovation measures considered in this study were selected based on their relevance to office
buildings and their frequency in energy audit recommendations. The selection also reflects practical
feasibility, as the proposed measures are commonly implemented in Swedish renovation practice and
were confirmed by the building owner as relevant and of interest. The measures include improvements
to ventilation systems, lighting, circulation pumps, windows, and roof insulation (Figure 6)
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Figure 6 - Isometric illustration of the five energy renovation measures selected for implementation, spanning
HVAC, building envelope, and auxiliary systems.
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For mixed-use buildings, renovation measures were applied selectively based on functional use. In the
case of Building B, measures were applied only to office areas, corresponding to approximately 84 %
of the total heated floor area. The remaining 16 %, consisting of retails, was excluded from the
renovation scenarios due to differences in usage patterns, operational requirements, and system
characteristics. In contrast, Building A consists entirely of office space, and therefore all renovation
measures were applied to the full heated floor area.

4.6.2 Envelope renovation measures
Envelope-related measures were limited to window replacement and additional roof insulation.

Roof insulation

An additional 300 mm layer of insulation with a thermal conductivity of 0.04 W/(m?-K) was applied to
the roof structure, resulting in an increase in thermal resistance of approximately 7.5 (m?-K)/W. Mineral
wool (glass wool or rock wool), commonly used in Nordic climates due to its good thermal performance
and fire resistance, was assumed. Based on cost data from the Wikells database, installation constitutes
a significant share of total costs; therefore, lower insulation thicknesses were not considered
economically justified (Wikells Byggberdkningar AB 2026).

Window replacement

No evidence of window replacement was identified for either Building A or Building B, based on
available documentation and construction permits. Therefore, window replacement was included as a
renovation measure. To account for different initial conditions, windows with varying thermal properties
were selected from the adjusted cases for each building.

Given the historical value of both buildings, it was assumed that new windows would match the existing
frame design and colour. Accordingly, the existing windows were replaced with triple-glazed units,
reducing the thermal transmittance to 0.9 W/(m?*-K).

Windows and doors can represent a significant source of air leakage in buildings, contributing
approximately 6-22 % of total infiltration (Martin-Garin et al. 2020). Therefore, in the window
renovation scenario, a moderate reduction in infiltration of 10 % was assumed. This value was adopted
as a conservative modelling assumption, acknowledging that the actual improvement in airtightness
depends on installation quality and detailing.

4.6.3 Auxiliary Renovations

Auxiliary renovation measures include circulation pump replacement and lighting improvement.

Circulation pump replacement

Circulation pumps for space heating and domestic hot water were replaced with high-efficiency units.
The effect of this measure was assessed by reducing the corresponding electricity use in accordance
with the improved pump efficiency.

An efficiency of 0.6 was assumed for the existing pump, based on typical values reported in engineering
practice to reflect performance degradation in older systems, whereas an efficiency of 0.8 was adopted
for the new pump in accordance with manufacturer specifications (Grundfos 2026).

The circulation pump for the space-heating system was sized based on the peak heating load from
simulation. The required water flow rate was determined using Equation (12):
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V= Qpeak

= 12
pcp AT (12

where V is the volumetric flow rate in m%/s, Qpeak is the peak heating load in W, p is the density of
water in kg/m’, ¢, is the specific heat capacity of water in J/(kg-K), and AT is the temperature difference
across the heating system in K. The required pump capacity was then defined based on the calculated

design flow rate, and an assumed pressure rise for the system (40 Kpa). Pumps were selected using the
online tool of Grundfos (Grundfos Product Center 2026).

For the domestic hot water, it was not possible to determine the circulation pump size based on the
available data. Therefore, a typical circulation pump was selected based on the size and function of the
building.

Lighting replacement

The existing lighting system was replaced with a more efficient LED-based solution. In addition, the
measure was introduced to ensure a consistent representation of internal gains within the renovation
cases of the energy simulation model.

The baseline lighting system was assumed to consist primarily of T8 fluorescent lamps, which represent
a common technology in existing office buildings and are frequently associated with higher replacement
costs and lower efficiency compared to modern systems.

For the renovation scenario, a full replacement with LED lighting fixtures was assumed. The estimation
of lighting demand was based on assumed zoning of the office space and standard illuminance
requirements derived from SS-EN 12464-1:2021(CEN; SIS 2021). To translate illuminance
requirements (lux) into installed lighting power, a value of 80 Im/W was assumed for the baseline
fluorescent system, representing the lower bound of typical T8 fluorescent efficacy (Summary of Linear
(T8) LED Lamp Testing 2014); while 117 Im/W was used for the LED renovation case based on
manufacturer data. Table 9 presents the assumed zoning and illuminance requirements applied in this
estimation.

Table 9 - Assumed zoning of office space and illuminance requirements based on SS-EN 12464-1:2021

Zone Share of Total Area / % INluminance Requirement / Ix
Workstations 70 500
Circulation 20 300
Storage / Support 10 200

To ensure consistency between the lighting renovation measure and the baseline energy model, the
resulting installed lighting power density (W/m?) was compared against the Sveby reference values used
for internal gains in the baseline simulation (5.30 W/m?). This comparison was necessary because the
simulation model requires lighting to be defined as an internal load, and any modification to lighting
efficiency directly affects both electricity use and internal heat gains. Accordingly, the calculated
lighting power for both baseline and renovation cases was aligned with the Sveby-based internal load
assumptions used in the model.

4.64 HVAC system

Office buildings are characterized by high ventilation demands, long and regular operating hours, and a
major share of property electricity use. Consequently, measures targeting HVAC systems and electricity
use are particularly relevant. The replacement of AHUs and the transition from CAV to VAV systems
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improve both ventilation efficiency and operational control. Enhanced fan efficiency and HR efficiency
are inherently included in the AHU replacement.

Ventilation renovation was evaluated at two levels of intervention, distinguished by whether the existing
AHU was retained or replaced. The first level, VAV conversion, focuses on upgrading the airflow
control strategy while keeping the existing AHU in place. The second level, AHU replacement, involves
full unit substitution with improved HR efficiency and fan performance, evaluated under both CAV and
VAV operation. Together, these two levels form a progression from lower to higher intervention,
allowing the energy impact of each step to be assessed independently and in combination. The two
intervention levels and their sub-cases are illustrated in Figure 7.

VAV conversion
Old SFP - old HR

Baseline )
Existing system y | CAV
AHU replacement

New SFP - new HR
VAV

Figure 7 - Ventilation renovation framework showing the two levels of intervention: VAV conversion of the existing
AHU and full AHU replacement under CAV and VAV operation

VAYV Conversion of existing AHUs

In this approach, the existing AHU was retained, and the system was converted from CAV to VAV
operation. Implementing VAV required the addition of control dampers and fan replacement in all cases.
Rather than replacing diffusers, airflow control to the occupied zones was achieved through control
dampers, which regulated airflow distribution in response to occupancy schedule. Fan replacement
included a variable frequency drive (VFD) to enable variable speed operation.

Although fans were replaced as part of this measure, the SFP was maintained at the same level as in the
baseline model. This reflected the fact that overall system performance remained constrained by the
existing ductwork, pressure losses, and AHU configuration, which limited the achievable reduction in
system-level SFP despite improved fan components.

Airflow rates were defined according to occupancy schedule: during unoccupied periods airflow was
reduced to a minimum hygienic level of 0.1 1/(s'm?) to maintain basic air quality while limiting
ventilation-related heat losses. For occupied periods, airflow rates were defined per building based on
their respective baseline conditions and are described in the building-specific sections below.

AHU replacement

In this approach, the existing AHU was fully replaced. All AHU replacement scenarios assumed an
improvement in HR efficiency to 85%. New SFP values were derived using manufacturer-based AHU
design tools (Swegon Group AB 2025), combined with assumptions on pressure distribution between
the AHU and the existing duct system. Based on literature values (Nilsson 1995), approximately 60%
of total pressure drop was attributed to ductwork, allowing the total pressure drop to be scaled
consistently with the existing building conditions.

Each replacement scenario was evaluated under both CAV and VAV operation, resulting in two sub-
cases per replacement configuration:

e AHU replacement - CAV: new unit operating at constant airflow.
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e AHU replacement - VAV: new unit with variable airflow control, with control dampers and VFD
added following the same approach as described in the VAV conversion scenarios above.

Application to case building

Building A was served by two AHUs, an attic unit and a main unit, which allowed the replacement
measure to be staged. Three replacement configurations were evaluated: replacing only the attic AHU,
replacing only the main AHU, and replacing both units simultaneously. Each configuration was assessed
under both CAV and VAV operation.

For this building the airflow stated by the EPC and applied during the fitting process was 0.66 1/(s-m?).
To ensure compliance with regulatory requirements, the required airflow was recalculated. According
to BBR, the minimum requirement is 0.35 1/(s-m?), while the Swedish Work Environment Authority
(Arbetsmiljoverket) requires 7 1/s per person. When recalculated based on area, assuming an occupancy
density of 0.05 persons per m? from Sveby, the required airflow becomes 0.7 1/(s-m?). Therefore, this
value was used in the renovation scenarios.

Combined with the VAV conversion scenario, this resulted in the following renovation packages for
Building A:

e VAV conversion (existing AHU, fans replaced)
e Attic AHU replacement (CAV & VAV)

e Main AHU replacement (CAV & VAV)

e Full AHU replacement (CAV & VAV)

The corresponding parameters for Building A are presented in Table 10.

Table 10 - Ventilation renovation parameters, Building A.

] External static pressure

3
System Scenario SFP / (kW/(m?/s)) ductwork / kPa
Main AHU AHU replacement 2.1 0.9
Attic AHU AHU replacement 1.4 0.4

The ventilation system of Building B was served by a single AHU covering the office area, and
renovation was applied to that unit only, in accordance with the scope defined in Section 4.6.1. Due to
uncertainties in the baseline airflow conditions, a simplified approach was adopted.

Due to inconsistencies in the documented airflow values for Building B, neither value was considered
directly applicable to the office renovation scenarios. The EPC value of 1.0 1/(s'm?) represents a
weighted average across all building functions including retail areas and is therefore not representative
of office spaces alone, while OVK inspection notes indicated that the main system was not operating at
maximum capacity during measurement. A value of 0.8 1/(s'm?) was therefore adopted as an engineering
judgement for the office renovation scenarios. Although 0.7 1/(s'm?) represents the minimum
requirement in accordance with the occupancy density assumptions from Sveby, this higher value was
selected to provide flexibility for potential future changes in airflow requirements.

The corresponding parameters of AHU for Building B are presented in Table 11. The renovation
scenarios for Building B therefore include:

e VAV conversion (existing AHU, fans replaced)
e AHU replacement with improved HR efficiency and SFP,
e AHU replacement combined with VAV conversion
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Table 11 - Ventilation renovation parameters, Building B.

External static pressure
- Duct work/ kPa

Main AHU ‘ Replacement | 2 ‘ 0.9

System ‘ Scenario ‘ SFP/ (kW/(m?/s)) ‘

4.7 Parametric framework of renovation

To evaluate the various renovation combinations, a parametric simulation workflow was developed
within the GH environment utilizing HB and Colibri components. All proposed renovation measures
were combined into a single script. For Building A, this approach resulted in the generation of 128
improved cases, while Building B involved 64 cases; the difference in the number of combinations was
due to the replacement of AHUs in Building A being modelled in three steps. The Colibri components
were utilized to automate the simulation of every possible combination of these parameters, which
variables such as HR efficiency, SFP, and infiltration rates were adjusted based on the specific properties
of each package. Also, the script integrated economic calculations to determine the investment costs and
operational energy costs for every iteration. All simulated data, encompassing energy demand across
different categories as well as annual energy and investment costs, were exported to an Excel file for
subsequent analysis.

4.8 Economic evaluation

4.8.1 Economic framework and assumptions

The economic analysis in this study deliberately adopts a simplified framework in which economic
uncertainties such as discount rates, inflation, and future energy price escalation are excluded. This
methodological choice is made in direct support of the research aim, which is to identify patterns in the
technical and economic performance of renovation measures in relation to the function, as-used, and
physical condition of the building, rather than to produce a financial forecast for a specific investor.
Introducing economic uncertainties into the present analysis would therefore risk obscuring the physical
and operational-based effects of the renovation measures.

The approach is consistent with established practice at the comparative and screening stage of renovation
analysis. Boverket (Boverket 2026b) identifies simplified cost-effectiveness indicators as appropriate
tools for the early-stage ranking of renovation alternatives. The BELOK Totalmetodiken (BELOK
2013), widely applied in the energy renovation of Swedish non-residential buildings, similarly relies on
a framework in which annual savings are treated as constant and energy prices are taken at their present
level.

Therefore, annual cost savings are assumed to be constant over time, reflecting steady-state operation
of each measure at current energy prices. Accordingly, all economic indicators in this study are
evaluated on an annual basis, without discounting applied.

4.8.2 Investment cost

The cost estimation in this project is primarily based on data from Wikells Sektionsfakta, an online
database widely used in the Swedish construction sector (Wikells Byggberdkningar AB 2026). This
database was used as the main source for cost data throughout the project. In cases where products with
the specified technical requirements were not available within the database, price information was
supplemented using data from online retailers.

The investment cost for roof insulation, including both material and installation, was obtained from the
Wikells and set at 721 SEK/m?. Similarly, the cost for window replacement was derived from the same
source, with a value of 5 117 SEK/m? covering both material and installation.
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Pump costs were based on the selected models from online retailers, while installation and auxiliary
equipment costs were obtained from the Wikells database as shown in Table 12.

Table 12 - Investment required for circulation pump replacement.

Pump application Building A, cost/SEK Building B, cost/SEK
Domestic hot water circulation pump 10 863 10 863
District heating circulation pump 14 935 18 052

Lighting investment costs were estimated based on the number of lighting fixtures replaced and a
selected unit cost per LED lamp. The quantity was derived from the assumed lighting layout used in the
lighting calculation. The renovation case assumed full replacement with simple LED bulbs, using a
representative luminous efficacy of 117 Im/W based on supplier data. No separate installation cost was
included for lighting replacement, as this measure was assumed to be implementable within routine
property maintenance (Table 13).

Table 13 - Investment required for improved lighting system

Case Cost/ Quantity/ Total Cost/

(SEK/st) units SEK
Building A 40 376 15040
Building B 40 717 28 680

Note: Lighting electricity is reported as a reduction in total electricity use. Due to the difficulty of distinguishing
between property electricity (fastighetsel) and tenant-related electricity (verksamhetsel), the saving could not be
allocated to a specific electricity category.

For ventilation measures, different estimation approaches were required depending on the type of
intervention. For full AHU replacement, unit prices were based on selected AHU sizes corresponding
to the required design airflow (Table 14).

Table 14 -Investment required for AHU replacement

System Building A, cost/SEK Building B, cost/SEK
Main AHU (900 I/s) 285 948 -
Attic AHU (200 1/s) 53 905 -
Main AHU (3000 I/s) - 347 205

For Building B, the selected AHU size exceeds the estimated airflow requirement. This simplification
was necessary due to the limited availability of cost data for AHUs matching the required capacity. As
a result, the selected unit represents a conservative cost estimate for the replacement scenario.

For VAV systems, additional components were required, including VAV dampers and control systems.
The number of dampers was estimated based on the number of diffusers derived from the airflow
requirements documented in the OVK for each. A unit price of 5 693 SEK per damper was applied,
sourced from manufacturer pricing (Swegon A/S 2026). Control system costs were set at 40 000 SEK
per retrofitted AHU, representing a simplified estimate (Boverket 2026d).

In retrofit scenarios, where the existing AHUs were retained and adapted for VAV operation, the
investment cost included fan replacement in addition to the dampers and control systems. Fan
replacement costs were estimated based on available supplier data for systems compatible with variable
airflow operation as shown in Table 15.
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Table 15 - Investment required for fan replacement.

Component Building A, cost/SEK Building B, cost/SEK
Main AHU Fans (900 1/s) (2 fans) 37 288 -
Attic AHU Fans (200 1/s) (2 fans) 16 191 -
Main AHU Fans (2080 1/s) (2 fans) - 75 105

4.8.3 Operational energy cost

Operational energy costs are calculated using fixed unit prices for the two energy carriers relevant to the
studied buildings: district heating and electricity. A price of 1 SEK/kWh is applied to district heating
and 2 SEK/kWh to electricity. These values are consistent with reported average prices for non-
residential buildings in Sweden during the study period.

According to the annual Nils Holgersson report, the national average district heating price was
approximately 0.97-1.12 SEK/kWh for 2023 and 2024 (Nils Holgersson-gruppen 2024), which is
rounded to 1 SEK/kWh in this study. For electricity, Statistics Sweden (SCB) reports average prices for
non-residential medium consumers in the range of 1.8-2.2 SEK/kWh during the same period (SCB
2024), supporting the adopted value of 2 SEK/kWh.

The electricity-to-district heating price ratio of approximately 2:1 reflects the structural difference
between the two energy carriers in the Swedish market. Electricity prices include energy tax, grid fees,
and supplier margin, while district heating prices are cost-based and unregulated, consistently resulting
in a lower delivered cost per kWh for district heating in commercial buildings
(Energimarknadsinspektionen (Ei) 2021).

Both prices are held constant across all simulated cases and buildings, consistent with the simplified
economic framework described before.

4.8.4 Economic performance indicators

To assess the cost-effectiveness of renovation measures, below indicators were used in this study. Each
indicator was calculated on an annual basis under the described economic framework, with constant
energy prices and no discounting applied.

Annual Energy Saving quantifies the reduction in delivered energy demand resulting from a renovation
measure. It is calculated as the difference between the simulated energy use of the baseline building and
the simulated energy use after applying the measure. The indicator is expressed in kWh/(m?-yr) when
evaluating individual building performance, and as percentage improvement (%) when comparing
results across two buildings, calculated with Equation (13).

_ (Ebaseline - Emeasure) (13)

Annual Energy Saving (%) = x 100

Ebaseline

Where Ep;serine and Epeqsure are the annual specific energy use of the building before and after the
measure, respectively.

Annual Cost Saving translates the energy saving into a monetary value by applying the constant energy
prices for electricity and heating used in this study. The indicator is expressed in kKSEK/yr.

Return on Investment expresses the annual economic return of a renovation measure relative to its total
investment cost. In this study ROl is defined on an annual basis, consistent with the economic framework
in which savings are constant over time. ROI was calculated with Equation (14).
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Annual Cost Saving
ROI = x 100 (14)
Investment

Where Annual Cost Saving is expressed in SEK/yr and Investment is the total investment cost of
the measure in SEK. The indicator is expressed as a percentage (%) and can be interpreted as the fraction
of the initial investment recovered through energy cost savings each year. A higher ROl indicates a more
economically attractive measure relative to its cost.

Simple Payback Time is the time required for the cumulative annual cost savings to recover the initial
investment, without accounting for the time value of money. It was calculated using Equation (15).

Investment

Simple Payback Time = (15)

Annual Cost Saving

Where Investment is the total investment cost in SEK and Annual cost Saving is expressed in SEK/yr.
The result is expressed in years. A measure is considered economically viable when its payback period
is shorter than its expected useful lifespan.

The expected useful lifespan assigned to each renovation measure, used as the viability threshold for
simple payback time evaluation, is summarised in Table 16. For LED lighting, the nominal manufacturer
lifespan was recalculated based on the typical operating hours of office function (Signify N.V. 2024).
Ventilation components, window and ump were assigned lifespan values from Annex D of SS-EN
15459-1:2017 (Swedish Institute for Standards 2017).

Table 16 - Expected useful lifespan of renovation measures.

Measure Expected lifespan / years | Source or reference standard
LED lighting 5 EPD
Ventilation equipment 20 SS-EN 15459-1:2017
Insulation 50 (Boverket 2026¢)
Circulation Pump 15 SS-EN 15459-1:2017
Window 30 SS-EN 15459-1:2017

4.9 Result analysis

The results are presented in three parts. The first two parts address Building A and Building B separately,
following the same structure. The third part brings both buildings together for direct comparison, using
one representative case per building. The structure of result presentation can be seen in Figure 8.

Individual measures

For each building, the analysis begins with an assessment of individual renovation measures in isolation.
The graphs present the annual energy saving and the simple payback time for each measure across the
three adjusted cases, allowing the energy and economic performance of each intervention to be evaluated
independently.

Renovation packages

The package-level assessment is structured in three steps. First, the investment versus annual energy
saving is shown for all simulated combinations, 128 cases for Building A and 64 cases for Building B.
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Three scatter plots are presented per building, each highlighting a different dimension of the package
composition: pump and lighting conditions, envelope conditions, and ventilation system conditions.
Second, the Pareto front for each building is presented, combining all three adjusted cases in a single
graph to identify the most effective renovation combinations. Third, a profitability diagram presents the
cumulative economic performance of measures added sequentially in order of descending ROI, as
described in section 4.9.1.

Cross-building comparison

The final part compares both buildings using one representative case per building. The same sequence
is followed: individual measures, Pareto front comparison, and the profitability diagram.

THREE CASES PER BUILDING REPRESENTATIVE CASES
BUILDING LEVEL CROSS-BUILDING
(A & B) (AVS B)
Individual Energy saving/Simple Payback Time Energy saving/Simple Payback Time
measures per Individual measures, all cases Al vs B2
L N
. Investment vs saving Normalized Pareto front
Renovation ventilation - envelope - auxiliary investment / m* vs % improvement
packages
Pareto front Profitability diagram
all cases, all packages investment/ m* vs annual saving / m?

€

Profitability diagram
investment vs annual saving

Figure 8 - Structure of result presentation in building-level and cross-building level
4.9.1 Package-level profitability assessment

To evaluate the economic viability of integrated renovation strategies, this study utilizes the profitability
diagram framework established by the Swedish Totalmetodiken (BELOK 2026). This method facilitates
the assessment of a "total package" of measures by evaluating its IRR against a required threshold.

The diagram's reference grid is constructed using the annuity factor P(r, n) with Equation (16) (BELOK
2013):

r
T-(1+n)" (16)

P(r,n) =

Where P(r, n) is the annuity factor, r is the required rate of return, and n is the lifespan of the measures
in years.

In this framework, the cumulative annual cost saving S in SEK/yr is determined by the investment of
the package I in SEK and the annuity factor P(r, n), as shown in Equation (17):
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S =1-P(r,n) (17)

Each reference line in the diagram acts as a benchmark for the IRR, where steeper lines indicate higher
profitability and faster investment recovery relative to the lifespan. A renovation curve situated above a
specific line demonstrates that the package meets or exceeds that return threshold, while falling below
a line indicates that the cumulative investment no longer satisfies the required interest rate.

A cumulative curve is generated by adding renovation measures sequentially in descending order of
marginal ROI. To maintain accuracy as the package composition changes, the weighted average lifespan
is recalculated at each step, since different lifespans were assumed for the measures.

By plotting the cumulative investment against annual savings, the resulting curve illustrates the effective
IRR of the package at each stage of assembly. This allows for the identification of the economic limit,
the point where adding further measures drives the total package return below the owner’s required
interest rate.

4.10 Limitations

Building Selection and Category Justification

Single city and typology: Both buildings are centrally located in Stockholm and share a similar
construction age, dating from the late nineteenth century. Results reflect a specific urban and climatic
context, and the building age influences key modelling decisions, particularly the baseline U-values for
the wall and windows. Findings may not generalise to office buildings of different construction periods
or in other Swedish cities.

Adiabatic boundary conditions: Both buildings share party walls with adjacent structures, modelled
as perfectly adiabatic. This structurally reduces envelope heat losses relative to freestanding buildings,
which limits the representativeness of envelope measure results for isolated or semi-detached buildings.

Two-building sample: Conclusions regarding measure ranking are based on two buildings. No
statistical inference about the broader Swedish office stock can be drawn. The framework is intended as
a replicable methodology, not a statistically representative survey.

Building Modelling and Input Data

Roof simplification: The thesis includes analysis of roof insulation the simplification of the pitched
roof to a flat surface. A pitched roof would introduce a larger surface area and varied surface orientation
compared to a flat roof, which may influence the modelled heat loss through the roof assembly. Results
related to roof insulation performance should therefore be interpreted with this geometric simplification
in mind.

Window-to-wall ratio uncertainty: WWR was estimated from historical drawings, and no uncertainty
range was propagated for this parameter, despite its direct interaction with window U-value, which was
treated as a fitting variable. The resulting interplay between these two sources of uncertainty is
unacknowledged.

Model Fitting

OFAT interaction effects: The one-factor-at-a-time screening approach does not capture interaction
effects between parameters. For example: Airflow rate and heat recovery efficiency interact directly in
determining ventilation heat losses; their combined influence cannot be characterised by independent
variation.
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Weather file limitation: The measured energy data provided for both buildings included a climate
correction factor applied by the data supplier, partially accounting for deviations between the
measurement year and a reference climate. However, no corresponding normalisation was applied to the
IWEC typical meteorological year file used for energy simulation. This means the model fitting process
was performed between climate-corrected measured data and TMY-based simulation results, which may
introduce a residual systematic offset in absolute heating demand. Relative comparisons between
renovation scenarios remain unaffected, as all cases share the same simulation boundary conditions.

Asymmetric filtering between buildings: A secondary monthly consistency filter of +£15 % for model
fitting, was applied beyond ASHRAE Guideline 14 criteria for Building A but had to be abandoned for
Building B, as no cases satisfied it. The adjusted cases for Building B therefore carry greater residual
uncertainty, representing an inconsistency in the rigour of accepted models across the two cases.

Equifinality: The fitting process does not yield a unique solution. Multiple parameter combinations
satisfied the acceptance criteria, and the three representative cases per building are conditional
approximations of plausible building states rather than verified physical descriptions. Renovation
savings are predicted from these approximations, introducing uncertainty that is bounded but not
formally quantified.

Ventilation System Representation

Continuous operation assumption: The OVK protocols available contained mandatory fields for AHU
operating schedules (drifttimmar/vecka) that were largely incomplete, providing no reliable basis for
establishing actual operating hours. Continuous operation at 8 760 hours per year was therefore adopted
based on engineering judgement informed by the age of the installed equipment. This highlights a
broader limitation of relying on OVK protocols as a data source for energy modelling of older building
stock.

Fan electricity use: The estimation of fan electricity use was subject to limited precision due to
inconsistencies and gaps in the available OVK documentation. Where measured or projected fan
performance data were incomplete or unreliable, SFP values were derived from literature-based
assumptions or regulatory thresholds, which introduces uncertainty in the absolute fan electricity
estimates. Additionally, SFP characterises fan performance at a single design operating point and does
not capture efficiency variations across the full range of operating conditions, which is particularly
relevant for VAV scenarios. The approach is considered appropriate for the comparative purposes of
this study, but absolute fan energy estimates should be interpreted with this limitation in mind.

Renovation Measures

AHU Investment cost: Renovation measures involving AHU replacement should be considered with
attention to the practical difficulties associated with removing and installing such large equipment. In
some cases, this may require structural interventions or modifications to the roof, particularly when the
units are located in attic spaces. For historic buildings subject to preservation requirements, such
interventions may be restricted or not feasible at all.

Lighting system: The lighting analysis represents a simplified estimation. Factors such as utilisation
factor, maintenance factor, daylight availability, lighting controls, and detailed luminaire layout were
not explicitly accounted for, and the assumed distribution of space functions introduces additional
uncertainty. The baseline was assumed to consist entirely of fluorescent lamps, and the renovation was
assumed to involve simple LED lamp replacement carried out as part of routine maintenance. More
elaborate lighting designs would imply higher investment costs and potentially different electricity use.
Furthermore, due to the difficulty of distinguishing between property electricity (fastighetsel) and
tenant-related electricity (verksamhetsel) in the available data, the impact of the lighting renovation was
evaluated as a reduction in total electricity use rather than being allocated to a specific category.

Pump Electricity use: No data was available regarding electricity use or technical system of circulation
pumps. The estimation of pump electricity use was based on statistical reference values, literature-based
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assumptions on pump efficiency accounting for degradation of older units, and manufacturer data for
new pumps. The actual performance of the existing pumps may differ from these assumptions, as it
depends on operating conditions and the actual state of degradation. The results related to pump
replacement should therefore be interpreted as indicative rather than precise.

Moisture safety: A moisture safety analysis is recommended to be conducted before implementing the
roof insulation measure. However, such an analysis was not carried out in this study, as it falls outside
the project scope. In addition, the detailed technical data on the existing roof structure required for such
an assessment was not available.

Thermal comfort: According to the available documentation, no cooling system is installed in the
building. Thermal comfort and overheating risk were not investigated in this study. Instead, the analysis
focused on ensuring that the ventilation system provides airflow rates compliant with the regulatory
requirements for office buildings.

Economic Evaluation

Economic Framework: As outlined in the economic assumptions, the adopted approach is optimised
for identifying technical patterns and focuses on the comparability of renovation measures, without
accounting for time-varying energy prices, discount rates, or maintenance costs. The resulting numerical
values should therefore not be interpreted as a direct indication of real-world financial feasibility for a
specific building renovation project, nor as an investment recommendation.

Fixed energy price ratio: A fixed electricity-to-district heating price ratio of 2:1 was assumed. This
ratio directly determines the relative economic ranking of electricity-saving versus heat-saving measures
and has varied substantially in recent years. No sensitivity analysis to energy price assumptions was
carried out, meaning the ranking of measures by economic performance may shift under different market
conditions.

Investment cost scope: Costs for tenant disruption, project design and management, permitting,
transportation or demolition are excluded. These omissions systematically understate the real-world cost
of measures requiring more extensive installation work.

No residual value or LCA: No residual value was assigned to renovation measures at the end of the
analysis period, which further disadvantages capital-intensive, long-lifespan measures such as window
replacement. No lifecycle assessment of embodied carbon or material impacts was performed; such an
analysis would be necessary to evaluate the full environmental performance of the renovation packages
beyond operational energy use.

Investment cost estimates: Several cost categories were excluded from the investment estimates,
including demolition, removal of existing equipment, transport, structural adaptations, system
balancing, and constraints related to heritage protection. For AHU replacement in particular, practical
difficulties associated with removing and installing large equipment in attic spaces or historically
protected buildings may significantly increase actual costs. The estimates should therefore be treated as
comparative planning values rather than procurement-level figures.
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5 Results and discussion

5.1 Selected building category and case studies

Office buildings were identified as the most appropriate category for further analysis of this study. They
represent a high share of the non-residential stock both in terms of building count and total floor area,
giving them a meaningful potential impact on aggregated energy use and on the achievement of national
energy performance targets. In addition, offices are characterised by relatively homogeneous functional
patterns, regular occupancy schedules, standardised internal loads, and commonly documented HVAC
configurations, which support consistent modelling assumptions and reliable comparative analysis.

Following the criteria established in the Methods section, two office buildings were selected from the
available dataset. The first selected building (Building A) fulfilled the primary selection criteria,
including data availability, simple geometry, and sufficient documentation of technical systems.

The selection of the second case study required additional consideration, as not all candidate buildings
fully satisfied the defined criteria. Encountered challenges included incomplete system documentation,
inconsistencies between available data sources, and uncertainty regarding the presence and
configuration of certain technical systems, such as cooling. These limitations introduced uncertainty
regarding the suitability of the candidates for detailed energy modelling, and the final selection therefore,
involved a higher degree of compromise between representativeness and data reliability.

Despite these constraints, Building B was deemed sufficient for the purposes of this study. Compared
to Building A, it is characterised by a more complex geometry and technical configuration, including
higher recorded airflow rates and some variation in available documentation.

5.2 Model fitting result

5.2.1 Sensitivity screening

The sensitivity analysis reveals that the parameters identified as impactful are mostly consistent across
both buildings, with the ventilation airflow rate, U-value of walls, and infiltration showing the highest
overall effect on heating demand. Following the £20 % sensitivity screening, parameters impacting the
heating demand by more than 5 % were retained for the fitting step.

While most envelope-related parameters like thermal bridges and window U-values were impactful in
both cases, two differences were noted, equipment load was impactful only in Building A, and HR
efficiency was identified as an impactful parameter only for Building B, which can be justified by its
initial low value in building A. The final selection of impactful parameters for each building is
highlighted in blue in Table 17.
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Table 17 - Results of the sensitivity screening, showing the relative impact of non-observable input parameters on
annual heating demand. Parameters highlighted in blue were identified as impactful.

Effect on heating demand / %

Lyt Building A Building B

Infiltration 6.16 10.13
Thermal bridge 5.08 6.73
U-value wall 7.70 10.38
U-value roof 1.94 1.38
U-value window 5.48 9.10
Lighting load 3.08 2.58
Equipment load 5.84 3.78
People density 1.10 0.79
Occupancy schedule 0.54 2.67
Airflow 25.34 11.53
HR efficiency 3.34 20.83

5.2.2 Parametric simulation for model fitting

The parametric simulation of the impactful input parameters for Building A resulted in 1 080 cases.
Applying the ASHRAE 14 acceptance criteria for CV(RMSE) and NMBE reduced the dataset to 60
cases. Further filtering based on a maximum monthly deviation of £15 % resulted in a final set of 29
cases. As can be seen in Figure 9, the majority of all simulated cases are clustered in the over-prediction
zone (negative NMBE). This signifies that the initial pool of parameter combinations resulted in a
simulated heating demand that was higher than the actual measured demand.
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Figure 9 - An overview of 1080 cases for building A with relationship between CVRMSE (%) and NMBE (%).

The fitting of Building B was conducted using a targeted parametric framework as described in the
method, resulting in a total of 132 simulated cases, prioritizing the analysis of ventilation airflow as a
critical uncertain parameter. The simulation pool was divided between two scenarios, comprising 116
cases with the EPC-based airflow of 1.00 I/(s'm?) and 16 cases with the OVK-based projected airflow
of 1.77 1/(s'm?). Applying the ASHRAE Guideline 14 criteria, the dataset was reduced to 19 successful
cases, of which 16 belonged to the EPC group and 3 to the OVK group. The secondary filter proposed
in method for maximum monthly deviations of 15 % was eliminated for Building B as no ASHRAE 14
accepted cases could pass this filter. It is important to note that, for the cases adjusted according to
ASHRAE 14 criteria, the deviation in heating demand for September consistently remained within a
range of 80 % — 100 %, whereas deviations for all other months were below 20 %.

The analysis further indicated that cases with an airflow rate of 1.77 1/(s'm?) only met the calibration
criteria when combined with high HR efficiencies (70 % — 75 %) and the lowest U-values for walls and
windows among the tested iterations. In contrast, the acceptable cases with an airflow rate of 1.00
1/(s-m?), typically had moderate U-values for walls and windows and HR efficiencies in the range of 55
% — 65 %.

5.2.3 Verification of property electricity baseline

Following the method, property electricity data was first extracted from statistical reports to create a
baseline. Percentages for each end-user were then allocated based on total measured electricity. The
allocated values of fan electricity were subsequently compared against the calculated value using
Equation (10).

As illustrated in Table 18, the calculated fan electricity for Building A and Building B, with EPC-derived
airflow, showed close alignment with the estimated values based on statistical allocations. This
consistency confirms the reliability of the modelling assumptions adopted for the ventilation systems.
In contrast, the fan electricity calculated for Building B using OVK-derived airflow resulted in values
exceeding the total measured property electricity. Fitting process results for this case also included
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overly optimistic assumptions regarding HR efficiency and envelope U-values. Therefore, using fan
electricity as an additional plausibility check to filter candidate solutions, it was determined that this
scenario was not technically plausible. Consequently, adjusted cases based on OVK-derived airflow
were excluded from the set of selected cases for the subsequent renovation analysis.

Regarding other categories, due to insufficient data, the weighted value of statistical data was used as
the baseline for the next steps.

Table 18 - Baseline assessment of property electricity consumption, comparing estimated allocations based on
measured data with calculated values for fan electricity (kWh/m?-yr).

Building A Building B
Component Estimated Estimated
(% allocated)/ (kc\:;ilc/l(lgfd/)) (% allocated)/ (kC\:;LC/I(lrlﬁfd/))
(KWh/(m* yr)) " (kWh/(m?yr) "
23.42 (air flow: 1.00
1/(s-m?))
Fans 15.35 16.6 24.40 4651 (air flow: 1.7
1/(s'm?))
Pumps 1.98 - 3.14 -
Elevators 1.28 - 2.03 -
Other 5.00 - 7.95 -
Total 23.60 (measured data) 37.53 (measured data)

5.2.4 Addressing the gap under data uncertainty

The model fitting process followed a structured framework consisting of sensitivity screening,
parametric simulation, and statistical evaluation against accepted criteria. For both buildings, cases
satisfying the acceptance thresholds were identified, from which three representative cases per building
were selected to reflect a range of plausible envelope and operational conditions.

Despite the efforts made in data collection and model fitting, limitations related to data availability,
measurement uncertainty, and geometric simplifications remain. Therefore, as a natural characteristic
of over-parameterised building energy models, model fitting does not yield a unique or physically
correct representation of the building. The selected cases should thus be understood as conditional
approximations, limited by available data, collectively representing a plausible solution space rather
than an accurate physical and operational representation of the building.

Three cases per building were consequently retained for the subsequent renovation assessment to
explicitly account for uncertainty in baseline conditions and to evaluate renovation measures across a
range of plausible initial states.

5.2.5 Selection of fitted cases
For both Building A and Building B, cases were chosen to reflect varying envelope thermal properties.

Specifically for Building B, the selection also prioritized a range of HR efficiency values. The specific
parameters for each selected case are detailed in Table 19.
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Table 19 - Final selection of fitted cases for Building A and Building B.

Infiltration U-value U-value HR Thermal

Case rate/ Wall/ Window/ efficiency/ bridge/

V(s m?pcade)) | (W/(m>K)) |  (W/(m*K)) % %

Al 0.25 1.00 1.30 12 25

Building A A2 0.31 0.59 2.20 12 20
A3 0.25 0.80 2.20 12 20

B1 0.25 0.80 1.30 60 20

Building B B2 0.25 0.59 2.20 65 20
B3 0.25 0.80 2.20 75 25

The selected cases were clustered around 12-14 % CV(RMSE), indicating moderate agreement with
measured data.

Figure 10 presents the energy performance of the three selected cases for both Building A and Building
B, where the baseline conditions of all cases remain comparable. While the heating demand varies across
all scenarios, the differences between the three cases within each specific building remain relatively
small. As mentioned in section 4.5.1, the model was fitted against measured space-heating energy of
120.0 kWh/(m?-yr) and 170.2 kWh/(m?-yr) for Building A and Building B respectively. For Building B,
the baseline renovation cases show an approximately 26 kWh/(m?-yr) reduction compared to the fitted
model, due to adjusting the airflow from 1.0 1/(s-m?) to 0.8 1/(s'm?) to reflect the office portion of the
building only.

Values for equipment, lighting, and domestic hot water are constant across all cases, reflecting the use
of identical simulation inputs for these parameters. Similarly, fan and pump electricity consumption are
identical for the three cases of each building, as they are derived from the values established during the
property electricity assessment.

It should be noted in the analysis section of the renovation results, when presenting results for individual
cases per building, A1 and B2 are considered representative of Buildings A and B, respectively. Case
Al is selected as it represents a lower assumed envelope heat loss condition, with relatively low baseline
window and wall U-values, which enables clearer isolation of system-level measure effects. Case B2 is
selected as it represents an intermediate ventilation system configuration, with a HR efficiency of 65 %,
allowing evaluation under moderate baseline performance.
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Figure 10 - Baseline final energy use of selected cases for building A and building B.
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5.3 Energy and economic performance of renovation measures: within-
building

This section presents the renovation results relative to these baseline cases. The analysis first examines
the variation between cases within each building, before comparing the overall results between Building
A and Building B.

The performance of renovation measures is evaluated in terms of their impact on annual energy use and
their associated economic efficiency. The analysis is first conducted at the level of individual measures
to assess their magnitude, variability across baseline cases, and sensitivity to modelling uncertainty. It
is then extended to combined renovation packages to evaluate interactions between measures and
identify cost-performance trade-offs.

5.3.1 Individual measures assessment

Energy performance within individual measures

The impact of individual renovation measures on energy performance improvement is first analysed
within each building. Figure 11 and Figure 12 present the annual energy savings in absolute value
(kWh/(m?-yr)) to allow direct comparison between cases.

In Building A (Figure 11), the results indicate a clear pattern. Measures targeting the ventilation system,
VAV conversion, Main AHU replacement, and Both AHU replacement, deliver considerably higher
energy savings than all other measures, with annual savings in the range of 68—73 kWh/(m?-yr). The
remaining measures, envelope improvement and auxiliary measures, each contribute between 17
kWh/(m?-yr) for window replacement and less than 1 kWh/m?-yr in circulation pump replacement,
forming a distinctly lower-performing group.

Pump replacement

S ]
LED lighting .

Roof insulation ‘-
Attic AHU replacement ‘-
Window replacement ‘_

-5 5 15 25 35 45 55 65 75

Annual Energy Saving / (kWh/(m?-yr))
B Al Heating WAL Electricity BMA2 Heating M A2 Electricity M A3 Heating A3 Electricity

Figure 11 - Annual energy savings (kWh/(m?yr)) for individual renovation measures in Building A across the
baseline cases (A1-A3).
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The variation between cases (A1-A3) is negligible for ventilation-related measures, with differences
below 2 % across cases. CAV to VAV conversion consistently provides 58 kWh/(m?-yr) of heating
savings and 10 kWh/(m?-yr) of electricity savings across all cases, while main AHU replacement yields
62—63 kWh/(m?-yr) reduction in heating demand and 5 kWh/(m?-yr) in electricity consumption. The
low inter-case variability for ventilation measures is consistent with the similar AHU initial conditions
assumed across cases, suggesting that these measures are largely insensitive to the envelope U-value
uncertainties that differentiate cases A1-A3.

Window replacement shows the largest variation between cases, with savings ranging from
approximately 7 to 17 kWh/(m?-y) from Case Al to Cases A2 and A3. This reflects the dependence of
envelope measures on baseline thermal performance. Roof insulation and attic AHU replacement
provide consistent intermediate savings of 6—7 kWh/(m?-yr).

Auxiliary measures have a limited impact. LED lighting produces a reduction of 6 kWh/(m?-yr) in
electricity but introduces a heating penalty of -4 kWh/(m?-yr), resulting in a net saving of approximately
2 kWh/(m?-yr). Pump replacement has less than 0.4 kWh/(m?-yr) electricity savings in all cases.

In Building B (Figure 12), a similar ranking of measures is observed where a clear separation between
high-impact and low-impact measures is observable, although with greater variability across cases. CAV
to VAV and AHU replacement delivers the highest savings, in the range of 17-44 kWh/(m?-yr), while
roof insulation, LED lighting, and pump replacement each contribute less than 5 kWh/(m?-yr). Window
replacement occupies an intermediate position, with savings varying considerably between cases.

CAYV to VAV conversion provides total savings of 44-33 kWh/(m?-yr) for the three cases, combining
heating reductions of 31-20 kWh/(m?-yr) with a consistent electricity saving of 13 kWh/(m?-yr). AHU
replacement also shows high variation, with total savings across cases decreasing from 33.9
kWh/(m?-yr) in B1 to 17.2 kWh/(m?-yr) in B3. The pattern is consistent with the influence of baseline
HR efficiency on the achievable improvement from AHU replacement.

Pump replacement

LED lighting

Roof insulation

Window replacement

AHU replacement

CAV—-VAV

-5 5 15 25 35 45 55 65 75
Annual Energy Saving / (kWh/(m?-yr))

mB1 Heating ®BI Electricity ®B2 Heating = B2 Electricity ®B3 Heating = B3 Electricity

Figure 12 - Annual energy savings (kWh/(m?-yr)) for individual renovation measures in Building B across the
baseline cases (BI1-B3).
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Window replacement exhibits a stronger role in Building B than in Building A, where provides 11
kWh/(m?-yr) in B1 and increases to approximately 27 kWh/(m?-yr) in B2 and B3, making it one of the
most effective measures in those cases. Roof insulation remains consistent at approximately 5
kWh/(m?-yr).

LED lighting again produces a net saving of approximately 2 kWh/(m?-yr), combining reduced
electricity use with increased heating demand and Pump replacement provides a small but consistent
electricity saving of less than 1 kWh/(m?-yr) across all cases.

When comparing building A and building B, Overall ranking of measures by energy saving follows a
broadly similar pattern, with ventilation-related measures dominating. The results demonstrate a clear
hierarchy in which ventilation measures define the primary structure of energy savings, while envelope
measures, particularly window replacement, provide secondary contributions and auxiliary measures
have marginal impact.

Despite the similar ranking, the absolute savings differ considerably between the two buildings. Building
A yields notably higher savings from ventilation measures, reaching approximately 73 kWh/(m?-yr) for
Both AHU replacement and 67 kWh/(m?-yr) for CAV to VAV conversion, compared to 34 and 44
kWh/(m?-yr) respectively for Building B. This difference reflects the higher baseline ventilation heat
losses in Building A, associated with its lower HR efficiency in the baseline model.

A consistent pattern across both buildings is the distinction between heating and electricity impacts.
Envelope measures affect only heating demand, while ventilation-related measures primarily reduce
heating demand with an additional contribution from reduced fan electricity. In contrast, LED lighting
introduces a trade-off, where reductions in electricity use led to increased heating demand due to lower
internal heat gains.

Economic viability of individual renovation measures

The economic viability of individual renovation measures was assessed using the simple payback time.
Figure 13 presents the simple payback time for each measure across the three baseline cases for Building
A. Measures with shorter bars represent faster cost recovery relative to their expected useful lifespan,
whereas longer bars indicate that a higher investment is required relative to the achieved annual cost
saving.

Ventilation measures consistently achieve the shortest payback times across all cases. Main AHU
replacement, CAV to VAV conversion, and Both AHUs replacement each return payback times of
approximately 3 years, well within their expected lifespan. Attic AHU replacement follows with a
payback time of approximately 5 years. The consistency of these values across Cases Al, A2, and A3
reflects the limited sensitivity of ventilation measure viability to the assumed baseline condition.

LED lighting achieves the shortest payback time of all measures at 1.4 years, substantially below its
assigned lifespan. However, as noted in previous section, its net energy saving is negligible due to the
associated heating penalty, and its economic viability is driven primarily by its low investment cost
rather than significant energy impact.

Roof insulation shows a payback time of approximately 20 years across cases, considered economically
viable over the long lifespan of the material.
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Figure 13 - Simple Payback Time (vears) for individual renovation measures in Building A (A1-A3).

Pump replacement presents a payback time of approximately 22 years, which exceeds its expected
lifetime of 10-20 years. This confirms that pump replacement is not economically viable as a standalone
measure under the assumed conditions, indicating that low investment cost alone does not ensure cost-
effectiveness when energy savings are negligible.

Window replacement exhibits the longest payback time and the greatest variability across cases. In Case
Al, the payback time reaches 74 years, while in Cases A2 and A3 it falls to approximately 31-33 years.
The shorter payback in Cases A2 and A3 reflects the stronger energy savings achievable when the
baseline window U-value is higher; nevertheless, even under these conditions the payback time exceeds
the assumed useful lifespan of 30 years, indicating that window replacement is not economically viable
within the considered timeframe.

Figure 14 presents the simple payback time for each measure across the three cases for Building B. The
overall ranking of measures in Building B follows the same pattern observed in Building A. Ventilation
measures and LED lighting achieve the shortest payback times, roof insulation occupies the mid-range,
and window replacement remains above its viability threshold across all cases.

CAV to VAV conversion and LED lighting return payback times of approximately 2—2.5 years and 1.3
year respectively, consistent with Building A. AHU replacement shows moderate variability across
cases, ranging from approximately 3 years to 6 years across Bl to B3, reflecting the influence of the
assumed baseline HR efficiency of the system.
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Figure 14 - Simple payback time (years) for individual renovation measures in Building B (B1-B3).

Roof insulation shows a payback time of approximately 25 years, remaining within its lifespan
threshold, with low variability across cases as in Building A.

Pump replacement shows a payback time of approximately 6—7 years. Window replacement again
exhibits the longest payback time and the greatest case sensitivity. In Case B1 the payback time reaches
approximately 75 years. In Cases B2 and B3 it drops to approximately 31 years. Considering an expected
lifespan of windows within 30, confirms that window replacement does not achieve economic viability
as a standalone measure under any of the baseline conditions examined.

In both buildings, LED lighting and ventilation-related measures consistently achieve the lowest
payback time, while envelope and pump replacement show higher payback times.

When combined with the energy results, ventilation measures emerge as both the most energy-efficient
and cost-effective interventions. In contrast, envelope measures, particularly window replacement,
achieve moderate to high energy savings but at significantly higher cost, resulting in lower economic
efficiency.

The investment cost of a measure should not be the sole criterion for evaluating its economic
attractiveness. As can be seen in Building A, pump replacement, despite its relatively low investment,
delivers savings too small to recover its cost within its expected lifespan, making it an economically
unviable measure under the conditions analysed.

5.3.2 Scatter plots of all simulated packages

The combined effect of renovation measures is analysed by relating total investment cost to achieved
annual energy saving for one case per building, Building A is represented by case Al and Building B
by case B2. In Figure 15 and Figure 16, each point represents one simulated renovation package,
comprising 128 combinations for Building A and 64 combinations for Building B.

Building A
Figure 15 presents the annual energy saving as a function of total investment for all 128 simulated
renovation packages of Case Al. Marker colour indicates AHU condition, marker shape distinguishes
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ventilation control strategy (circle: CAV, triangle: VAV), a magenta border identifies packages with
roof insulation added, and the left and right clusters distinguish packages with existing windows retained
and packages with window replacement applied, respectively.

The dominant structural feature in the graph is the separation into two vertical performance bands,
determined by the ventilation system condition. Within each band, packages are further organised into
two horizontal clusters separated along the investment axis, determined by the window replacement
decision. Within each cluster, smaller groups of points reflect the influence of roof insulation and
auxiliary measures, creating a third level of grouping where packages sharing the same roof insulation
condition are visually grouped together.

Ventilation measures:

The graph reveals a clear two-band structure: a lower band with savings below approximately 23
kWh/(m?-yr) and an upper band with savings between approximately 67 and 106 kWh/(m?-yr), separated
by a wide gap. This separation is driven by the ventilation system condition of each package, with
packages involving main AHU or both AHUs replacement, VAV conversion, or both measures
occupying the upper band, and packages retaining the old AHU and control system (CAV) or replacing
only the attic AHU remaining in the lower band. Within each band, investment increases progressively
as additional measures are added, while energy savings respond only marginally, reflecting the
secondary nature of envelope and auxiliary measures.

The highest energy savings are achieved by packages combining replacement of both AHUs with VAV
ventilation strategy, reaching approximately 100 kWh/(m?-yr) at a total investment of approximately
781 kSEK (in packages with old windows). The lowest savings are consistently associated with Attic
AHU replacement only, which delivers a relatively small improvement of approximately 7 kWh/(m?-yr)
for approximately 54 kSEK, regardless of which other measures are included in the package, placing it
closer in performance to roof insulation than to the major ventilation interventions.

The most significant jump in energy saving from the baseline occurs when the Main AHU is replaced,
delivering approximately 68 kWh/(m?-yr) at an investment of approximately 286 kSEK. Alternatively,
converting from CAV to VAV without any AHU replacement can reach a saving level at a marginally
higher additional investment of 30 kSEK, confirming that VAV can partially substitute for Main AHU
replacement in terms of energy outcome.

In the package including AHU replacement, the energy savings result from improved fan efficiency and
enhanced HR efficiency of the system. In the package involving the conversion from CAV to VAV
(with existing AHU), the HR efficiency and fan SFP of the existing system remain unchanged, and the
savings originate from reduced ventilation heat losses during unoccupied hours due to lower airflow, as
well as decreased fan electricity use.

The maximum energy performance of the ventilation system is achieved when the two measures are
combined. Adding CAV to VAV conversion to a package that already includes new AHUs contributes
an additional improvement of approximately 17 kWh/(m?-yr) at an additional investment of
approximately 262 kSEK. This combined effect indicates that the two interventions are complementary,
with AHU replacement improving the efficiency of the system and CAV to VAV conversion adapting
its operation to actual demand.
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Figure 15 - Investment vs Annual Energy Saving for 128 packages, Case Al. Marker colour: AHU condition.

Marker shape: ventilation control strategy (circle: CAV, triangle: VAV). Magenta border: packages with roof
insulation added. Left and right clusters distinguish packages without and with window replacement, respectively.

The inset shows a magnified view of a representative point grouping, illustrating the four auxiliary combinations
resulting from the combination of lighting and pump conditions.

Envelope measures:

Window replacement, by contrast, produces a horizontal shift to the right rather than a vertical uplift A
clear pattern is visible in Figure 15, where the 128 packages form two distinct horizontal clusters
separated along the investment axis as shown in the graph. Every package without window replacement
appears in the left cluster, and each of these packages is duplicated in the right cluster with window
replacement added at an additional investment of approximately 716 kSEK and an additional saving of
only approximately 7 kWh/(m?-yr).

Packages including roof insulation are shown with a magenta border. Roof insulation produces a
consistent upward shift of approximately 6 kWh/(m?-yr) at an additional investment of approximately
163 kSEK, regardless of which other measures are included in the package. This shift is visible as a
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systematic pattern within every point grouping across the full investment range, confirming that roof
insulation behaves as a stable and predictable measure.

Auxiliary measures:

As can be seen in the graph, auxiliary measures introduce only minor variations within existing
configurations. Their effect is limited to small shifts in energy savings and does not influence the overall
structure of renovation performance. Throughout the graph, packages appear in groups of four, each
group representing the combination of lighting and pump conditions applied to an otherwise identical
renovation package. The inset shows a magnified view of one such group, illustrating the four
combinations resulting from lighting and pump conditions.

LED lighting produces a small but consistent increase in energy savings, typically around 2
kWh/(m?-yr), visible as a slight upward shift when moving from old to new lighting within each group.
In contrast, pump replacement has a negligible effect, generally below 1 kWh/(m?-yr), producing only
a marginal horizontal displacement and does not notably alter the position of the points.

Building B
The same approach applied to Building A is followed for Building B, presenting the 64 simulated
renovation packages of Case B2.

Figure 16 presents the annual energy saving as a function of total investment for all 64 simulated
renovation packages of Case B2. Marker colour indicates AHU condition, marker shape distinguishes
ventilation control strategy (circle: CAV, triangle: VAV), a magenta border identifies packages with
roof insulation added, and the left and right clusters distinguish packages with existing windows retained
and packages with window replacement applied, respectively.

The graph reveals a similar spatial organisation to Building A, with packages grouped into distinct
clusters reflecting the hierarchical influence of the different renovation measures. The dominant feature
is again the separation into two horizontal performance bands, determined by the ventilation system
condition. Within each band, packages are further organised into two horizontal clusters separated along
the investment axis, determined by the window replacement decision.

Ventilation measures:

The graph reveals a two-band structure consisting of a lower band containing packages with no
ventilation improvement, and an upper band containing packages involving AHU replacement or CAV
to VAV conversion or a combination of these two measures.

The most significant jump in energy saving from the baseline occurs when the AHU is replaced,
delivering approximately 28 kWh/(m?-yr) at an investment of approximately 347 kSEK. Converting
from CAV to VAV with existing AHU can reach a higher saving level of approximately 41 kWh/(m?-yr)
at a lower investment of approximately 297 kSEK, with the saving originating from lower ventilation
heat losses during unoccupied hours and reduced fan electricity consumption.

When a package already includes new AHU, converting from CAV to VAV brings the package to a
higher saving level, with an additional improvement of approximately 21 kWh/(m?-yr) at an additional
investment of approximately 222 kSEK.
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Figure 16 - Investment vs Annual Energy Saving for 64 packages, Case B2. Marker colour: AHU condition (grey:
old AHU, blue: new AHU). Marker shape: ventilation control strategy (circle: CAV, triangle: VAV). Magenta
border: packages with roof insulation added. The inset shows a magnified view of a representative point grouping,
illustrating the four auxiliary combinations resulting from the combination of lighting and pump conditions.

Within each AHU cluster, VAV packages consistently sit above equivalent CAV packages, confirming
the additive benefit of variable ventilation. The horizontal spread within each cluster is driven by
window replacement, which involves a substantially higher investment and provides approximately 27
kWh/(m?-yr) of additional energy savings.

Unlike Building A, where the transition between bands is driven by a single dominant threshold, the
upper band in Building B shows a more gradual progression, reflecting the combined and partial
contributions of AHU replacement and VAV conversion.

Envelope measures:

The same duplication pattern observed in Building A is visible in Building B. Every package without
window replacement appears in the left cluster and is duplicated in the right cluster with window
replacement added, at an additional investment of approximately 2 184 kSEK and an additional saving
of only approximately 27 kWh/(m?-yr). This measure also differentiates the packages in terms of energy
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performance, distinguishing between low-investment packages (achieving up to 58 kWh/(m?-yr) of
energy savings) and high-investment packages (achieving up to 84 kWh/(m?-yr)).

Roof insulation adds a consistent upward shift of approximately 5 kWh/(m?-yr) at an additional
investment of approximately 318 kSEK across all package compositions.

Aucxiliary measures:

Auxiliary measures have negligible influence on overall performance, producing only minor variations
within existing configurations. Similar to Building A, throughout the graph, packages appear in groups
of four, each group representing the four combinations of lighting and pump conditions applied to an
otherwise identical renovation package. The inset shows a magnified view of one such group, illustrating
these combinations clearly. LED lighting adds a small but consistent upward shift of approximately 2
kWh/(m?-yr) at an additional investment of approximately 29 kSEK, while pump replacement
contributes an even smaller saving of less than 1 kWh/(m?-yr) with the same investment.

In both buildings, ventilation-related measures define the primary structure of renovation performance,
while window replacement produces the largest incremental investment step. The relative contribution
of window replacement to total energy savings is greater in Building B than in Building A, reflecting
the higher baseline window U-value in the cases selected for Building B.

5.3.3 Pareto front analysis

To evaluate how modelling uncertainty influences renovation strategies, Pareto representations are
constructed for selected case within each building. Rather than identifying a single optimal solution, the
analysis compares how the set of optimal trade-offs between investment cost and energy savings varies
depending on baseline assumptions.

The shape of each Pareto front is described using three regions: the knee, defined as the initial inflection
point where the front rises steeply; the transition region, corresponding to the rising portion of the front
beyond the knee where the main performance gains are achieved; and the diminishing returns region,
where the front flattens and additional investment yields progressively marginal gains.

Building A

Figure 17 presents the Pareto-optimal solutions for Building A across Cases A1-A3. The number of
optimal solutions is consistent (30-31 out of 128), indicating that the structure of efficient renovation
strategies is generally stable across cases.

At low investment levels below approximately 200 kSEK, the Pareto fronts overlap almost completely.
This convergence indicates that early-stage renovation packages are less sensitive to the baseline, and
the result of these low-cost interventions can be done with confidence in the result of energy savings,
regardless the uncertainty of the initial parameters.

The three Pareto fronts exhibit a pronounced “knee” at an investment level of approximately 280-300
kSEK, where energy savings increase sharply from around 10 to 67-70 kWh/(m?-yr). The transition
region corresponds to the introduction of ventilation system upgrades in the renovation packages,
confirming their dominant role identified in 5.3.2. The consistency of this knee point across all three
cases implies that the identification of the ventilation upgrade as the primary cost-effective intervention
is not conditioned on the specific baseline condition of this building.

As investment increases, divergence between cases becomes visible, particularly near the 800 kSEK
where packages that include window replacement represent a larger incremental investment. This
divergence is linked to differences in the assumed baseline envelope. Case Al is characterised by a
lower initial window U-value, meaning the marginal benefit of window upgrades is less pronounced
compared to Cases A2 and A3.
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Figure 17 - Investment vs Annual Energy Saving for all 128 simulated renovation packages per case, Cases Al,
A2, and A3. Solid lines indicate the Pareto front for each case.

Despite these differences, the overall shape, position, and slope of the Pareto fronts remain consistent.
Maximum energy savings range from 105 to 113 kWh/(m?-yr), and all cases exhibit a clear flattening
into the diminishing returns region beyond approximately 800 kSEK.

Based on the Pareto structure of Building A, the residual uncertainty following model fitting has a
limited effect on the overall renovation strategy. The primary source of divergence between cases can
be attributed to differences in the assumed baseline window U-value, which directly influences the
estimated benefit of window replacement packages. Cases with a higher baseline window U-value show
greater energy savings potential in the high-investment region where window replacement is included,
accounting for the visible gap between fronts beyond 800 kSEK. Outside of these window-related
packages, the Pareto fronts remain closely aligned, suggesting that cases uncertainty has a localised
effect, most visible in the window replacement region where differences in baseline window U-value
determine the magnitude of achievable savings.

Building B

Figure 18 presents the Pareto-optimal solutions for Building B across Cases B1-B3. The number of
optimal solutions ranges from 24 to 28 out of 64 simulated cases, indicating a slightly broader set of
efficient combinations compared to Building A.
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Consistently with Building A, auxiliary renovation measures show closely aligned energy savings across
all three cases, indicating that the effectiveness of these measures is largely independent of baseline
parameterisation.

The three Pareto fronts exhibit the knee point at approximately 290-330 kSEK, where energy savings
increase rapidly as ventilation-related measures are introduced. As established in Section 5.3.2, The
transition region extends from approximately 300 to 1,000 kSEK, broader than observed in Building A.
This transition reflets the combined effect of AHU replacement and CAV to VAV conversion. The
progression in Building B across the transition region is consistent with the stronger influence of
baseline HR efficiency on the magnitude of ventilation-related savings. Divergence between cases is
already visible at the knee, with Case B1 achieving the highest savings at this point, consistent with its
lower baseline HR efficiency (60 %) providing greater room for improvement; and Case B3 sitting
lowest due to its higher baseline HR (75 %). This earlier inter-case divergence, compared to Building
A, reflects the greater sensitivity of the Pareto structure to ventilation system uncertainty when HR
efficiency varies significantly across cases.

Beyond approximately 2 400 kSEK, where window replacement packages are introduced, the ordering
of cases shifts. Case B2 achieves the highest maximum energy savings of approximately 84
kWh/(m?-yr), while B1 and B3 remain closer to 74-75 kWh/(m?-yr). As shown in previous sections,
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window replacement delivers substantially higher savings in cases with a higher baseline window U-
value (2.20 W/(m?-K) in B2 and B3) compared to B1 (1.30 W/(m?-K)). The higher maximum savings
of B2 relative to B3, despite sharing the same baseline window U-value, can be attributed to its lower
baseline wall U-value (0.59 W/(m?-K)) and moderate HR efficiency (65 %), which together produce a
higher total accumulated saving across the full renovation package.

Cases B1 and B3 show a tendency to converge near an investment level of approximately 2,700 kSEK,
where packages combining full ventilation upgrades and window replacement are present. Since the
baseline difference between these two cases is based on HR efficiency and thermal bridge, and the
screening sensitivity analysis indicates a smaller influence of thermal bridge variation on energy
performance, a plausible interpretation is that the greater benefit of window replacement in B3 is
approximately offset by the greater benefit of ventilation upgrades in B1 due to the HR improvement.

The performance gap between cases is most pronounced in the transition region of the Pareto front,
where the ordering of cases is governed by baseline HR efficiency. The spread in estimated savings per
unit of investment across cases is larger in Building B than the equivalent spread driven by window U-
value uncertainty in Building A, indicating that HR efficiency is a more impactful source of baseline
uncertainty when evaluating renovation strategies. In Building B, the assumed baseline ventilation
performance directly shapes the estimated cost-effectiveness of the primary renovation interventions.
Accurate modelling of the existing ventilation system therefore carries greater weight in the estimation
of renovation savings potential than envelope parameters alone.

5.3.4 Profitability diagram for renovation packages

To support decision-oriented assessment, the results are analysed as cumulative renovation pathways,
representing the sequential implementation of measures. This approach allows evaluation of how total
investment and annual cost savings evolve as measures are progressively added, rather than treated as
isolated interventions or as a single combined investment.

The profitability diagram presents the cumulative economic performance of renovation measures added
sequentially in descending order of marginal ROI. Each point on the renovation path represents the
cumulative investment and cumulative annual cost saving of the package at that stage of assembly. The
reference lines correspond to fixed return rates of 5 %, 10 %, 20 % and 30 %, constructed using the
annuity factor with a weighted average lifespan recalculated at each step. A package point situated above
a reference line meets or exceeds that return threshold, while a point falling below it indicates that the
cumulative investment no longer satisfies the required rate. The slope of the renovation path at each step
reflects the marginal return of the measure added at that stage, with steeper segments indicating higher
marginal profitability.

It should be noted that the absolute ROI values presented in these diagrams are subject to uncertainty,
as the investment cost estimates may not capture all associated costs as referred in the limitations Section
4.10. However, since such hidden costs are likely to affect all measures in a structurally similar way, the
relative differences in ROI between measures and between buildings remain comparable in terms of
trends and relative cost-effective measures.

For each building, two profitability paths are presented. The distinction arises from the relationship
between CAV to VAV conversion and AHU replacement. Implementing CAV to VAV requires
retrofitting the existing AHU with variable-speed fans, meaning that a subsequent full AHU replacement
would make the retrofit investment redundant. Accordingly, the two paths are defined as follows:

e CAV to VAV conversion is included with retrofitted AHU and no full AHU replacement follows.
e AHU replacement is prioritised and CAV to VAV conversion is subsequently applied to the new
system.
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Building A

Figure 19 presents the profitability diagram for Case A1, following the renovation path without AHU
replacement. Each point on the path represents the cumulative investment and cumulative annual cost
saving after adding each measure in sequence.

The renovation path starts steeply, with LED lighting delivering a cumulative annual cost saving of
approximately 11 kSEK/yr at an investment of approximately 15 kSEK. Next measure was system
conversion to VAV with existing AHU, which represents the largest single step on the path, bringing
cumulative annual cost saving to approximately 118 kSEK/yr at a cumulative investment of
approximately 331 kSEK, while remaining above the 30 % reference line, confirming a high marginal
ROL

Beyond this point, the slope of the renovation path decreases progressively. Roof insulation and pump
replacement maintain the path above the 20 % threshold, with more flatten line compared to VAV
conversion. At this stage, the curve exhibits a clear change in slope, where cumulative savings increase
disproportionately relative to investment. This indicates that VAV conversion step represents the
transition from high-impact to low-impact interventions.

The final step, window replacement, adds a significant increase to cumulative investment while
increasing cumulative annual cost saving by only approximately 10 kSEK/yr, causing the path to flatten
and place the whole package above the 10 % reference line.

The economic limit of this path, defined as the point where adding further measures drives the package
return below a required threshold, is reached at the window replacement step for any owner requiring a
return above 20 %.
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Figure 19 - Profitability diagram for Case Al, without AHU replacement. Renovation measures in descending
order of marginal ROI. Reference lines correspond to annual return rates of, 10 %, 20 %, and 30 %.
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Figure 20 presents the profitability diagram for Case Al, following the renovation path this time
including AHU replacement.

As in the previous path, LED lighting starts well above the 30 % reference line. Main AHU replacement
represents the largest single step, with the cumulative saving reaching approximately 109 kSEK/yr at
approximately 301 kSEK, while the path remains above the 30 % line, confirming it as the most
economically attractive measure in this path. The addition of Attic AHU replacement brings the
cumulative saving to approximately 119 kSEK/yr at approximately 355 kSEK, with the path remaining
above the 30 % line.

CAYV to VAV produces another jump in energy saving, bringing the cumulative saving to approximately
152 kSEK/yr at approximately 617 kSEK investment, causing the path to cross below the 20 % line and
settle between 10 % and 20 %. Roof insulation and pump replacement again contribute modest upward
shifts, keeping the path place right above the 20 % reference line.

Window replacement causes the path to flatten significantly, settling between the 10 % and 20 %
thresholds at the final package level, consistent with the pattern observed in the previous path. Window
replacement is the measure that drives the largest drop in package return, and the economically optimal
stopping point is before window replacement for any owner requiring a return above 20 %.
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Figure 20 - Profitability diagram for Case A1, with AHU replacement. Renovation measures in descending order
of marginal ROI. Reference lines correspond to annual return rates 10 %, 20 %, and 30 %.

When comparing both paths, the inclusion of AHU replacement shifts the entire pathway upward,
resulting in higher cumulative savings at each stage. The most notable difference occurs at the VAV
step. In the path without AHU replacement, the VAV conversion is applied to the existing AHU and
yields cumulative savings of approximately 118 kSEK/yr. In contrast, when the VAV conversion is
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implemented after the replacement of both AHUs, the cumulative savings at this step increase to
approximately 152 kSEK/yr.

The higher cumulative savings from VAV conversion in the second path reflect the combined effect of
improved HR efficiency and lower SFP of the new AHUs, together with the benefits of VAV. In the
first path, the same conversion is applied to the existing system with lower baseline performance. As a
result, despite the implementation of VAV, significant ventilation heat losses persist due to lower HR
efficiency, and fan electricity use remains higher due to higher SFP, leading to a smaller absolute gain.

The difference in cumulative investment of the two paths, approximately 286 kSEK, corresponds to the
additional cost of complete AHU replacement compared to upgrading only the fans to VFD units in the
AHU.

Despite this difference, both paths reach a comparable final cumulative saving level before window
replacement, confirming that the two sequences achieve similar energy outcomes through different
investment trajectories. The path with AHU replacement reaches this level at a higher cumulative
investment, while the path without AHU replacement achieves saving more efficiently in terms of
investment per unit of annual cost saving.

Building B

Figure 21 presents the profitability diagram for Case B2, following the renovation path without AHU
replacement, with the sequence: LED lighting, VAV conversion (existing AHU), Pump replacement,
Roof insulation, and Window replacement.

The path starts steeply with LED lighting above the 30 % line, followed by VAV conversion with
existing AHU, which represents the dominant step, bringing the cumulative saving to approximately
162 kSEK/yr at approximately 336 kSEK, while remaining above the 30 % reference line. Pump
replacement contributes a small addition.
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Figure 21 - Profitability diagram for Case B2, without AHU replacement. Reference lines correspond to annual
return rates of 5 %, 10 %, 20 %, and 30 %.

Roof insulation, which follows as the next step, brings the cumulative saving to approximately 178
kSEK/yr at approximately 673 kSEK, causing the path to drop below 30 % and settle just above the 20
% reference line. The window replacement step adds approximately 2 184 kSEK to cumulative
investment while contributing only approximately 69 kSEK/yr in additional saving. This causes the path
to flatten dramatically and cross even below the 10 % reference line, settling between 5 % and 10 % at
the final package level.

Figure 22 presents the profitability diagram for the Case B2, following the renovation second path
including AHU replacement, with the sequence: LED lighting, AHU replacement, VAV conversion,
Pump replacement, Roof insulation, and Window replacement.

The path starts as the previous one with LED lighting. AHU replacement represents the large next step,
bringing a marginal saving of approximately 90 kSEK/yr with 347 kSEK additional investment, aligning
with the 30 % reference line. The path continues with VAV conversion which is another significant
jump in cost saving to 192 kSEK/yr at 598 kSEK investment.

Pump replacement follows, contributing a similarly negligible increase in both investment and savings.
Up to this point, the package remains positioned just above the 30 % reference line.

Roof insulation brings the cumulative saving to approximately 208 kSEK/yr at approximately 945
kSEK, with the path dropping below 30 % and settling between 20 % and 30 %. Window replacement
again dominates the final investment step, causing the path to flatten and settle just above the 5 %
reference line at the final package level, consistent with the pattern observed in the previous path.
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As in Building A, the VAV step results in a larger increase in cumulative savings in this path compared
to the path without AHU replacement, reflecting the combined benefit of VAV ventilation when applied

to the new AHU.
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Figure 22 - Profitability diagram for Case B2, with AHU replacement. Reference lines correspond to annual
return rates of 5 %, 10 %, 20 %, and 30 %.

5.4 Energy and economic performance of renovation measures: cross-
building
The following section presents a direct comparison between the two case study buildings, using Case

Al and Case B2. While the individual analyses highlighted the behaviour of renovation measures within
each building, this section evaluates how the same measures perform across different building

characteristics.

To enable meaningful cross-building comparison, annual energy saving is expressed as percentage
improvement relative to each building's baseline energy use, and both total investment and annual cost

saving are normalised by heated floor area.
5.4.1 Individual Measures Assessment

Energy performance within individual measures
Figure 23 presents the percentage energy improvement from baseline for each individual renovation
measure, comparing Case Al and Case B2. Bars are divided into heating and electricity components.
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Figure 23 - Percentage energy improvement from baseline for individual renovation measures, Case Al vs Case
B2.

Ventilation-related measures provide the largest contribution in both buildings; however, their relative
impact differs substantially. In Building A, AHU replacement and CAV to VAV conversion achieve
total reductions of 36.9 % and 34.7 %, respectively, while in Building B the corresponding values are
13.2 % and 18.9 %. In both cases, the dominant share of savings is associated with heating demand. The
lower impact in Building B is consistent with its higher baseline HR efficiency (65 % vs 12 % in Al),
which limits the additional reduction achievable through ventilation improvements.

In contrast, envelope measures show a stronger effect in Building B. Window replacement contributes
12.5 % of total energy reduction in B2, compared to only 3.6 % in Al, which is the outcome of the
higher baseline window U-value in B2.

Roof insulation provides a limited contribution in both buildings (2 % - 3 %), suggesting that its impact
is relatively insensitive to system configuration.

Auxiliary measures show consistently low contributions across both cases. LED lighting results in a net
improvement of approximately 1 % in both buildings, combining electricity savings (3 %) with a small
negative heating contribution due to reduced internal gains. Pump replacement contributes less than 0.5
% in both cases.

Overall, the comparison shows a clear dependency between measure effectiveness and baseline
conditions. Ventilation measures dominate in systems with low initial efficiency, while envelope
measures become more relevant in buildings with higher system performance and higher transmission
losses. Auxiliary measures remain marginal in both cases, with limited impact on total energy use.

Economic viability of individual renovation measures

Figure 24 compares the simple payback time of individual renovation measures between the
representative cases Al and B2.

The cross-building comparison confirms that the ranking of measures by economic viability is consistent
between the two buildings. Ventilation measures and LED lighting occupy the low-payback range in
both cases, roof insulation the mid-range, and window replacement the high range.
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LED lighting, CAV to VAV conversion, and AHU replacement show closely comparable payback times
across both buildings, 1.3 vs 1.4 years, 2.1 vs 2.9 years, and 3.9 vs 3.2 years respectively, confirming
that the economic viability of ventilation and lighting measures is largely independent of building-
specific baseline conditions. However, despite the substantially higher investment required by
ventilation measures compared to LED lighting, their significantly greater impact on annual energy
saving confirms that ventilation upgrades deliver a proportionally larger energy return.
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Figure 24 - Simple payback time (yvears) for individual renovation measures, comparing representative cases Al
and B2.

Roof insulation shows a moderate difference, with a payback time of 19 years in Case Al and 25 years
in Case B2. Both values remain within the lifespan threshold of insulation material and are therefore
viable, but the higher payback in Building B reflects a proportionally larger investment cost relative to
the achievable heating saving under its baseline condition.

Pump replacement exhibits the high difference between buildings, with a payback time of 22.3 years in
Case Al and 7.2 years in Case B2. This difference reflects the higher energy savings achieved by pump
replacement in Building B, against a comparable investment cost in both buildings. Given the relatively
low absolute contribution of pump replacement to total building energy use, however, its economic
performance remains case-specific and should be assessed individually for each building.

Window replacement has the longest payback time and is the most sensitive to the baseline U-value,
reaching 74.2 years in Case Al and 31.5 years in Case B2. However, this difference cannot be
interpreted solely on the basis of the baseline window U-value, since Building B has a higher window-
to-floor area ratio than Building A. When comparing cases with similar baseline window thermal
performance, such as A2 and B2, the payback times are similar. Considering that the investment cost
per m? is higher in Building B, this similarity indicates that window replacement delivers a greater
energy saving per unit of floor area in Building B, consistent with its larger heat loss surface relative to
the heated area. Although window replacement achieves a lower payback time of approximately 31
years in cases with lower baseline window thermal performance, this still exceeds its expected lifespan
of 30 years, indicating that window replacement is not economically viable under any of the conditions
analysed.
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5.4.2 Pareto front analysis

Figure 25 compares the Pareto fronts of Case Al and Case B2, with investment normalised per heated
floor area and energy improvement expressed as percentage from baseline.

Both Pareto fronts follow a similar overall shape, characterised by a knee point at low investment levels,
a transition region in the mid investment range, and a flattening into the diminishing returns region at
higher investment levels. However, the absolute position of the two fronts differs across the full
investment range, with Building A consistently achieving a higher percentage energy improvement than
Building B at any given investment per m?. Case A1l reaches a maximum improvement of approximately
54 %, whereas Case B2 is limited to around 39 %.

Below the knee point, both buildings show similar behaviour, with improvements remaining below 10%.
This region is dominated by auxiliary measures, which provide limited impact regardless of building
characteristics.

In Case Al, the Pareto front exhibits a discrete transition, where energy improvement increases sharply
from approximately 8 % to over 34 % at around 200 SEK/m?. This step reflects a single intervention,
the replacement of the main AHU, producing a high improvement in performance. After this point, the
Pareto front rises gradually through the transition region up to approximately 598 SEK/m?, reaching
51% energy improvement. This intermediate region includes 21 Pareto-optimal packages, all
characterised by either Main AHU or Both AHUs replaced, with energy improvements ranging from 34
% to 43 % when the system remains CAV, and from 41% to 51 % when the system is converted to
VAV. From this point, the front enters the diminishing returns region, an additional investment of
approximately 527 SEK/m? is required to reach the next 7 Pareto-optimal packages, with window
replacement contributing only an additional 1 % to 5 % in energy improvement.

In Case B2, the knee is less pronounced, with the first major step occurring from 22 to 115 SEK/m?,
where energy improvement jumps from 1 % to approximately 20 %, reflecting the conversion to VAV
with the retrofit of the existing AHU. After this point, the transition region continues with two similar
steps, each adding approximately 100 SEK/m? and 3 % energy improvement, the first corresponding to
AHU replacement and the second to roof insulation. This pattern of 3 groups of 4 packages is exactly
duplicated on the right side of the graph following the application of window replacement. Each Pareto-
optimal package is mirrored at an additional investment of approximately 842 SEK/m?, with a
corresponding additional 12 % energy improvement for the identical configuration. The maximum
energy improvement of 39 % is reached at approximately 1 207 SEK/m?.
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Figure 25 - Pareto front comparison between Case Al and Case B2. Investment is normalised per heated floor
area, and energy improvement as percentage of baseline.

Another key observation is that the total investment per heated floor area at the maximum saving level
differs by only 87 SEK/m? between the two buildings. However, this small difference at the package
level hides important differences in the cost structure of individual measures. The investment cost of
equipment-based measures such as AHU and pump does not scale with floor area, since it depends on
system capacity rather than building size. As a result, these measures appear less expensive per m? in
larger buildings. For example, AHU replacement, as the one of the most effective measures for both
buildings, costs 250 SEK/m? in Building A compared to 145 SEK/m? in Building B. In contrast, area-
related measures such as window replacement scale directly with building geometry, costing 842
SEK/m? in Building B and 527 SEK/m? in Building A.

These opposing effects offset each other at the package level, producing a misleading similarity in total

investment per m?. Cost-effectiveness should therefore be assessed not only at the package level but also
on a per-measure basis, in the sequence of implementation.
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5.4.3 Profitability diagram for renovation packages

Figure 26 compares the cumulative renovation paths of Case Al and Case B2, with both investment and
annual cost saving normalised by heated floor area to enable direct cross-building comparison. The path
including AHU replacement is presented, as it represents the full set of renovation measures. The
renovation sequence in each path is ordered by descending marginal ROI within the respective building
and is therefore not identical between the two cases. Due to differences in measure order and weighted
lifespan between the two paths, a constant lifespan of 25 years was assumed when calculating the IRR
reference lines.

Both paths follow a similar overall shape, starting with a steep ascent above the 30 % reference line at
the early measures and progressively flattening as additional measures with lower marginal returns are
added. However, the position of the paths and the rate of flattening differ between the two buildings.

The Al path consistently sits above the B2 path for the majority of the investment range, indicating that
Building A achieves a higher cumulative annual cost saving per unit floor area for a comparable level
of investment. The path remains above the 30 % reference line when both AHU s replaced and above 20
% through the first six measures. It only crosses below 20% at the final window replacement step, where
it settles between the 10 % and 20 % lines. The most significant marginal jumps occur with Main AHU
replacement and CAV to VAV conversion, reflecting the dominant role of ventilation system
improvements in this building.

The B2 path shows a similar steep initial ascent but flattens earlier in the investment range. The path
remains above the 30 % reference line through the early measures including AHU replacement and CAV
to VAV but begins to drop below 30 % when envelope measures introduced to the package. Window
replacement causes a particularly pronounced flattening, with the path settling between the 5 % and 10
% lines at the final package level, lower than the corresponding step in Building A.
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The general pattern, that ventilation measures dominate the early high-return portion of the path and that
window replacement consistently drives the largest drop in package return, is generalisable across both
buildings. The two paths also reach broadly comparable normalised investment levels at the final
package stage. The main difference lies in the magnitude of the cumulative cost saving achievable, with
Building A reaching a higher final saving of 126 SEK/(m?-yr) compared to 107 SEK/(m?-yr) for
Building B, and in the shape of the path, where Building B flattens earlier and at a lower return level.

This confirms that the absolute cost-effectiveness of an integrated renovation package is not only a
function of the measures applied but also of the underlying baseline condition of the building, which
determines the marginal return achievable at each step.

The main cause in total cost saving between the two buildings originates from the effectiveness of
ventilation measures. This difference is directly attributable to the baseline conditions of each building,
which is FT system with a weighted HR efficiency of only 12 % in Building A, while in Building B the
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existing system already operates with a HR efficiency of 65 %. In both buildings, AHU replacement
upgrades the system to 85 % HR efficiency, meaning that Building A achieves a notably larger
improvement in absolute terms, while Building B operates from an already moderate baseline.

The absolute investment cost for AHU replacement is comparable between the two buildings. However,
when normalised per heated floor area, the investment per m? is lower for Building B at 145 SEK/m?
compared to 250 SEK/m? for Building A. Despite this lower investment per unit area, the measure
delivers a higher cumulative cost saving in Building A, confirming that the baseline system condition is
the dominant factor in the effectiveness of the measure, rather than the investment cost per unit area.

Also, this difference is clearly visible in the slope of the renovation paths. In Building A, the AHU
replacement step shows a very steep upward shift, reflecting the large reduction in ventilation heat losses
achievable when upgrading from 12 % to 85 % HR. The subsequent CAV to VAV step in this path
produces a smaller marginal jump, as the system has already been improved and the additional benefit
of VAV operates on top of an already efficient AHU. In Building B, both the AHU replacement and the
VAV conversion steps show comparable slopes, indicating a more gradual and balanced contribution of
each ventilation measure.

The pattern observed in Building A confirms a more general finding: when the initial ventilation
condition is poor, the first ventilation measure applied, whether AHU replacement or VAV conversion,
captures a large share of the available improvement. This was also evident in Figure 22.

In both buildings, the cumulative package is positioned above the 20 % reference line at the point where
window replacement is applied, indicating that all preceding measures collectively maintain a high level
of profitability.

The other main different pattern in graphs is related to windows. The investment cost of window
replacement is higher in Building B than in Building A, even when normalised per heated floor area,
due to the higher window-to-area ratio of 16 % in Building B compared to 10 % in Building A. The
baseline window U-value also differs between the two buildings, at 1.3 W/(m?-K) for Building A and
2.2 W/(m?*-K) for Building B, meaning that window replacement delivers a larger thermal improvement
in Building B than in Building A.

This difference is reflected in the slope of the renovation path during the window step. In Building B,
the slope is higher, indicating a larger marginal energy saving per unit of investment, while in Building
A it shows a more flattening. Despite the higher slope in Building B, the final package settles between
the 5 % and 10 % reference lines, while in Building A the final package remains above the 10 %
reference line. This may be result of the higher cumulative savings of earlier measures in Building A,
as well as the higher investment required for windows in Building B per heated area.

Across both buildings, the cumulative pathway analysis confirms that economic efficiency is highest at
early stages of renovation, where system-level interventions provide large savings relative to
investment. As additional measures are implemented, diminishing returns lead to a progressive decline
in return rate.
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6 Conclusions

This study was developed in the context of the EPBD recast and the introduction of MEPS for non-
residential buildings, which establish binding renovation obligations for the worst-performing segments
of the European building stock. As compliance becomes mandatory a portion of the Swedish non-
residential stock will need to be renovated within a short timeframe. Beyond regulatory compliance, the
energy performance of non-residential buildings is also increasingly recognised as a determinant of
market competitiveness. This market signal reinforces the pressure introduced by the EPBD recast,
strengthening the case for identifying renovation strategies that are both energy- and cost-effective for
existing non-residential buildings.

Meeting these requirements demands not only technical solutions but also systematic and replicable
methodologies for identifying the most effective renovation pathways applicable within the specific
characteristics of each building category.

This study contributes to that challenge by developing and applying an integrated modelling and
evaluation framework to two office buildings in Sweden with district heating.

Regarding the choice of non-residential building category, office buildings were identified as the most
appropriate category for analysis in this study, based on their high share of total non-residential floor
area in Sweden and their relatively homogeneous functional characteristics.

With respect to modelling assumptions and input parameters, the sensitivity screening demonstrated
that, among the input parameters investigated, ventilation system parameters showed the strongest
influence on simulated heating demand in the selected buildings, followed by envelope parameters
including wall U-value, window U-value, and infiltration rate. These findings indicate that accurate
representation of the ventilation system is the most impactful modelling input for this building category
that shares similar characteristics.

Fitting the energy model to measured energy data revealed that initial selected inputs tended to over-
predict heating demand relative to measured values, with the initial simulation dataset clustered
predominantly in the over-prediction zone. Through structured sensitivity screening and parametric
simulation, energy models satisfying ASHRAE Guideline 14 acceptance criteria were identified, with
CVRMSE values of 12—-15 % and NMBE within +5 %. Residual uncertainty was retained and explicitly
represented through three fitted energy models per building, reflecting plausible variations in envelope
and ventilation system conditions that remain unknown.

Across both case-study buildings and between assessed renovation measures, ventilation measures
delivered the largest energy savings. AHU replacement achieved absolute savings reaching up to 73
kWh/(m?-yr) in the building with 12 % HR efficiency at baseline, corresponding to a 37 % energy
reduction, and between 17-34 kWh/(m?-yr) (8 % to 15 %) in the building where HR efficiency average
was around 65%. Conversion from CAV to VAV operation ranked second, with savings of 68
kWh/(m?-yr) (35%) in the building with near-absent HR and 33 to 44 kWh/(m?-yr) (15 % to 20%) in the
building with a more efficient system, with the wider range in the latter reflecting uncertainty in the
assumed baseline HR efficiency. Window replacement showed the highest variability across cases for
both buildings, with savings ranging from 4 % to 8 % and 5 % to 12 %. Roof insulation contributed to
an average energy reduction of approximately 3 % in both cases. LED lighting contributed to an average
energy reduction of approximately 1 %. Pump replacement had the smallest absolute impact, with of an
average reduction of approximately 0.3 % in both cases.

Concerning the cost-effectiveness of individual renovation measures, LED lighting achieved the shortest
payback period of approximately 1.3 years. Ventilation-related interventions followed, consistently
delivering the highest energy savings alongside short payback times across both buildings; with AHU
replacement and CAV to VAV conversion achieving payback times of 3—6 years. Pump replacement
showed payback times of 7 to 22 years between the two buildings, indicating that its economic
performance is case-dependent. Roof insulation offered moderate energy savings at payback times of
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approximately 20-25 years. Window replacement carried the longest payback times, ranging from 31
to 75 years depending on baseline conditions. Window and pump replacement were the only measures
that had a payback time equal to or exceeding their expected lifespan.

When individual measures were applied in descending order from highest to lowest return on
investment, LED lighting consistently appeared first, with an ROI of 73 %. Ventilation-related measures
followed, with average ROIs of 27 % for AHU replacement and 40 % for CAV to VAV conversion
across all cases in both buildings. Pump replacement showed an ROI of 4 % to 14 % between buildings,
while roof insulation remained stable at approximately 5 % across all cases. Window replacement, the
most expensive measure in both buildings, yielded the lowest ROI at 1 % to 3 %, depending on the
baseline window U-value.

The renovation path in both buildings can be structured into three economic ranges, defined by the
cumulative ROI of the package at sequential steps. The high-return on investment range, with a package
ROI above 30 %, was defined in both cases by ventilation-related measures combined with LED
lighting, requiring an average cumulative investment of 250 SEK/m? and delivering annual energy
savings of 36—76 kWh/(m?-yr), with the higher savings achieved in the building with near-absent heat
recovery at baseline. When the conversion from CAV to VAV operation was added to the package, total
energy savings reached 53-93 kWh/(m?yr), with an average additional investment of 160 SEK/m?,
while the package ROI remained between 25 % and 30 % across both buildings.

The further addition of roof insulation and pump replacement consistently populated the moderate-
return on investment range, bringing the package ROI to approximately 20 % to 22% at a cumulative
investment of 360-590 SEK/m?. Window replacement marked the transition into the low-return range
in both buildings, with a final package ROI of 11% and 8% respectively, at a total investment of
approximately 1 100-1 200 SEK/m?.

Despite the differing baseline conditions of the two case-study buildings, the profitability ranking of
measures and the resulting renovation sequence followed a comparable pattern. In both cases,
ventilation-related measures defined the high-return band, roof insulation populated the moderate-return
range, and window replacement marked the transition into the low-return band. The consistency of this
ranking across representative cases suggests that the identification of priority interventions is not
strongly sensitive to the modelling uncertainty represented by the fitted cases, for the specific building
characteristics studied. This means that despite the uncertainty in the initial condition of some building
components, the priority renovation measures identified would have been the same regardless of which
fitted parameter combination is used to represent the baseline, pointing to the potential replicability of
the proposed procedure.

Among the fitted energy models assessed, the renovation measures identified as priorities converge
consistently. This convergence indicates that the fitting procedure achieves a level of accuracy adequate
for its intended purpose. This is particularly meaningful given that the parameters most influencing the
solution space, namely ventilation system characteristics and the thermal transmittance of windows and
facade, can typically be verified by building managers through existing documentation and routine
inspection. Consequently, in real renovation projects where such verification is feasible, the residual
uncertainty would be further reduced, reinforcing the reliability of the methodology beyond the
conditions of the present study.

The performance gap between fitted energy models had a greater influence on the estimated savings
from ventilation measures than from envelope or auxiliary interventions, reflecting the stronger
sensitivity of ventilation system performance to baseline HR efficiency. This implies that greater
precision in documenting existing ventilation systems carries particular importance when evaluating
renovation potential in office buildings of this type. Furthermore, HR efficiency was found to be a more
impactful source of baseline uncertainty than envelope parameters in the buildings studied.

This study demonstrates a methodology for evaluating energy renovation measures in office buildings
under data uncertainty. The framework is applicable to comparable building types and supports
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structured decision-making. Future work should address several aspects that fall outside the scope of the
present study. Detailed investment estimates that include installation cost, demolition cost and project
management cost can reduce the gap between planning-level and execution-stage cost assessments.
Furthermore, a full lifecycle cost analysis incorporating discount rates, energy price trajectories and
maintenance cost would enable a broader understanding of expected returns over the lifespan of
renovation measures. Finally, a critical area for future improvement is the documentation accuracy of
ventilation systems, which would reduce baseline uncertainty and strengthen the reliability of renovation
savings prediction for the measures most sensitive to baseline assumptions.
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