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Abstract—

Abstract
This thesis develops a simplified hourly calculation
framework for early-stage comparison of heating and
cooling energy needs in traditional renovation solutions
and the novel I-DIFFER concept. The framework is im-
plemented in an Excel spreadsheet and combines heat
balance calculations with mode-switching logic for pre-
heating, cooling, and transparent insulation operation,
supporting structured comparison of design alternatives
before detailed simulation is performed.
The framework was validated in two stages: first against
measurements from a full-scale double-skin facade test
facility at Aalborg University, and second against a mod-
ified IDA-ICE reference model using the DRY10 climate
dataset. The validation showed good agreement for pre-
heating and cooling modes, while larger deviations oc-
curred in transparent insulation mode.
Results indicate that I-DIFFER may reduce annual energy
need under the investigated assumptions. However, de-
tailed dynamic simulation remains necessary for final de-
sign decisions and system sizing.
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Chapter 1

Introduction

1.1 Background and motivation

Buildings are closely linked to the global energy and climate challenge, since their
operation requires substantial energy and contributes to greenhouse gas emissions.
Improving the existing building stock is therefore an important step towards a
more sustainable built environment (European Commission, 2020; IEA, 2023). As
a result, engineers and architects are increasingly exploring innovative technolo-
gies and design strategies to improve energy efficiency, occupant comfort, and
environmental sustainability in buildings.

In Europe, building renovation is increasingly important for reducing energy de-
mand, limiting emissions, and improving the quality of existing buildings. Many
buildings were constructed before today’s energy requirements were introduced,
which means that a large part of the building stock still has limited energy perfor-
mance and indoor environmental quality (European Commission, 2020). Renova-
tion is therefore expected to remain an important focus in the transition towards a
more efficient and sustainable built environment.

Within this context, school and office buildings are especially relevant. These
building types are strongly affected by occupancy patterns, internal heat gains,
ventilation demand, and solar gains through the facade. Renovation decisions in
such buildings, therefore, affect not only energy performance, but also indoor en-
vironmental quality and the conditions in which people learn and work. These
decisions are often made during the early design stage, when information is lim-
ited, and several alternatives must be assessed within a short time frame (Attia
et al., 2012; Nielsen et al., 2016; Thuvander et al., 2012).

At this stage, the objective is usually not to predict final building performance in
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detail, but to compare alternatives in a transparent and consistent way (Nielsen
et al., 2016). This creates a methodological challenge. Detailed building perfor-
mance simulation can represent complex thermal behaviour, airflow, and control
strategies, but it requires extensive input data, considerable modelling effort, and
specialist knowledge. Simpler methods are easier to use in early-stage design, but
they may overlook important interactions when performance depends on time-
varying and coupled processes (Kalema et al., 2008; Negendahl & Nielsen, 2015).

1.2 Integrated facade and ventilation concept

A limitation of many conventional renovation strategies is that facade improve-
ments and ventilation upgrades are often treated as separate measures, even though
their thermal effects are closely related. In response, greater attention has been paid
to integrated approaches in which facade and ventilation systems are designed and
assessed together.

One such concept is the integration of a double-skin facade and diffuse ceiling ven-
tilation, referred to in this thesis as the I-DIFFER concept. A double-skin facade
consists of two facade layers separated by a cavity. Depending on the fagade con-
figuration and operating mode, this cavity influences solar gains, heat transfer, and
airflow behaviour (Kalyanova, 2008; Saelens et al., 2003). Diffuse ceiling ventilation
is a ventilation principle in which supply air enters the room through a permeable
ceiling surface at low velocity. This can support good thermal comfort and effec-
tive heat removal, particularly in spaces with relatively high internal loads such as
classrooms and offices (Zhang, 2016; Zhang et al., 2014).

In the I-DIFFER concept, these two systems are combined into one integrated
facade-ventilation solution. This means that facade and ventilation behaviour can-
not be assessed independently. Solar gains and heat exchange in the fagade affect
the thermal condition of the air supplied to the room, while the ventilation strat-
egy affects how heat is distributed and removed inside the space. The performance
of the concept, therefore, depends on the interaction between the two subsystems
rather than on the isolated performance of each subsystem alone (Bugenings et al.,
2022; Schaffer et al., 2023).

Figure 1.1 illustrates the main operating principles of the I-DIFFER concept is con-
sidered in this thesis. In transparent insulation mode, all openings in the DSF
cavity and bypass are closed, and the ventilation system is off. In this mode, the
closed cavity creates an intermediate thermal zone between the outdoor and in-
door environments. When solar radiation enters the cavity, the air temperature in
this zone can increase, thereby reducing the temperature difference between the
cavity and the indoor space during cold periods.
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In pre-heating mode, the ventilation system is on, and the airflow through the DSF
cavity and diffuse ceiling plenum is mechanically driven by the exhaust ventila-
tion system. Outdoor air enters the DSF cavity at the bottom, is warmed as it
passes through the cavity, and then enters the diffuse ceiling plenum before be-
ing supplied to the classroom. In cooling mode, the supply air is mechanically
driven through the bypass opening and into the diffuse ceiling plenum. At the
same time, the DSF cavity is naturally ventilated through its external openings by
wind and buoyancy, which helps remove solar heat from the facade cavity before
it is transferred to the classroom (Bugenings et al., 2022; Zhang et al., 2023).

Because of this coupling between facade and ventilation processes, integrated con-
cepts such as I-DIFFER are not well suited to methods that treat the two subsystems
separately. Their assessment, therefore, requires an approach that can represent
both their individual behaviour and their interaction.

TT1 T 7

N exhaust pr exhaust exhaust

ThT

Figure 1.1: Illustration of the integrated DSF-DCV solution: (a) transparent insulation mode, (b)
pre-heating mode, and (c) cooling mode. Adapted from Schaffer et al., 2023.

bypass

><_

<

DSF cavity
classroom facade

[ N
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1.3 Challenges in early-stage assessment

Despite the potential of integrated facade-ventilation concepts, their early-stage
assessment remains difficult. At this point in the design process, decisions often
need to be made before system details, control strategies, and exact boundary
conditions are fully defined. This creates a tension between the need for rapid
comparative assessment and the complexity of the underlying physical processes.

Detailed building performance simulation tools are commonly used to analyse
complex systems such as double-skin facades and integrated ventilation strategies.
These tools can represent dynamic interactions among thermal zones, airflow, and
control strategies with relatively high accuracy (Hu et al., 2023). However, they typ-
ically require extensive input data, specialised expertise, and significant modelling
effort. This limits their applicability in early-stage design, where rapid comparison
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of multiple design options is often required.

Simplified energy calculation methods are therefore widely used in early design.
These methods reduce modelling effort by relying on simplified representations
of heat transfer, solar gains, and ventilation processes. For many conventional
renovation scenarios, such simplifications can support transparent comparison be-
tween alternatives. However, simplified methods often rely on steady-state or low-
resolution assumptions and may not adequately represent time-dependent effects
such as variable solar radiation, airflow-driven heat exchange, and short-term ther-
mal interactions (Kalema et al., 2008; Negendahl & Nielsen, 2015).

This limitation becomes particularly important in integrated concepts such as I-
DIFFER, where performance depends on the coupling between facade behaviour
and ventilation processes. Methods that treat these subsystems separately may not
capture the dominant interactions affecting heating and cooling energy needs. At
the same time, detailed simulation approaches may be too complex for early-stage
applications. This creates a methodological gap between available detailed models
and the practical needs of early-stage design.

1.4 Problem framing and thesis scope

The assessment of integrated facade-ventilation concepts remains challenging in
early-stage renovation design, where key decisions must often be made with lim-
ited input data and without detailed knowledge of system operation, control strate-
gies, or exact boundary conditions. In this context, approaches are needed that can
support comparison between alternatives while remaining transparent and man-
ageable in terms of input requirements.

This challenge is particularly relevant for the I-DIFFER concept, where the inter-
action between the double-skin facade and diffuse ceiling ventilation plays an im-
portant role in heating and cooling performance. Approaches that treat facade and
ventilation systems separately may therefore be insufficient for early-stage com-
parison of integrated concepts and conventional renovation solutions.

The thesis does not aim to replace detailed building performance simulation or
to provide a precise prediction of full building performance. Instead, it focuses
on whether a simplified hourly calculation framework can support transparent
early-stage comparison of heating and cooling energy needs between traditional
renovation solutions and the I-DIFFER concept.

The following chapter reviews the literature on early-stage decision support, sim-
plified energy calculation methods, double-skin facades, diffuse ceiling ventilation,
and integrated facade-ventilation concepts. Based on this review, the research gap,
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problem statement, research question, and thesis aim are defined.
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Chapter 2

Literature Review

2.1 Early-stage decision support in building renovation

Decisions made during the early stages of building renovation projects have a ma-
jor influence on long-term energy performance, environmental impact, and eco-
nomic feasibility. Research has shown that many parameters affecting building
performance are determined during the early phases of design, even though only
limited information is typically available at that stage (Attia et al., 2012). This
challenge is particularly relevant in renovation projects, where incomplete docu-
mentation of the existing building, uncertain building conditions, and practical
constraints increase the complexity of evaluating design alternatives. Renova-
tion processes are therefore often characterised by greater uncertainty than new
construction and require careful assessment during the preliminary investigation
phase (Thuvander et al., 2012).

In this context, early-stage design support is less concerned with producing highly
detailed predictions and more focused on enabling comparison between alterna-
tive renovation concepts. Decision-support approaches applied in early-stage ren-
ovation must therefore be capable of operating with limited input data while still
providing useful insights for decision-makers. Reviews of renovation decision-
support methods highlight that such approaches should support the generation
and evaluation of alternative strategies and assist stakeholders in assessing the
potential effects of renovation measures (Nielsen et al., 2016).

Despite the availability of different sustainability assessment frameworks and de-
sign methods, relatively few approaches have been developed specifically to sup-
port decision-making in renovation projects during the early design stages (Jensen
et al.,, 2018). As a result, there remains a need for simplified approaches that can
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support comparison between alternative renovation concepts while working with
the limited information typically available during concept design.

Based on the literature, several requirements can be identified for approaches in-
tended for early-stage renovation design. First, they should rely on input data
that are typically available during the early design phase. Second, they should
enable rapid iteration across multiple renovation options to support exploration
of alternatives. Third, the assumptions underlying the calculations should remain
transparent so that results can be interpreted appropriately. Finally, outputs should
allow consistent comparison between conventional renovation solutions and more
integrated or innovative approaches (Nielsen et al., 2016).

In this thesis, the primary focus is on indicators of heating and cooling perfor-
mance, which are strongly influenced by facade design, solar gains, and ventilation-
related heat removal. These indicators enable examination of whether integrated
facade-ventilation concepts, such as I-DIFFER, may offer advantages over represen-
tative conventional renovation solutions under comparable boundary conditions.
Consequently, the objective of simplified modelling in this thesis is not precise pre-
diction, but transparent and consistent comparison between competing renovation
strategies.

2.2 Simplified energy calculation methods in early design

Simplified energy calculation methods are widely used in early design because
they require less modelling effort and fewer input data than detailed building per-
formance simulation tools. Their purpose is not to describe all physical processes
in full detail, but to estimate energy-related behaviour using a reduced number
of variables and assumptions. In early-stage design, this is often appropriate be-
cause the main objective is to compare alternatives, identify trends, and screen
concepts rather than to produce precise final-design predictions (Negendahl &
Nielsen, 2015).

Among the most common simplified approaches are steady-state and monthly
energy balance methods. These methods estimate heating and cooling demand us-
ing averaged climatic conditions and simplified descriptions of heat transfer, solar
gains, internal loads, and ventilation heat exchange. Such approaches are widely
used in regulatory calculations and early-stage design because of their limited in-
put requirements and computational simplicity (DS EN ISO 13790, 2008; Kalema
et al., 2008).

Studies show that simplified methods can provide acceptable estimates for rel-
atively simple buildings and conventional renovation scenarios. However, their
reliability decreases when buildings are strongly affected by solar gains, thermal
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mass, or complex ventilation behaviour. In such cases, simplified methods may not
adequately capture the dynamic interactions among solar radiation, internal heat
gains, thermal storage, and ventilation heat exchange (Kalema et al., 2008).

For the present thesis, the key question is therefore not whether simplified methods
are generally feasible, but whether they can preserve the dominant physical mech-
anisms governing the I-DIFFER concept’s performance while remaining suitable
for early-stage comparison. The literature suggests that this depends on several
issues, including the temporal resolution of the calculation method, the simplified
representation of double-skin fagade behaviour, the simplified representation of
ventilation-related heat removal, and the coupling of facade and ventilation pro-
cesses within a single framework.

2.3 Temporal resolution and the case for simplified hourly
methods

Temporal resolution is important in building energy modelling because many ther-
mal processes vary significantly over short time scales. Solar radiation, internal
heat gains, and ventilation-related heat exchange can vary substantially through-
out the day, directly affecting heating and cooling demand. Simplified methods
based on monthly or seasonal averages may therefore overlook short-term effects
that contribute to the risk of overheating and cooling load peaks (Negendahl &
Nielsen, 2015).

Comparisons between simplified methods and more detailed simulation approaches
show that the accuracy of simplified calculations depends strongly on temporal
resolution. Monthly methods can provide reasonable estimates of annual heating
demand in relatively simple cases, but their performance decreases when dynamic
effects such as solar gains, thermal mass, and variable ventilation become impor-
tant (Kalema et al., 2008).

This limitation becomes especially relevant in buildings with large glazed facades
or adaptive envelope systems. In such cases, solar gains may vary substantially
during the day depending on weather conditions, facade orientation, and shading
behaviour. Because solar radiation can cause rapid changes in surface tempera-
tures and internal heat gains, methods based on monthly averages may underes-
timate peak cooling demand and short-term overheating conditions. Research on
double-skin facades has also shown that highly glazed facade systems can experi-
ence summer overheating due to the combined effect of outdoor temperature, solar
gains, and internal loads (Gratia & De Herde, 2007; Saelens et al., 2008).

For these reasons, simplified hourly or quasi-hourly calculation methods can be
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understood as a practical compromise between steady-state approaches and de-
tailed dynamic simulation. They allow short-term variations in solar gains, venti-
lation behaviour, and internal loads to be represented while keeping the modelling
structure relatively simple and the input requirements limited. This makes them
suitable for early-stage decision support, where transparency and rapid compari-
son are important (Negendahl & Nielsen, 2015).

In the context of the I-DIFFER concept, temporal resolution is especially rele-
vant because the system relies on the interaction between facade behaviour and
ventilation-driven heat removal. Solar gains influence the thermal conditions within
the double-skin facade cavity, while diffuse ceiling ventilation affects the removal
and distribution of internal heat loads (Bugenings et al., 2022; Hu et al., 2023).
Simplified hourly modelling may therefore provide a useful balance between rep-
resenting these dynamic processes and maintaining the simplicity required for
early-stage comparison.

2.4 Double-skin facade: Energy behaviour and simplified
assessment

2.4.1 Thermal behaviour of double-skin facades

Double-skin facades are facade systems comprising two glazing layers separated
by an air cavity. The cavity may be naturally or mechanically ventilated and can
influence the thermal interaction between the outdoor environment and the indoor
space. Because of their ability to regulate solar gains, ventilation, and heat trans-
fer through the building envelope, DSFs have been widely investigated in office
and educational buildings, where facade performance strongly influences overall
energy use and indoor comfort (Kalyanova, 2008; Poirazis, 2006).

Several DSF typologies have been identified in the literature, mainly distinguished
by the configuration of the cavity and the airflow path within the facade system.
Common typologies include box-window, corridor, shaft-box, and multi-storey fa-
cades. These typologies differ in cavity segmentation, airflow connectivity, and
ventilation strategies, which significantly influence thermal behaviour and energy
performance (Kalyanova, 2008). Figure 2.1 summarises common DSF typologies
and principal ventilation modes reported in the literature. These variations are
important because cavity configuration and airflow path strongly influence the
thermal behaviour of the fagade system.
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(a) .

Box-Window Shaft Box Corridor Multi-Story

1-5 The five main ventilation modes.
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Figure 2.1: Overview of common double-skin facade typologies (a) and principal ventilation modes
(b) reported in the literature. The figure illustrates how cavity configuration and airflow path may
vary between DSF systems, which in turn influences thermal behaviour and energy performance.
Adapted from Pelletier et al., 2023.

The energy performance of DSFs is governed by the interaction between solar radi-
ation, heat transfer through the facade layers, and airflow within the cavity. Solar
gains absorbed in the cavity can raise the air temperature, which may reduce heat
losses during winter but increase cooling demand during summer, depending on
the ventilation strategy and operating mode. Consequently, DSF thermal behaviour
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depends strongly on climate conditions, facade orientation, glazing properties, and
cavity airflow patterns (Kalyanova, 2008; Saelens et al., 2003).

Because of these interacting processes, DSF performance cannot be evaluated solely
by transmission heat losses through the facade. The enthalpy change of the air
flowing through the cavity and its interaction with solar gains must also be con-
sidered. Previous research has shown that certain DSF configurations can improve
heating performance in winter but may increase cooling demand in summer if
solar gains are not adequately controlled (Saelens et al., 2008).

Investigations of naturally ventilated DSFs further highlight that facade perfor-
mance is highly sensitive to environmental conditions such as solar radiation, wind
exposure, and fagade orientation, which can strongly influence cavity temperatures
and the risk of summer overheating (Gratia & De Herde, 2004a, 2004b).

More recent review studies emphasise that DSF performance also depends strongly
on design parameters, including cavity geometry, glazing properties, ventilation
openings, and operational strategies. Because these parameters vary widely be-
tween building designs and climatic contexts, DSF performance cannot be gener-
alised without considering the specific facade configuration and operating condi-
tions (Jankovic & Goia, 2021; Preet et al., 2022).

Taken together, these findings show that DSF behaviour is governed by complex
interactions between solar gains, airflow dynamics, and heat transfer processes. As
a result, assessing the energy performance of DSFs requires modelling approaches
that preserve the dominant physical mechanisms while remaining practical enough
for design use.

24.2 Simplified DSF assessment methods and the BESTFACADE ap-
proach

Although detailed building performance simulation models can represent DSF be-
haviour with relatively high accuracy, they typically require complex airflow mod-
elling, detailed facade geometry, and extensive input data. Such modelling effort
is often impractical in early-stage design, when facade properties, operating strate-
gies, and boundary conditions remain uncertain. As a result, simplified calculation
methods have been developed to support preliminary assessment of DSF perfor-
mance.

One of the most relevant simplified approaches is the Simple Calculation Method
(SCM) developed within the BESTFACADE project. The purpose of this method
was to provide designers with a practical approach for evaluating the energy per-
formance of buildings with double-skin facades during early design stages without
requiring detailed simulation models (BESTFACADE, 2007).
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In the SCM approach, the facade cavity is represented using simplified assump-
tions about cavity temperature and airflow behaviour. The cavity is treated as
an intermediate thermal zone, or unheated glazed space, and the thermal inter-
action between the cavity and the conditioned indoor zone is estimated through
simplified heat-balance relationships. Airflow in the cavity is represented through
approximate air-change rates depending on facade typology and operating condi-
tions (BESTFACADE, 2007; Marszal et al., 2009).

This simplified representation reduces modelling complexity while still capturing
the dominant drivers of facade performance. Instead of modelling detailed air-
flow dynamics, the method focuses on effective cavity temperature, solar gains,
and simplified ventilation behaviour as the main factors influencing heating and
cooling demand. As such, the SCM provides an important methodological basis
for early-stage DSF assessment and is particularly relevant for the present thesis.

2.4.3 Validation and limitations of simplified DSF methods

The validity of simplified DSF calculation methods has been examined in several
studies. Marszal et al., 2009 evaluated the SCM approach by comparing its pre-
dictions with measurements from a DSF test facility. Their results showed that the
simplified method can provide reasonable estimates of facade performance under
many conditions, which supports its use as an early-stage assessment method.

However, the validation study also revealed important limitations. In particular,
the method may produce significant deviations under strong solar radiation, where
simplified assumptions about the cavity temperature distribution can lead to over-
estimation of cooling loads. This suggests that solar-driven cavity behaviour is one
of the most sensitive aspects of simplified DSF modelling (Marszal et al., 2009).

More recent validation and inter-software comparison studies reinforce this con-
clusion. Research shows that cavity air temperature remains one of the most diffi-
cult DSF variables to predict accurately and that results are highly sensitive to as-
sumptions regarding glazing heat capacity, airflow openings, and convective heat
transfer within the cavity (Catto Lucchino et al., 2021; Gennaro et al., 2023).

For the present thesis, the BESTFACADE SCM approach provides an important
methodological basis for simplified DSF modelling. Nevertheless, existing sim-
plified methods primarily address the fagade subsystem in isolation and do not
explicitly model its interaction with indoor ventilation strategies such as diffuse
ceiling ventilation. Consequently, additional modelling considerations are required
when evaluating integrated facade-ventilation concepts such as I-DIFFER.
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2.5 Diffuse ceiling ventilation

Diffuse ceiling ventilation (DCV) is a concept in which supply air is introduced
through a suspended ceiling with low supply momentum. Because air enters the
room over a large ceiling area rather than through a concentrated diffuser, the
resulting airflow is strongly influenced by buoyancy generated by internal heat
sources. As a result, DCV differs from conventional mixing ventilation in both air
distribution and heat-removal behaviour (Zhang et al., 2014). Figure 2.2 illustrates
the principle of diffuse ceiling ventilation, in which supply air enters the room
through the ceiling and is distributed at low velocity over a large surface area.
This airflow pattern is central to the thermal and ventilation behaviour of DCV
systems.

Figure 2.2: Schematic illustration of diffuse ceiling ventilation, showing supply air entering through
the ceiling and diffusing into the occupied zone at low velocity. Adapted from Zhang, 2016.

Review studies show that DCV can provide good thermal comfort, low draught
risk, low pressure drop, and reduced fan energy use, while also offering potential
advantages in spaces with relatively high internal heat loads, such as offices and
classrooms (Zhang et al., 2014).

The energy relevance of DCV lies in the fact that its performance is determined not
only by ventilation rate but also by the effectiveness with which heat is removed
from the occupied space. Because the system depends on low-momentum sup-
ply and buoyancy-driven transport, room-air temperatures may not always be well
represented by a single, fully mixed-zone temperature. Internal heat sources, ceil-
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ing configuration, and plenum design can all affect airflow pattern, temperature
distribution, and the removal of sensible heat from the room (Zhang, 2016; Zhang
et al., 2014).

For early-stage decision-support approaches, the objective is not to simulate de-
tailed indoor airflow patterns but to capture the main thermal effects of ventilation
on heating and cooling demand. In this context, DCV can be represented through
simplified parameters that reflect heat removal, air distribution, or non-uniform
indoor temperature behaviour. However, simplified approaches often treat venti-
lation and facade behaviour as separate processes. In integrated facade-ventilation
concepts such as I-DIFFER, this is a limitation because the interaction between the
double-skin facade and the ventilation system plays an important role in overall
heating and cooling performance. Simplified modelling therefore needs to repre-
sent not only the individual behaviour of DSF and DCV systems, but also their
interaction within the building energy balance (Bugenings et al., 2022; Hu et al.,
2023).

2.6 Integrated facade-ventilation renovation concepts: I-DIFFER

2.6.1 From separate renovation measures to integrated concepts

Traditional renovation strategies often treat facade improvement and ventilation
upgrading as separate interventions, for example, through insulation, glazing re-
placement, or HVAC modernisation. Although these measures can improve build-
ing performance, they are typically not designed or assessed as a coupled facade-
ventilation concept in which facade heat transfer, solar gains, and indoor heat re-
moval are explicitly coordinated. Integrated renovation concepts such as I-DIFFER
take a different approach by treating the facade and ventilation systems as inter-
acting subsystems whose combined operation influences overall performance.

In such systems, solar gains through the facade influence indoor heat loads, while
indoor airflow and ventilation strategy influence how those loads are distributed
and removed. As a result, facade and ventilation behaviour cannot be assessed
independently without losing important aspects of system performance. In I-
DIFFER, the double-skin facade and diffuse ceiling ventilation are intentionally
combined so that facade heat transfer and solar control work together with indoor
air distribution and heat removal (Bugenings et al., 2022).

2.6.2 I-DIFFER evidence and implications for simplified modelling

The I-DIFFER concept is described in the literature as an integrated renovation
solution in which the double-skin facade acts as an adaptive solar and thermal
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buffer, while the diffuse ceiling ventilation system manages the remaining indoor
heat loads through low-velocity ceiling supply. Bugenings et al., 2022 provide a
simulation-based comparison between I-DIFFER and a traditional renovation pack-
age in a school classroom case. Their results indicate that the integrated concept
can reduce primary energy demand while maintaining acceptable indoor environ-
mental quality. However, the assessment is based on a detailed IDA-ICE simula-
tion that includes facade zones, openings, leakage paths, and ventilation behaviour,
making it a valuable benchmark but less directly applicable as an early-stage de-
sign method.

Schaffer et al., 2023 extend this work by examining the robustness of the concept
under different orientations, facade properties, and climate conditions. Their re-
sults show that the relative performance of I-DIFFER and traditional renovation
strategies varies significantly with orientation, facade properties, and climate. This
suggests that an early-stage framework would benefit from supporting scenario-
based comparison rather than relying on a single fixed prediction.

Hu et al., 2023 further shows how the concept can be represented in EnergyPlus
using multiple thermal zones, inter-zone airflow exchanges, and EMS-based con-
trol logic. This study is important because it illustrates how the coupling between
facade and ventilation is treated in detailed simulation practice.

Experimental work also supports the physical basis of the concept. Studies on
integrated DSF-DCV operation report winter heat-recovery effects, summer heat-
removal behaviour in the facade cavity, and the importance of thermal mass and
operating mode (Zhang et al., 2023). Together, these studies form an evidence
chain consisting of comparative simulation, robustness analysis, detailed imple-
mentation, and experimental investigation. They also identify the main thermal
processes that should be preserved in a simplified representation of I-DIFFER,
namely solar-driven DSF behaviour, cavity airflow and heat exchange, and sim-
plified control logic for heating and cooling operation.

At the same time, the current literature evaluates these processes mainly through
detailed multi-zone building performance simulation models and experimental se-
tups, which require extensive input data and modelling expertise (Bugenings et
al., 2022; Hu et al., 2023; Schaffer et al., 2023; Zhang et al., 2023). No published
early-stage decision-support method identified in the reviewed literature appears
to assess I-DIFFER with limited input data while explicitly representing the dy-
namic interaction between the facade and ventilation subsystems. This is the key
limitation that motivates the present study.
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2.7 Synthesis, research gap, and thesis aim

2.7.1 Synthesis

Based on the reviewed studies, early-stage renovation design requires approaches
that can support comparison between alternative concepts under conditions of lim-
ited input data and uncertainty. Simplified modelling is therefore important, but its
usefulness depends on whether the dominant thermal processes influencing heat-
ing and cooling performance are preserved. Traditional steady-state and monthly
methods are often suitable for conventional renovation measures, but they are less
effective in capturing dynamic behaviour such as time-varying solar gains (Kalema
et al., 2008; Negendahl & Nielsen, 2015).

At the same time, the literature indicates that both double-skin facades and diffuse
ceiling ventilation can improve building performance. Research on DSF, particu-
larly the BESTFACADE/SCM method, shows that facade behaviour can be sim-
plified into effective thermal variables suitable for early-stage assessment (BEST-
FACADE, 2007; Marszal et al., 2009). The literature on I-DIFFER further shows
how DSF and DCV may operate as an integrated renovation concept. However,
the available studies are primarily based on detailed simulations and experiments
and do not provide a practical approach for early-stage comparative assessment
(Bugenings et al., 2022; Hu et al., 2023; Schaffer et al., 2023; Zhang et al., 2023).

Taken together, the reviewed literature provides knowledge about the individual
subsystems and detailed benchmark studies of their combined operation, but it
does not identify a simplified coupled framework for early-stage comparison be-
tween the I-DIFFER concept and traditional renovation solutions.

2.7.2 Research gap and problem statement

Based on this synthesis, the main gap in the literature is the lack of a simplified
early-stage framework for comparing heating and cooling energy needs between
traditional renovation solutions and the I-DIFFER concept, while explicitly rep-
resenting the interaction between facade behaviour and ventilation-related heat
removal.

This gap is particularly relevant in early-stage design, where designers and en-
gineers need approaches that can support comparison between alternatives with-
out requiring the level of detail associated with full building performance sim-
ulation. Existing simplified methods are generally not designed for integrated
facade-ventilation concepts, whereas existing studies on I-DIFFER rely primarily
on detailed simulations and experiments. As a result, designers currently lack a
transparent, early-stage method to compare integrated facade—ventilation concepts
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with traditional renovation solutions under consistent assumptions and compara-
ble boundary conditions.

2.7.3 Research question and thesis aim

Based on the research gap identified above, the thesis addresses the following
research question:

How can a simplified hourly calculation framework be developed for early-stage comparison
of heating and cooling energy needs in traditional renovation solutions and the I-DIFFER
concept?

To address this question, this thesis aims to develop and examine a simplified
hourly calculation framework for early-stage comparisons of heating and cooling
energy needs between traditional renovation solutions and the I-DIFFER concept.

The contribution of the thesis is a simplified comparative framework intended for
early-stage use, rather than a detailed predictive model of full building perfor-
mance. The framework is intended to operate with limited input data while repre-
senting the dominant thermal processes that influence comparative performance.
Implemented as a spreadsheet-based prototype, it is used to explore whether trans-
parent and consistent comparison between traditional renovation solutions and the
I-DIFFER concept can be supported during early-stage design without relying on
detailed building performance simulation.
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Chapter 3

Methodology and Framework Im-
plementation

3.1 Methodological basis and scope

This chapter describes the development and implementation of the simplified hourly
calculation framework proposed in this thesis. The framework is intended for
early-stage comparison of heating and cooling energy needs in traditional renova-
tion solutions and the I-DIFFER concept. Rather than aiming to provide a detailed
prediction of full building performance, the chapter describes how a simplified rep-
resentation of the dominant thermal processes was developed and implemented to
support transparent and consistent comparisons under limited input conditions.

The methodological basis of the framework is derived from the BESTFACADE
WP4 (BESTFACADE, 2007) method for double-skin facades. BESTFACADE WP4
itself builds on EN ISO 13790, EN ISO 13789, and DIN V 18599. In this context,
EN ISO 13790 provides the general heat-balance and utilisation-factor approach
for calculating heating and cooling demand, EN ISO 13789 provides the treatment
of transmission and ventilation heat transfer through unconditioned spaces, and
DIN V 18599 provides the simplified treatment of solar gains and temperature ef-
fects in unheated glazed zones. These relationships are not applied unchanged, but
are adapted and combined in an hourly structure suited to the comparative aim of
the thesis. The resulting framework is implemented as a spreadsheet-based pro-
totype in order to make the assumptions, calculation logic, and outputs traceable
throughout the assessment process.

A main methodological choice in this thesis is the use of hourly calculation steps.
The original simplified DSF approaches provide a basis for early-stage assessment,
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but the hourly adaptation introduced here is intended to more accurately repre-
sent short-term variations in solar gains, heat transfer, and ventilation-related heat
removal. This is particularly relevant to the I-DIFFER concept, where performance
depends on the interaction between solar-driven facade behaviour and ventilation
operation throughout the day.

The scope of the framework is limited to room-level comparison of heating and
cooling energy needs. The conditioned room and, where relevant, the adjacent fa-
cade cavity are represented in simplified form, together with basic climatic inputs,
facade properties, ventilation assumptions, and internal gains. The framework is
not intended to replace detailed building performance simulation or to provide a
precise prediction of full building performance. Instead, it is used to explore the
extent to which a simplified hourly approach can support early-stage comparison
between traditional renovation solutions and the I-DIFFER concept.

The chapter is structured as follows. Section 3.2 presents the overall framework
structure and the comparative scenario definition. Section 3.3 describes the sim-
plified hourly calculation method. Section 3.4 explains the operating modes and
control assumptions used in the framework. Section 3.5 presents the spreadsheet-
based implementation. Section 3.6 outlines the validation approach, and Section
3.7 summarises the main methodological assumptions.

3.2 Framework structure and comparative scenario defini-
tion

The methodological framework developed in this thesis is based on a simplified
hourly calculation approach designed for comparative assessment of renovation
strategies. The framework links input parameters, scenario definitions, calcula-
tion procedures, and resulting energy performance indicators within a consistent
analytical structure.

Figure 3.1 presents the structure of the simplified hourly calculation framework
used in this study, including inputs, scenario definitions, calculation steps, and
resulting outputs.
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Figure 3.1: Overview of the simplified hourly calculation framework used for comparative analysis.
The framework links input parameters, scenario definitions, calculation procedures, and resulting
heating and cooling energy needs.

The input parameters include climate data, room geometry, building envelope
properties, and ventilation assumptions. Climate data consist of outdoor tempera-
ture and solar radiation, which are used to represent external boundary conditions.
Room geometry includes the dimensions and orientation of the analysed space.
Building envelope properties describe the thermal characteristics of the facade,
including glazing type and insulation level. Ventilation is represented through
simplified airflow rate assumptions.

Based on these inputs, three renovation scenarios are defined: the existing con-
dition, a traditional renovation solution, and the I-DIFFER concept. The existing
condition represents the current state of the building, including the original fa-
cade configuration. The traditional renovation scenario includes improvements
such as enhanced insulation and window replacement. The I-DIFFER concept is
represented through the integration of a double-skin facade and diffuse ceiling
ventilation.

The calculation framework applies simplified heat-balance relationships to esti-
mate the thermal performance of each scenario. This includes transmission heat
transfer, solar gains, cavity temperature and airflow behaviour, and overall energy
balance equations. The framework is structured to maintain consistency across
scenarios while allowing differences in facade and ventilation configurations to be
reflected in the calculations.

The outputs of the framework are the heating and cooling energy needs of the
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analysed space. These results are used to compare the performance of the dif-
ferent renovation scenarios under the same boundary conditions. The framework,
therefore, provides a structured basis for evaluating the relative effectiveness of the
I-DIFFER concept in comparison with traditional renovation approaches.

The individual components of the calculation framework illustrated in Figure 3.1
are described in detail in the following sections.

3.2.1 Inputs and boundary conditions

The framework requires a set of inputs intended to reflect information that may be
available during early-stage design. These inputs include climatic data, building
geometry, facade properties, ventilation assumptions, and internal heat gains.

Climatic inputs include hourly outdoor temperature and solar radiation data. Ge-
ometric inputs define the room and facade dimensions relevant to transmission,
solar gain, and ventilation-related calculations. Facade inputs include thermal
transmittance values, glazing properties, and, where relevant, cavity-related as-
sumptions. Ventilation inputs describe airflow assumptions used in the simpli-
fied heat-transfer calculations. Internal gains are represented in simplified form
through occupants, lighting, and equipment.

The same general climatic basis and room geometry are used across scenarios.
This ensures that differences in calculated heating and cooling energy needs are
interpreted as differences in renovation strategy rather than in external conditions
or case definition.

The full set of input parameters used to define the scenarios is provided in Ap-
pendix C

3.2.2 Outputs and comparison indicators

The main outputs of the framework are monthly and annual estimates of heating
and cooling energy needs for the investigated renovation scenarios. These out-
puts are used as comparative indicators rather than as exact predictions of real
operational performance.

In this thesis, the outputs are used to compare the existing condition, traditional
renovation solutions, and the I-DIFFER concept under a common set of assump-
tions. Where relevant, the results are also compared across facade orientations and
operating modes. The purpose of the outputs is therefore to support transparent
and consistent comparison between scenarios at an early design stage.
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3.2.3 Comparative scenario definition

The framework is used to compare three main scenario types: the existing con-
dition, a representative traditional renovation solution, and the I-DIFFER concept.
The existing condition provides a reference case against which renovation-related
changes can be interpreted. The traditional renovation case represents a more con-
ventional improvement strategy, while the I-DIFFER case represents the integrated
facade-ventilation concept examined in this thesis.

All three scenarios are evaluated using the same climatic basis, room geometry,
and general heat-balance structure. This means that differences in results arise
from changes in facade properties, ventilation assumptions, and operational repre-
sentation rather than from changes in the underlying framework.

In the traditional renovation scenario, the facade and ventilation system are rep-
resented as separate measures without the coupled DSF-DCV interaction used in
the I-DIFFER case. In the I-DIFFER scenario, by contrast, the cavity and operation-
mode logic are included in the calculation structure. This makes it possible to
compare a conventional renovation pathway with an integrated concept under con-
sistent assumptions and comparable boundary conditions.

3.3 Simplified hourly calculation method

The simplified hourly calculation method combines established heat-balance rela-
tionships with a simplified representation of the double-skin facade cavity as an
intermediate thermal zone. The purpose of the method is to estimate heating and
cooling energy needs at room level while preserving the main thermal interactions
relevant to comparison between the I-DIFFER concept and traditional renovation
solutions.

The method is organised into six main calculation groups. First, transmission
heat transfer is calculated for the relevant envelope elements. Second, ventilation-
related heat transfer is represented through simplified airflow assumptions and
corresponding heat transfer coefficients. Third, solar gains are estimated for both
the conditioned room and, the DSF cavity. Fourth, the mean cavity tempera-
ture and outlet air temperature are estimated in simplified form in the I-DIFFER
case. Fifth, total heat gains and losses are combined using simplified balance re-
lationships. Finally, hourly heating and cooling energy needs are estimated us-
ing utilisation-factor relationships derived from standard energy-balance methods.
The equations implemented in the framework are adopted from the BESTFACADE
report(BESTFACADE, 2007) and are based on EN ISO 13790, EN ISO 13789, and
DIN V 18599.
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3.3.1 Transmission heat transfer

Transmission heat transfer is used to represent conductive heat exchange through
the building envelope and, in the I-DIFFER scenario, between the conditioned room
and the fagade cavity. Following (DS/EN ISO 13789, 2017), the transmission heat
transfer coefficient is calculated as:

Hr = ZAZ' -U; (3.1)
i

where A; is the area of element i and U, is the thermal transmittance of element i.

In the traditional renovation scenario, this coefficient is calculated for the relevant
envelope elements of the conventional renovated facade. In the I-DIFFER scenario,
transmission heat transfer is divided between the internal skin separating the con-
ditioned room and the cavity and the external skin separating the cavity and the
outdoor environment. This distinction allows the cavity to be represented as a
separate thermal zone rather than as part of a single facade element.

The purpose of this calculation is not to represent full multidimensional heat flow
in detail, but to preserve the dominant conductive heat-transfer pathways relevant
to comparative assessment.

3.3.2 Ventilation heat transfer

Ventilation heat transfer is represented through simplified airflow assumptions
and corresponding heat-transfer coefficients. Following EN ISO 13789, the general
ventilation heat-transfer coefficient is expressed as

Hy, = Pa*Ca-qo (32)

where p, is the air density, c, is the specific heat capacity of air, and g, is the airflow
rate.

In the traditional renovation scenario, this term represents the heat exchange asso-
ciated with the conventional ventilation system. In the I-DIFFER scenario, ventila-
tion heat transfer may occur both in the conditioned room and in the facade cavity,
depending on the operating mode. The same general expression is therefore used
across scenarios, but the interpretation of the airflow path depends on the system
configuration.

Because the framework is intended for early-stage comparison, airflow is simplified
through fixed or mode-dependent assumptions. This makes it possible to compare
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the thermal effect of different renovation concepts without detailed airflow mod-
elling.

In cooling mode, cavity ventilation was not represented by a fixed airflow rate, as in
pre-heating mode. Instead, the framework adopted the approximation proposed
by Hellstrom in the (BESTFACADE, 2007)report for naturally ventilated double-
skin facade cavities. In this approach, the cavity is treated as an unheated inter-
mediate zone, and the ventilation heat-transfer coefficient between the cavity and
the outdoor environment, Hy ,., depends on cavity height, air properties, pressure
losses, and the temperature difference between the outdoor air and the cavity. This
means that ventilation heat transfer is temperature-dependent and can therefore,
in simplified form, reflect buoyancy-driven heat removal.

Following Hellstrom, the ventilation heat-transfer coefficient is expressed as

HV,ue =hy - ’Tc,mean - Te’0'5 (3.3)

where T mean is the mean cavity temperature and T, is the outdoor air temperature.
The coefficient h, is written as

Zchav 0.5
=| = AT Acav 3.4
hy ( T, abs Ctot > PuCpB Lrel Aca (3.4)

and the relative temperature rise is

T - T
ATl = cout - (3.5)

Tc,mean - Te

where ¢ is the gravitational acceleration, He,y is the cavity height, T, s is the
absolute outdoor air temperature, i is the total pressure-loss coefficient, p, is the
air density in the cavity, c, is the specific heat capacity of air, AT, is the relative
temperature rise, and Ay is the characteristic cavity flow area.

In simple terms, this means that when the cavity becomes warmer than the outdoor
air, the buoyancy effect becomes stronger and more heat is removed by ventilation.

A key simplification of the Hellstrom approach is that ventilation heat transfer
between the room and the facade cavity is assumed to be zero:

HV,iu =0 (36)
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The method, therefore, focuses on the main ventilation exchange between the cav-
ity and the outside. In this thesis, the Hellstrom-based approach was used to ap-
proximate buoyancy-driven cavity ventilation on an hourly basis in cooling mode.
This supports a simplified hourly representation of cavity behaviour while remain-
ing suitable for early-stage design assessment.

In addition to mechanical and cavity ventilation, infiltration was also included in
the framework following (DS/EN ISO 13789, 2017). Infiltration describes air leak-
ing into and out of the room through gaps and cracks in the building envelope
without passing through the ventilation system. The framework estimates infiltra-
tion from a pressurisation test value g5p, which gives the air permeability of the
envelope at 50 Pa. Since real operating pressure differences are much lower, a
reduction factor of 1/20 was applied:

Vinf = % - Aenv (3.7)
where g5 is the air permeability at 50 Pa in m®/(h-m?), and Aeny is the exposed
envelope area, including the external wall and roof. The corresponding infiltration
heat-transfer coefficient is then

Hinf = pa - Ca * Ving (3.8)

The same g59 value was used in all scenarios as a simplifying assumption.

For the traditional renovation scenario, heat recovery was included in the balanced
mechanical ventilation system following (DS/EN ISO 13789, 2017). The heat ex-
changer preheats the incoming air using heat from the exhaust air and therefore
reduces the ventilation heat loss. The effective ventilation heat-transfer coefficient
after recovery is

Hv,eff =pPa Ca-qov- (1 - 77hr) (3.9)

where g, is the ventilation airflow rate and 7y, is the heat recovery efficiency. A
value of 73% was used, corresponding to the minimum requirement for fully re-
placed mechanical ventilation systems under BR18 (Danish Building Regulations,
2018).

3.3.3 Solar gains

Solar gains are represented separately for the conditioned room and, where rel-
evant, the DSF cavity. This distinction is especially important in the I-DIFFER
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scenario, where part of the incident solar radiation contributes directly to gains
in the room, while another part influences the thermal state of the facade cavity,
thereby indirectly affecting heating and cooling performance.

Following DIN V 18599, the total solar radiation entering the DSF is expressed in
simplified form as

(ontal = PF,ue - Aye * effue * Is (3.10)

where Fr ,, is the frame correction factor for the external glazing, A, is the glazed
area, Zeff . is the effective solar transmittance of the external transparent compo-
nent, and I; is the solar radiation.

Direct solar heat gains to the conditioned room are represented as

q)goom = FF,ui A * Seff,iu FF,ue " Te,ue L -t (3.11)
where the corresponding factors describe the internal transparent section, external
glazing transmittance, and time step.

The remaining solar gains are assumed to affect the cavity and are represented as
part of the cavity heat flow:

room

g = gl - B8 Bty (3.12)

where ¢ is the heat flow affecting the unconditioned cavity and ¢j, represents any
internal gains assigned to that zone.

In the traditional renovation scenario, solar gains are represented directly in rela-
tion to the room through the conventional facade configuration, without the inter-
mediate cavity state considered in the I-DIFFER case.

3.3.4 Cavity temperature and outlet air temperature

An important part of the I-DIFFER representation is that the facade cavity is treated
as an intermediate thermal zone. Instead of modelling it as a fully conditioned
space, it is represented as an unheated buffer zone between the room and the out-
door environment. Its temperature depends on solar gains in the cavity, heat ex-
change with the room, heat exchange with the outdoor air, and ventilation-related
heat removal.

In the general formulation, the mean cavity temperature T, mean can be written as
a steady-state balance between heat gains and heat-transfer coefficients:
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¢S+ T (H “+H, “+H )+ T, (H °+ H;° + Hf°)
H;’*C _|_H?7]'7C + H:‘*C + Hffo _|_HZC]70 _|_HlC*0

(3.13)

Tc,rnean -

where ¢ is the heat flow into the cavity, T; is the indoor temperature, T, is the
outdoor temperature, and the H-terms represent heat transfer between the room,
cavity, and outdoor environment.

This equation shows that the cavity temperature is influenced by both the indoor
and outdoor sides. The purpose is not to describe the cavity in full detail, but to
preserve its main thermal effect in the simplified framework.

For cooling mode, the cavity balance is coupled with the Hellstrom formulation for
naturally ventilated cavities. In this case, it is more convenient to solve the problem
in terms of the cavity temperature rise above outdoor conditions, that is,

Tc,mean —Te (3.14)

rather than solving directly for the mean cavity temperature.

When the Hellstrom ventilation term is inserted into the cavity balance, the follow-
ing nonlinear equation is obtained:

hv (Tc,mean - TE)LS + (H{_C + Htc_o) (TCrmean - Tf—’) - [HZ:_C (Ti - TE) + q)g] =0
(3.15)

This equation means that cavity temperature and ventilation heat removal affect
each other. If the cavity becomes warmer, buoyancy-driven ventilation becomes
stronger, which in turn removes more heat from the cavity. The equation is there-
fore nonlinear.

In the spreadsheet implementation, this equation was rearranged and solved di-
rectly for the cavity excess temperature. The implemented solution was written
as

0, if the balance term is < 0

2/3

(3.16)
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This means that when the balance term is zero or negative, the cavity does not
become warmer than the outdoor air, and the cavity excess temperature is set to
zero. In that case, the mean cavity temperature is equal to the outdoor temperature.

Once the excess temperature has been found, the mean cavity temperature is ob-
tained as

Tc,mean == Te + (Tc,mean - Te) (3-17)

In addition to the mean cavity temperature, the outlet cavity temperature was also
estimated. In cooling mode, the inlet air was assumed to be outdoor air, so that

Toin =T, (3.18)

’

The outlet temperature was then calculated as

Tc,out =T, +2 (Tc,mean - Te) (319)

This means that the outlet temperature rise was taken as twice the mean cavity
excess temperature above outdoor conditions. If the cavity excess temperature is
zero, the mean cavity temperature and the outlet cavity temperature are both equal
to the outdoor air temperature.

These cavity temperatures are used only in the I-DIFFER case, since no facade cav-
ity is represented in the traditional renovation scenario. In the present framework,
the mean cavity temperature and outlet temperature are used to represent how
the DSF affects transmission and ventilation-related heat exchange. Because cavity
temperature is one of the most sensitive variables in simplified DSF modelling, the
calculated values should be understood as approximate indicators for comparison
rather than exact predictions of fagade operation.

The Hellstrom method is therefore used here as a simplified way to represent
buoyancy-driven cavity heat removal within an hourly early-stage framework. It
does not describe all airflow details, wind effects, or transient behaviour, but it
preserves the main physical mechanism needed for comparative analysis.

3.3.5 Total heat gains and losses

Once transmission heat transfer, ventilation-related heat transfer, solar gains, and
cavity conditions have been estimated, the framework combines these terms into
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total hourly heat gains and total hourly heat losses for the conditioned room. Fol-
lowing the simplified energy-balance structure of EN ISO 13790, total heat losses
are expressed as:

Q1s = Qu + Qo (3.20)

where Qy represents transmission losses and Q, represents ventilation-related
losses.

Total heat gains are expressed as:

an = Qint + Qsal (3.21)

where Q;,; represents internal gains and Q;,; represents solar gains.

The internal heat gain term Qjy represents the combined heat released by occu-
pants, lighting, and equipment within the conditioned room. In the framework,
internal gains are represented as a single combined heat input that is either ac-
tive or zero, depending on the occupancy state of the room. A constant value is
applied during occupied hours and zero during unoccupied hours. The occupied
value and the definition of occupied hours are specified as part of the case scenario
input parameters in Chapter 5.

These relationships are used in both the traditional renovation and I-DIFFER sce-
narios. The difference lies not in the overall form of the heat balance, but in how
the individual transmission, ventilation, and solar-gain terms are defined for each
scenario. In this way both conventional and integrated renovation concepts can be
compared within the same overall analytical structure.

3.3.6 Heating and cooling energy need

Heating and cooling energy needs are estimated using utilisation-factor relation-
ships derived from (DS/EN ISO 13790, 2008). These relationships are used to
account for the fact that not all gains and losses are immediately and fully effec-
tive. In this way, the framework includes a simplified representation of thermal
response without requiring detailed dynamic simulation.

The utilisation factors depend on the thermal response of the zone, represented in
simplified form by the time constant. Following the simplified calculation proce-
dure used in this thesis, the time constant is expressed as:

Cn/3,6
T=—"—

i (3.22)
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where T is the time constant of the zone, C,, is the effective internal heat capacity,
and H,, is the total heat loss coefficient.

For heating mode, the gain utilisation factor is expressed as:

1— 7y
17H,gn - 1 _ ,Y?_;{Jrl (323)
where 0
v = =8 and ay = agy + - (3.24)
QH,1s To,H

In these expressions, 7y, is the gain utilisation factor for heating, vy is the
gain/loss ratio in heating mode, and ay is a numerical parameter that depends
on the time constant of the zone.

For cooling mode, the loss utilisation factor is expressed as:

1-AE
ncls = — i1 (3.25)
1- /\”CC
where 0
Ac = C.gn and ac = ao,c + e (326)
Qc,ls To,c

Here, 7¢ s is the loss utilisation factor for cooling, Ac is the gain/loss ratio in
cooling mode, and a¢ is a numerical parameter that depends on the time constant
of the zone.

The heating energy need is then calculated as:

QH,nd = QH,ls —HH,gn - QH,gn (327)

where Qp ,4 is the heating energy need, Qpy s is the total heat loss in heating mode,
QH,gn is the total heat gain in heating mode, and 77y ¢ is the gain utilisation factor
for heating.

The cooling energy need is calculated as:

QC,nd = QC,gn —Ncls * QC,ls (3.28)

where Qc 4 is the cooling energy need, Qc ¢ is the total heat gain in cooling mode,
Qc s is the total heat loss in cooling mode, and #¢ 5 is the loss utilisation factor for
cooling.

Within the present framework, these calculated values are used as comparative
indicators across scenarios. Their role is therefore not to provide exact operational
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prediction, but to support transparent comparison between traditional renovation
solutions and the I-DIFFER concept under a common set of assumptions.

3.3.7 Methodological limitations of the calculation approach

Although the method builds on established simplified relationships, it also re-
lies on several assumptions that influence the interpretation of results. These
include assumptions regarding airflow rates, cavity temperature, outlet temper-
ature, mode-dependent operation, and the simplified representation of ventilation-
related heat removal. In addition, the adaptation of the method to hourly resolu-
tion is a methodological choice introduced in this thesis to improve representation
of short-term variation, but it does not provide the level of detail associated with
full dynamic simulation.

The method should therefore be understood as a comparative framework for early-
stage design rather than as a predictive substitute for detailed building perfor-
mance simulation. Its value depends on whether it can preserve the dominant
thermal interactions relevant to comparison between renovation concepts while
remaining simple enough to operate under limited input conditions.

3.4 Operation modes and control assumptions

The I-DIFFER concept operates through three distinct modes that adapt the ther-
mal behaviour of the DSF cavity and ventilation system to seasonal and occupancy
conditions. In the framework these modes are represented as simplified thermal
states: transparent insulation mode, pre-heating mode, and cooling mode. The
three modes and their assumed heat transfer paths are illustrated in Figure 3.2
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Figure 3.2: Simplified thermal representation of the operating modes used in the framework: (a)
transparent insulation mode, (b) preheating mode, and (c) cooling mode. The figures illustrate the
assumed heat-transfer and airflow relationships between the outdoor environment, the DSF cavity,

and the conditioned room.
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3.4.1 Transparent insulation mode

In transparent insulation mode, the facade cavity is represented primarily as a
solar-thermal buffer. The main purpose of this operating mode is to utilise solar
gains within the double-skin facade to improve its thermal performance and re-
duce heat losses under heating-oriented conditions. In this mode, the cavity is not
primarily used to preheat supply air or to remove excess heat, but to represent
the thermal effect of a solar-responsive facade layer located between the outdoor
environment and the conditioned room.

The thermal behaviour of the cavity in transparent insulation mode is governed
mainly by the balance between incident solar radiation, conductive heat exchange
through the inner and outer facade layers, and simplified ventilation-related heat
transfer. Solar gains entering the facade system increase the cavity temperature,
and this elevated cavity temperature modifies the heat flow between the room
and the exterior. In this way, the cavity acts as an intermediate thermal zone that
reduces the direct exposure of the conditioned room to outdoor conditions while
making partial use of solar energy. The simplified framework therefore treats the
cavity as a buffered space whose temperature affects the overall transmission and
energy balance of the room.

Within the framework, transparent insulation mode was implemented as a sepa-
rate modular calculation pathway with mode-specific assumptions for cavity be-
haviour and heat exchange. At the same time, it remained part of the integrated
tool through the simplified control strategy described later in this chapter. This
means that transparent insulation mode was not treated as an unrelated stand-
alone case, but as one operational module of the complete I-DIFFER framework.
Such a modular representation makes it possible to preserve the distinct physi-
cal logic of transparent insulation operation while maintaining a transparent and
comparable overall method.

The simplified framework does not represent detailed optical effects, transient ther-
mal storage in all facade components, or detailed air behaviour within the cavity.
Instead, the mode is intended to preserve the main thermal function of the facade
cavity as a solar-thermal buffer under transparent insulation operation. This is
consistent with the early-stage objective of the thesis, where the aim is to support
transparent comparison of renovation concepts rather than to reproduce the full
operational detail of a dynamic simulation model. In this way, transparent insu-
lation mode contributes to the framework by representing one of the key thermal
operating principles of the I-DIFFER concept in a simplified but physically inter-
pretable form.
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3.4.2 Pre-heating mode

In pre-heating mode, the facade cavity is represented as a solar-assisted and me-
chanically air-driven preconditioning element for incoming air. The main purpose
of this operating mode is to use solar gains absorbed in the cavity to increase the
temperature of the ventilation air before it enters the room or the diffuse ceiling
ventilation plenum.

The thermal logic of pre-heating mode is based on the coupling between facade
behaviour and ventilation-related heat transfer. Solar gains increase the cavity air
temperature, and the warmed air is then assumed to influence the supply condi-
tions to the room. As a result, the cavity not only affects heat transfer through the
facade layers but also contributes to the ventilation-related energy balance of the
conditioned zone. This makes pre-heating mode particularly important in the con-
text of the I-DIFFER concept, since it explicitly represents the interaction between
the double-skin facade and the diffuse ceiling ventilation principle.

Within the framework, pre-heating mode was implemented as a separate modular
calculation pathway with its own assumptions for airflow path, cavity behaviour,
and thermal interaction with the room. At the same time, it remained part of
the integrated tool through the simplified control strategy described later in this
chapter. This means that pre-heating mode was not evaluated in isolation, but as
an operational module within the complete I-DIFFER framework. Such a mod-
ular structure allows the specific thermal role of the pre-heating pathway to be
preserved while keeping the overall framework transparent and consistent across
modes.

The simplified framework does not attempt to reproduce detailed room-air distri-
bution or transient plenum behaviour. Instead, it represents the dominant thermal
effect of using the cavity as a solar-assisted preheating element in an hourly com-
parative framework. This is consistent with the early-stage objective of the thesis,
where the purpose is not to predict exact operational performance, but to examine
whether a simplified representation can support transparent comparison of inte-
grated facade-ventilation concepts and more conventional renovation solutions.

3.4.3 Cooling mode

In cooling mode, the facade cavity is represented as a naturally ventilated heat-
removal pathway. The thermal role of the cavity in this mode differs from that in
transparent insulation and pre-heating operation. Rather than acting mainly as a
thermal buffer or as a preheating element, the cavity is used to limit the transfer
of unwanted solar heat to the conditioned room and to support heat removal from
the facade system under warmer conditions. In the integrated concept, this corre-
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sponds to an operating principle in which heat is removed from the facade system
while room supply air is introduced through the bypass.

The cooling-mode module was therefore linked to the cavity ventilation formula-
tion described in Section 3.3. In particular, the cavity ventilation heat transfer was
approximated using the Hellstrom-based method from the BESTFACADE WP4
report. This allowed the framework to represent the dominant effect of buoyancy-
driven cavity ventilation under cooling conditions without relying on detailed air-
flow modelling. As the cavity temperature rises above the outdoor temperature,
ventilation heat removal increases, which helps capture the facade’s cooling-related
thermal behaviour in a simplified hourly form.

Within the overall framework, cooling mode was implemented as a separate mod-
ular calculation pathway, with mode-specific assumptions for cavity behaviour and
heat removal. At the same time, it remained part of the integrated tool through
the simplified control strategy described later in this chapter. This means that
cooling mode was not treated as an unrelated stand-alone case, but as one opera-
tional module of the complete I-DIFFER framework. Such a modular representa-
tion makes it possible to preserve the distinct physical logic of cooling operation
while maintaining a transparent and comparable overall method.

The simplified framework does not reproduce detailed real-time control airflow
behaviour. Instead, it represents the main cooling-related function of the facade
cavity and its interaction with the room-level energy balance through a simplified,
mode-specific calculation pathway. This is consistent with the early-stage objective
of the thesis, where the purpose is a transparent comparison of renovation concepts
rather than a detailed prediction of operational control behaviour.

3.4.4 Control assumptions in the framework

The control logic described in this section represents a significant simplification
compared to the real I-DIFFER system. In a real concept, the system responds dy-
namically to indoor operative temperature, occupancy sensors, and weather con-
ditions. The simplified framework instead uses fixed rules to assign modes at
each hour. This approach was chosen because detailed control strategies are rarely
known at the early design stage and because the simplified rules are transparent
and reproducible across different climate datasets and building configurations.

Two control configurations are implemented in the framework and compared in
this thesis. The first is ORM30-based seasonal switching, which uses the 30-day
outdoor running mean temperature to define a fixed seasonal boundary, cooling
mode runs only in summer and pre-heating and transparent insulation run only
in winter. The second is instantaneous energy-based switching, which assigns the
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operating mode at each hour based on which mode requires the least energy to
maintain the room temperature setpoint. The two configurations are compared
in terms of mode hour distribution and cooling energy assignment in Chapter 5,
and in terms of annual heating and cooling energy demand across all renovation
scenarios in Chapter 6.

The real I-DIFFER system operates all three modes throughout the full year, switch-
ing between them based on operative temperature thresholds and hysteresis bands
at each timestep. The instantaneous energy-based configuration is the closest sim-
plified approximation to this behaviour, since it reacts to current room energy con-
ditions rather than a fixed seasonal boundary. The ORM30 configuration restricts
each mode to a specific season, which is a stronger simplification but produces
more stable and consistent seasonal energy assignment as discussed in Chapter 5.

Seasonal switching - ORM30 configuration

The seasonal boundary is defined by the 30-day outdoor running mean tempera-
ture ORM30, calculated in the framework as the arithmetic mean of the preceding
720 hourly outdoor temperature values:

: 7220
ORM30; = — Y T.; &
720 =

where T, i is the outdoor air temperature k hours before the current timestep ¢.
This is a simplification of the exponentially weighted daily formulation defined in
(DS/EN 16798, 2019), where recent days are weighted more strongly than older
days. The arithmetic hourly mean is used here for practical implementation in the
hourly spreadsheet framework. The effect of this simplification on the seasonal
boundary dates has not been assessed in this study.

A threshold of 10°C is applied to the ORM30 value following (DS/EN 16798,
2019), which defines this as the boundary between the winter and summer season.
When ORM30 is below 10°C, the heating season is active, and either pre-heating or
transparent insulation mode is assigned depending on occupancy. When ORM30
reaches or exceeds 10°C, the cooling season is active, and cooling mode is assigned
for all hours. In the ORM30 configuration, cooling mode runs only in summer,
pre-heating and transparent insulation run only in winter; the three modes are
strictly separated by season.

Instantaneous energy-based switching configuration

In the instantaneous configuration, no fixed seasonal boundary is applied. At each
hour the framework calculates the total energy need for each mode available at
that hour, and assigns the mode that requires the least energy to keep the room at
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the heating setpoint. Occupied hours compare pre-heating mode against cooling
mode. Unoccupied hours compare transparent insulation mode against cooling
mode. The mode with the lower combined heating and cooling energy need is
assigned based on both the energy comparison and the occupancy schedule. All
three modes can operate throughout the year, pre-heating during occupied hours,
transparent insulation during unoccupied hours, and cooling mode whenever it is
more energy efficient than the other available mode under the occupancy schedule.

This configuration is the closest simplified approximation to the real I-DIFFER
operating logic, where all three modes are available throughout the year rather
than being restricted to fixed seasonal boundaries.

Shading control

Solar shading is represented through a threshold-based control logic following
(Bugenings et al., 2022) and (Karlsen et al., 2016). The shading activation threshold
is a user-adjustable input parameter in the framework. When active, the effective
solar heat gain coefficient is reduced from the unshaded value to g = 0.10, consis-
tent with Class 4 solar shading performance as defined in (DS/EN 14501, 2021).
The framework implements shading for both the I-DIFFER scenario, and the tradi-
tional renovation scenario, allowing direct comparison between the two renovation
strategies with and without shading active.

Two shading limitations apply in the framework. First, in transparent insulation
mode (Bugenings et al., 2022) use shading at low solar radiation levels as an addi-
tional insulation layer to reduce thermal radiation losses between cavity surfaces.
The simplified framework does not calculate long-wave radiation exchange be-
tween cavity surfaces and therefore does not implement this shading function in
transparent insulation mode. Second, when shading is active in cooling mode, the
venetian blinds reflect a portion of solar radiation back into the cavity. The frame-
work does not calculate the additional energy that accumulates in the cavity from
this reflection.

Both control configurations use the same shading logic. The sensitivity analysis
in Chapter 5. additionally compares both configurations with shading removed
to isolate the individual contributions of seasonal switching and shading to the
annual energy results.

Summary of control configurations

The two configurations are summarised in Table 3.1. The key difference is that the
ORM30 configuration restricts each mode to a specific season while the instanta-
neous configuration allows all three modes to operate throughout the year based
on the hourly energy comparison and occupancy schedule. Both configurations
use the same occupancy schedule and shading logic.
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Table 3.1: Control configurations

Parameters ORMB30 configuration Instantaneous configuration
Season definition ORM30 threshold 10°C No fixed boundary

Summer Cooling mode only Cooling when most efficient
Winter occupied Pre-heating only Pre-heating or cooling

Winter unoccupied Transparent insulation only Transparent insulation or cooling
Shading Cooling mode above threshold Cooling mode above threshold
All three modes full year No Yes

3.5 Spreadsheet implementation

The simplified hourly calculation framework was implemented as a spreadsheet.
The purpose of the implementation is not to present a software product but to
provide a transparent and accessible environment in which the calculation logic
can be structured, tested, and compared across scenarios. A spreadsheet format
was selected because it allows the explicit representation of equations, inputs, in-
termediate variables, and outputs, consistent with the early-stage purpose of the
framework.

The spreadsheet is organised so that inputs, intermediate calculations, and out-
puts are separated into distinct sections. This structure is intended to improve
transparency and reduce the risk of confusion between user-defined assumptions
and calculated results. Input sections contain climatic data, building geometry,
envelope properties, ventilation assumptions, internal gains, and control-related
mode assignments. Calculation sections implement the simplified hourly rela-
tionships described in the previous sections, including transmission heat transfer,
ventilation-related heat transfer, solar gains, mean cavity temperature, outlet tem-
perature, total gains and losses, and heating and cooling energy needs. Output
sections summarise hourly and comparative results for the evaluated renovation
scenarios.

The spreadsheet is structured so that the same base equations apply to all reno-
vation scenarios; transmission heat losses, ventilation heat losses, solar gains, and
room heat balance are calculated using the same methods across all three scenarios.
This ensures that the comparison between the unrenovated condition, traditional
renovation, and I-DIFFER is carried out on a consistent basis, making the results
directly comparable. Each scenario uses its own set of input values reflecting the
specific envelope properties, glazing, and ventilation assumptions of that scenario.

The I-DIFFER scenario additionally includes a set of equations specific to the DSF
cavity: mean cavity and outlet cavity temperature calculation. The room heat bal-
ance uses mode-specific boundary conditions, meaning the cavity temperature and
ventilation contribution to the room differ between pre-heating, transparent insu-
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lation, and cooling mode, and the room heat balance is calculated separately for
each mode at each hour. This additional equation set covers the physical behaviour
introduced by the addition of the DSF cavity to the facade.

The framework supports comparison across different facade orientations by chang-
ing the solar radiation input for the relevant orientation. No separate model is
needed for each case; the same calculation structure produces results for all orien-
tations within the same spreadsheet.

Because the framework is implemented as a spreadsheet, certain simplifications
are introduced at the implementation level. These include predefined calculation
sequences and sequential dependencies between variables where each hourly re-
sult depends on the inputs and intermediate values calculated for that same hour.
Such implementation choices support transparency and repeatability but they also
mean that the spreadsheet should be understood as an analytical aid for compara-
tive assessment rather than a comprehensive simulation environment.

The spreadsheet therefore serves two methodological roles. First it provides the
practical structure for applying the simplified hourly calculation framework. Sec-
ond it makes the assumptions and equations visible in a form that supports scrutiny,
testing, and discussion. The Excel spreadsheet is the practical implementation of
the simplified hourly calculation framework, providing an early-stage tool for com-
paring heating and cooling energy needs between traditional renovation and the
I-DIFFER concept before detailed dynamic simulation is carried out.applicability.

3.6 Validation approach

Validation in this thesis is carried out at two levels. The first level evaluates the
simplified DSF representation against experimental data. The second level com-
pares the overall framework results for the I-DIFFER case scenario with detailed
simulation results from the published IDA ICE study by Bugenings et al., 2022.
The purpose of validation is not to prove full predictive accuracy but to exam-
ine whether the framework produces results that are sufficiently reasonable and
physically consistent to support early-stage comparison.

The first validation level is based on experimental data from The Cube, a full-
scale outdoor DSF test facility at Aalborg University described by Kalyanova and
Lund, 2014a, 2014b. Two DSF operating modes were used: pre-heating and cool-
ing, corresponding to the external air-curtain mode described by Kalyanova et al.
These modes were selected because they represent the main heating-related and
cooling-related DSF behaviours relevant to the framework. The validation focused
on facade-related variables calculated by the model, namely cavity temperature,
outlet air temperature, and the resulting heating or cooling energy need. The com-
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parison assesses whether the simplified DSF representation captures the dominant
thermal behaviour of the facade under measured boundary conditions in a physi-
cally consistent way.

The second validation level concerns the integrated I-DIFFER case scenario. The
framework results are compared with the modified IDA ICE simulation results
reported by Bugenings et al., 2022 and provided by Aalborg University. The IDA
ICE model was modified to run each operating mode separately throughout the full
year under single-mode conditions, allowing direct comparison with the simplified
framework under consistent boundary conditions. The comparison focused on the
main output variables used in this thesis, namely heating energy need and mean
cavity temperature for each operating mode. The full dynamic control logic of the
IDA ICE model was not replicated, as the purpose of this validation level was to
assess the main thermal and energy behaviour of the framework under comparable
boundary conditions rather than to reproduce the detailed control operations of
the reference model. The validation was therefore organised by mode, covering
transparent insulation, pre-heating, and cooling, consistent with the framework’s
three-mode structure.

Agreement between the simplified framework and the reference results was as-
sessed using bias, (MAE) mean absolute error, and (RMSE) root mean square error
(RMSE), following the definitions used by (Karlsen et al., 2016). Bias is equivalent
to the mean bias error and represents the average signed difference between the
simplified framework and the reference values. Bias was used to identify system-
atic over- or underprediction, MAE to indicate the typical magnitude of deviation,
and RMSE to emphasise larger errors.

. 1Y
Bias = MBE = N ;(xi — Vi) (3.29)
1 N
MAE = N l:Zl |X1' - yz‘ (330)
N
RMSE = % Y (% —yi)? (3.31)

i=1

where x; is the value calculated by the simplified framework, y; is the correspond-
ing reference value, and N is the total number of compared data points. With this
sign convention, a positive bias indicates overprediction by the simplified frame-
work, while a negative bias indicates underprediction. These numerical metrics
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were supported by graphical comparison through time-series plots, monthly com-
parisons, scatter plots, and summary charts.

The validation is selective and aligned with the framework scope. At the subsystem
level, it examines whether the DSF model gives reasonable temperature and energy
results. At the case-study level, it examines whether the simplified framework pro-
duces consistent comparative energy needs and mean cavity temperatures relative
to the modified IDA ICE model. In this way, validation serves both to evaluate the
framework and to identify its limitations.

The DSF validation is based on experimental data from The Cube, a full-scale out-
door DSF test facility at Aalborg University described by Kalyanova and Lund,
2014a, 2014b. Two DSF operational modes are used: preheating mode and exter-
nal air curtain mode. These modes were selected because they represent the main
heating-related and cooling-related DSF behaviours relevant to the framework. At
this level, the validation focuses on the facade-related variables calculated by the
model, namely cavity temperature, outlet air temperature, and the resulting heat-
ing or cooling energy need. The comparison is used to assess whether the sim-
plified DSF representation captures the dominant thermal behaviour of the facade
under measured boundary conditions in a physically consistent way.

The second validation level concerns the integrated I-DIFFER case scenario. Here,
the framework results are compared with the modified detailed IDA ICE simula-
tion results reported by Bugenings et al., 2022, and provided by Aalborg University.
The comparison focuses on the main output variables used in the thesis, namely,
the heating energy need and mean cavity temperature for the I-DIFFER.

The validation is therefore selective and aligned with the framework’s scope. At
the subsystem level, it examines whether the DSF model gives reasonable tempera-
ture and energy results. At the case-study level, it examines whether the simplified
framework provides consistent comparative energy needs and mean cavity temper-
ature results relative to the published IDA ICE benchmark.

3.7 Summary of methodological assumptions

Summary of methodological assumptions

The simplified hourly framework developed in this thesis is based on a set of
methodological assumptions introduced to support transparent early-stage com-
parison between traditional renovation solutions and the I-DIFFER concept. These
assumptions were necessary to keep the framework manageable and transparent,
while still preserving the dominant thermal processes relevant to comparative as-
sessment. The purpose of the framework is therefore not to reproduce the full
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physical detail of a dynamic building performance simulation model, but to pro-
vide a structured and traceable method for comparing heating and cooling energy
needs under consistent boundary conditions.

A first methodological assumption is that the assessment is performed at room
level. The conditioned room and, where relevant, the adjacent facade cavity are
represented in simplified form, while the wider building context is not modelled
in full detail. This means that the framework focuses on the local interaction be-
tween facade behaviour, ventilation-related heat transfer, solar gains, and room-
level heating and cooling energy need. The resulting outputs are therefore in-
tended as comparative indicators for the analysed space, rather than exact predic-
tions of full-building operational performance.

A second assumption is the use of hourly temporal resolution. The framework
adopts hourly calculation steps in order to represent the short-term variation of so-
lar gains, heat transfer, and ventilation-related effects more explicitly than would
be possible in a monthly method. This choice was made because the I-DIFFER
concept depends strongly on time-varying interaction between solar-driven facade
behaviour and ventilation operation. At the same time, the framework remains
simplified compared with detailed dynamic simulation, since the hourly calcula-
tions are based on reduced physical representations and predefined assumptions
rather than full transient multi-zone modelling.

A third assumption concerns the representation of the double-skin facade cavity
as an intermediate thermal zone. In the framework, the cavity is treated as an un-
heated zone whose mean temperature is determined from simplified heat-balance
relationships involving solar gains, conductive heat exchange, and ventilation-
related heat removal. This representation is based on simplified DSF logic de-
rived from the BESTFACADE approach and related standards, but adapted into
an hourly spreadsheet-based form suited to the comparative objective of this the-
sis. Consequently, the cavity temperature and outlet temperature should be under-
stood as simplified state variables used to preserve the dominant thermal influence
of the facade cavity, rather than as exact predictions of local temperature distribu-
tion within the cavity. The cavity temperature is calculated instantaneously at each
hour without heat storage between timesteps. This means the framework does not
account for thermal mass in the cavity construction, which is the dominant source
of deviation identified in the validation.

A fourth assumption concerns the representation of ventilation. In the general
framework, ventilation heat transfer is simplified through heat-transfer coefficients
derived from airflow assumptions. For the cooling-mode module, the cavity venti-
lation heat transfer is represented using the Hellstrom-based approximation adopted
from the BESTFACADE WP4 report. This means that buoyancy-driven cavity ven-
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tilation is represented through a temperature-dependent ventilation heat-transfer
coefficient, rather than a fully resolved airflow model. The approach preserves the
dominant feedback between cavity overheating and heat removal, but it does not
reproduce detailed airflow behaviour and wind-driven ventilation effects.

A fifth assumption is that the integrated concept is represented through three oper-
ational mode modules: transparent insulation mode, pre-heating mode, and cool-
ing mode. Each mode is formulated as a separate modular calculation pathway
because the airflow path, the thermal role of the cavity, and the dominant heat-
transfer mechanisms differ between operating conditions. At the same time, these
modules are not treated as unrelated stand-alone cases. Instead, they are combined
into one integrated framework through a simplified control strategy. This allows
the framework to preserve the physical logic of each operating principle while still
representing the I-DIFFER concept as one combined system.

A sixth assumption concerns control representation. The framework does not sim-
ulate detailed real-time controller behaviour in the same way as a full building
performance simulation model. Instead, simplified control rules are used to deter-
mine the active operational mode under given conditions. The purpose of this sim-
plification is to support transparent and consistent early-stage comparison rather
than detailed operational prediction. As a result, the mode transitions should be
understood as idealised representations of control logic, suitable for comparative
analysis but not for precise replication of actual I-DIFFER behaviour.

A seventh assumption concerns the treatment of boundary conditions and compa-
rability. The same climatic basis, room geometry, and general heat-balance struc-
ture are applied across the analysed scenarios. This means that differences in
calculated heating and cooling energy need arise from differences in facade prop-
erties, ventilation assumptions, and operational representation rather than from
differences in scenario definition. This assumption is methodologically important
because it ensures that the results can be interpreted as differences between reno-
vation strategies under common external conditions.

An eighth assumption concerns the interpretation of the outputs. The calculated
heating and cooling energy needs are used in this thesis as comparative perfor-
mance indicators, not as exact forecasts of real operational energy use. The frame-
work is intended to support screening, interpretation, and comparison of early-
stage renovation options. The results should therefore be understood as indicators
of relative performance and dominant thermal behaviour under a common simpli-
tied framework, rather than as final design values.
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Chapter 4

Validation of the simplified hourly
framework

4.1 Validation purpose and reference sources

The validation was carried out to assess the reliability of the simplified framework
and to support the methodological choices adopted in the thesis. Since the frame-
work is intended for early-stage comparative assessment, the objective was not to
reproduce the full level of detail of experiments or dynamic simulation, but to ex-
amine whether the selected simplified methods preserved the dominant thermal
behaviour of the I-DIFFER concept with acceptable agreement.

The validation had two main purposes. First, it was used to assess agreement for
the key outputs of the framework, namely mean cavity temperature, outlet cavity
temperature, and heating and cooling energy need, with airflow included where
relevant as a supporting variable. Second, it was used to examine whether the
selected simplified methods were sufficiently consistent with the reference results
to support their use in the final framework.

For consistency, the simplified method was labelled according to operating mode.
In this notation, SCM-PH refers to the BESTFACADE-based pre-heating formula-
tion used in the framework, SCM-CL refers to the BESTFACADE-based cooling
formulation using the Hellstrém approach, and SCM-TI refers to the transparent-
insulation formulation used in the framework.

Two reference sources were used, both provided by Aalborg University. The first
consisted of full-scale experimental reference cases from "The Cube’ test facility
at Aalborg University. In the present thesis, the experimental reference for pre-
heating mode was taken from Kalyanova and Lund, 2014b, while the experimental
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reference for cooling mode was taken from Kalyanova and Lund, 2014a. These
sources provide measured data and boundary conditions for the empirical valida-
tion of double-skin fagade behaviour. They also clearly distinguish between the
two operating modes used in the present experimental validation: in external air
curtain mode, the cavity airflow is naturally driven and varies over time, whereas
in pre-heating mode, the airflow is constant and mechanically driven. Importantly,
these experimental datasets were used only to validate the DSF subsystem, not the
diffuse ceiling ventilation system, since the measurements were obtained from a
DSF test facility rather than from an integrated DSF-DCV case.

The second reference source consisted of a dynamic-simulation reference case
based on the I-DIFFER study by Bugenings et al., 2022, in which the integrated
concept was analysed using IDA-ICE. In this thesis, the original IDA-ICE model
was modified so that each analysed operating mode was represented by a single
constant mode throughout the year, rather than through the original multi-mode
control sequence. The resulting simulation outputs were provided by Aalborg
University and used as the dynamic references for pre-heating, cooling, and trans-
parent insulation modes. In addition, cooling energy need was excluded from the
modified IDA-ICE model setup. The experimental and dynamic references were
therefore used as complementary validation levels, providing, on the one hand,
measured DSF behaviour and associated energy need for the facade test cases,
and, on the other, a detailed reference model for the I-DIFFER concept. Accord-
ingly, the experimental validation addresses only the fagade subsystem, whereas
the dynamic-simulation validation addresses the integrated concept at room level.

The two reference sources served different validation roles. The experimental ref-
erence cases were used to assess agreement with measured DSF behaviour and as-
sociated energy need for SCM-PH and SCM-CL, whereas the dynamic-simulation
reference case was used to assess agreement with the modified detailed reference
model of the I-DIFFER concept. For transparent-insulation mode, validation was
limited to dynamic simulation, as no corresponding experimental reference case
was included in the present study. Together, these two validation levels form the
basis for performance assessment of the framework.

4.2 Validation metrics and variables

The comparison between the simplified framework and the reference results was
based on three indicators defined in Section 3.6: Bias, MAE, RMSE. These indica-
tors were used to describe different aspects of model performance rather than re-
lying on a single metric. Bias indicates whether the simplified framework tends to
overpredict or underpredict. MAE was considered the most useful overall measure
because it expresses the average magnitude of the deviation. RMSE was included
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because it responds more strongly to larger deviations.

The validation focused on the variables most important for the thermal behaviour
represented by the framework: mean cavity temperature, outlet cavity tempera-
ture, heating energy need, and cooling energy need.

The same indicators were used throughout the validation in order to ensure consis-
tent comparison between the simplified framework and the two reference sources.
In the experimental validation, they were used to assess how well SCM-PH and
SCM-CL reproduced the measured DSF behaviour from The Cube test facility. In
the dynamic-simulation validation, they were used to compare SCM-PH, SCM-CL,
and SCM-TT with the modified IDA-ICE reference model of the I-DIFFER concept.

The numerical indicators were interpreted together with the graphical results.
Time-series plots were used to show how the calculated and reference values de-
veloped over selected representative periods, while scatter plots were used to show
their agreement relative to the line of perfect agreement. The indicators were cal-
culated over the full available validation period, whereas the figures were limited
to shorter periods in order to make the behaviour easier to interpret. This combi-
nation allowed both the overall magnitude of the deviation and its development
over time to be assessed.
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4.3 Experimental validation

This section provides the validation of the simplified calculation methods using
full-scale experimental measurements from The Cube test facility at Aalborg Uni-
versity. The purpose is to assess how well the simplified methods reproduce the
measured thermal behaviour of the double-skin facade in pre-heating mode and in
cooling mode operated as an external air curtain. Since the experimental reference
cases describe the facade system only, this part of the validation concerns the DSF
subsystem rather than the integrated DSF-DCV concept. The pre-heating reference
case is based on Kalyanova and Lund, 2014b, while the cooling reference case is
based on Kalyanova and Lund, 2014a.

The experimental validation is based on measurements from The Cube, a full-scale
outdoor test facility developed for double-skin facade research at Aalborg Univer-
sity. The facility consists of a south-facing DSF connected to an adjacent experiment
room, together with an instrument room and a plant room. Figure 4.1 illustrates
the exterior of the facility, the overall plan layout, and the plan and section of the
experiment room and facade geometry used in the present validation.
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Figure 4.1: The Cube experimental facility used for DSF validation: (a) exterior view, (b) test facility
layout, and (c) plan and section of the experiment room and double-skin facade. Adapted from
Kalyanova and Lund, 2014a, 2014b.

To define the experimental reference case for both operating modes, the internal
dimensions of the DSF cavity and the adjacent experiment room are summarised
in Table 4.1. These dimensions describe the shared physical geometry of The Cube
used in the present validation and provide a common geometric reference for the
pre-heating and cooling cases. More detailed information on the fagade construc-
tion and the experimental setup is given in Kalyanova and Lund, 2014a, 2014b.

Table 4.1: Internal dimensions of The Cube used in the experimental validation

Zone Width [m] Depth [m] Height [m]
DSF cavity 3.555 0.580 5.450
Experiment room 5.168 4.959 5.584

Source: Kalyanova and Lund, 2014a, 2014b.
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The experimental reference variables used in the pre-heating and cooling cases
are summarised in Table 4.2 together with their role in the simplified calculation
methods. The table distinguishes between variables used as inputs and variables
calculated by the methods for comparison against the measured reference data.
The main validation variables are the mean cavity air temperature, outlet cavity air
temperature, and heating and cooling energy need, while air flow rate is included
as a supporting variable, particularly in cooling mode.

Table 4.2: Experimental reference variables and corresponding SCM inputs and outputs used for
pre-heating and cooling mode validation

Parameter Unit Exp. ref.-PH Exp. ref.-CL SCM-PH SCM-CL
Input variables

Period - 09.11-30.11.2006 ~ 01.10-15.10.2006 ~ Applied Applied
Indoor air

temperature, T; °C 22 (constant) 22 (constant) Input Input
Outdoor air

temperature, T, °C Measured Measured Input Input
Solar radiation,

Is W/m?2 Measured Measured Input Input
Inlet cavity air

temperature, T ;, °C Measured Measured Input Input

(=T) (=T)

Main validation variables
Mean cavity air

temperature, Tc mean °C Measured Measured Calculated Calculated
Outlet cavity air
temperature, T o, °C Measured Measured Calculated Calculated
Heating energy
need, Qg ng kWh Measured Measured Calculated  Calculated
Cooling energy
need, Qc 4 kWh Measured Measured Calculated  Calculated

Supporting variable
Air flow rate,
Jo m3/h 143 (constant) Measured Input Calculated

Source: Kalyanova and Lund, 2014a, 2014b.

Note: Calculated SCM outputs were compared with measured values from the experimental
reference data. In cooling mode, air flow rate was included as a supporting variable for interpreting
the thermal behaviour of the DSF rather than as the primary validation target.

The following subsections present the validation results separately for the two op-
erating modes. Section 4.3.1 addresses pre-heating mode, for which airflow is
mechanically driven and constant, whereas Section 4.3.2 addresses cooling mode,
in which the cavity operates as an external air curtain with naturally driven airflow.
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4.3.1 Pre-heating mode

In pre-heating mode, outdoor air enters the DSF cavity through the bottom open-
ing, is preheated while passing through the cavity, and is then supplied to the
interior through the top opening. The experimental reference case is based on full-
scale measurements from The Cube reported in Kalyanova and Lund, 2014b and
represents mechanically driven operation with constant airflow. In this subsection,
SCM-PH is evaluated against the experimental reference through comparison of
the mean cavity temperature, outlet cavity temperature, heating energy need, and
cooling energy need.

Figure 4.2: Schematic illustration of pre-heating mode.

For the pre-heating reference case, the experimental period extends from 9 to 30
November 2006. The experiment room temperature was maintained at approxi-
mately 22 °C, and the airflow through the cavity was kept constant at 143 m3/h by
the mechanical ventilation system. In the present validation, outdoor air tempera-
ture and solar radiation were used as inputs to SCM-PH, while the calculated mean
cavity temperature, outlet cavity temperature, heating energy need, and cooling
energy need were compared with the experimental reference data.

The validation results are presented through summary energy comparisons, time-
series plots, scatter plots, and the corresponding validation metrics.

Total energy need

Figure 4.3 compares the measured and calculated total heating and cooling energy
need for the pre-heating reference case over the full measurement period.
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Total energy need for the pre-heating case
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Figure 4.3: Comparison of measured and calculated total heating and cooling energy need for the
pre-heating reference case over the full measurement period.

Figure 4.3 shows that SCM-PH reproduces the overall pattern of the pre-heating
case, as heating remains the dominant energy requirement. The calculated heating
energy need is 502.22 kWh, compared with the measured value of 595.55 kWh,
while the calculated cooling energy need is 80.03 kWh, compared with the mea-
sured value of 39.68 kWh. This means that the model underestimates heating by
about 16% and overestimates cooling by about 102%. In other words, SCM-PH
predicts too little heating and too much cooling, which suggests that the simpli-
fied calculation overestimates solar gains. As a result, some of the energy that
appears as heating need in the measurements instead appears as cooling need in
the model. Even when both parts are combined, the calculated total energy need
is 582.25 kWh, whereas the measured total is 635.23 kWh, so the overall result is
still underestimated by about 8%.

Heating and cooling energy need over time

Figures 4.4 and 4.5 compare the measured and calculated heating and cooling
energy need over the pre-heating reference period, including detailed views for
11-15 November.
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Heating energy need during the pre-heating reference period
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(b) Detailed view for 11-15 November.

Comparison of measured and calculated heating energy need during the pre-heating

Figure 4.4

together with solar radiation.

reference period,
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Cooling energy need during the pre-heating reference period
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(b) Detailed view for 11-15 November.

Figure 4.5: Comparison of measured and calculated cooling energy need during the pre-heating
reference period, together with solar radiation.

Figures 4.4 and 4.5 show that SCM-PH follows the main variation in both heating
and cooling energy need over the pre-heating period. For heating, the model gen-
erally follows the measured trend, but the calculated values stay lower for most
of the period. This matches the underestimation already seen in the total energy
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comparison. For cooling, the model captures the main peaks, but they are often
larger than in the measurements. This is most evident on days with higher solar ra-
diation. The detailed views for 11-15 November show the same pattern: the model
captures the general response over time, but the heating and cooling peak sizes are
not reproduced as well. This behaviour becomes clearer in the cavity-temperature
comparisons, where the effect of solar radiation on the DSF thermal response can
be examined more directly.

The summary values support the same pattern. For heating energy need, the calcu-
lated average is 0.95 kWh compared with 1.13 kWh measured, while the maximum
value is 1.59 kWh compared with 1.69 kWh measured. For cooling energy need,
the calculated average is 0.15 kWh compared with 0.08 kWh measured, and the
calculated maximum is 3.93 kWh compared with 2.73 kWh measured. This shows
that heating is underestimated on average, whereas cooling is overestimated both
on average and at peak conditions. Additional summary values for pre-heating
mode are provided in Table A.1 in the appendix.

Cavity temperatures over time

Figures 4.6 and 4.7 compare the measured and calculated mean cavity tempera-
ture and outlet cavity temperature over the pre-heating reference period, including
detailed views for 26-30 November.
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Mean cavity temperature during the pre-heating reference period
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(b) Detailed view for 26-30 November.

Figure 4.6: Comparison of measured and calculated mean cavity temperature during the pre-heating
reference period, together with outdoor temperature and solar radiation.
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Outlet cavity temperature during the pre-heating reference period
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(b) Detailed view for 26-30 November.

Figure 4.7: Comparison of measured and calculated outlet cavity temperature during the pre-heating
reference period, together with outdoor temperature and solar radiation.

Figures 4.6 and 4.7 show that SCM-PH follows the main variation in both mean cav-
ity temperature and outlet cavity temperature during the pre-heating period. The
timing of the main peaks is generally reproduced well, especially in the detailed
views for 26-30 November. Outside the peak periods, the agreement is generally
closer, particularly for the mean cavity temperature. For the mean cavity tem-
perature, the agreement is reasonably good over much of the period, though the
calculated values tend to increase during stronger peaks. For outlet cavity temper-
ature, the difference is more evident. The calculated peaks are usually higher than
the measured ones. This suggests that the model reacts too strongly to solar gains
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in the cavity. The same tendency was already seen in the overestimation of the
cooling energy need. This becomes clearer in the scatter plots and the validation
metrics presented next.

The summary temperature values show a similar tendency. For mean cavity tem-
perature, the calculated average is 9.99 °C compared with 9.30 °C measured, while
the calculated maximum is 26.07 °C compared with 20.32 °C measured. For outlet
cavity temperature, the calculated average is 12.47 °C compared with 12.95 °C mea-
sured, whereas the calculated maximum reaches 41.04 °C compared with 26.66 °C
measured. This indicates that the general temperature level is reproduced more
closely than the higher solar-driven peaks. Additional summary values for pre-
heating mode are provided in Table A.1 in the appendix.

Scatter plots and validation metrics

Figures 4.8 and 4.9 summarise the agreement between SCM-PH and the experi-
mental reference for the main validation variables in pre-heating mode.
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Figure 4.8: Scatter plots comparing measured and calculated cavity temperatures in pre-heating
mode.
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Figure 4.9: Scatter plots comparing measured and calculated energy need in pre-heating mode.

Figures 4.8 and 4.9 show the same pattern as the time-series plots. For the mean
cavity temperature, most points stay fairly close to the line of perfect agreement,
though the model tends to yield higher values at the upper end. For outlet cavity
temperature, the spread is wider, and the mismatch is more evident, especially at
higher values. The same applies to the energy plots. Heating energy need follows
the overall trend reasonably well, but the calculated values are often lower than the
measured ones. Cooling energy need is more scattered, and most points lie above
the line of perfect agreement, indicating that SCM-PH often overestimates cooling
energy need during the pre-heating period. Table 4.3 shows the same pattern, with
weaker agreement for outlet cavity temperature and cooling energy need than for
mean cavity temperature and heating energy need.

Table 4.3 reports the validation metrics based on hourly values for the main vari-
ables in pre-heating mode.

Table 4.3: Validation metrics for pre-heating mode based on experimental reference data

Variable n Calculated Measured Bias MAE RMSE
mean mean

Mean cavity temperature [°C] 528 9.990 8.926 1.064 1.247 2.507

Outlet cavity temperature [°C] 528 12.474 12.431 0.043 2.658 4212

Heating energy need [kWh] 528 0.951 1.128 -0.177 0224 0.278

Cooling energy need [kWh] 528 0.152 0.075 0.076  0.080 0.310
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Table 4.3 confirms the main trends already seen in the figures. The mean cavity
temperature shows moderate agreement, with a positive bias of 1.064 °C, indicat-
ing that SCM-PH tends to overestimate this variable. Outlet cavity temperature
has a much smaller bias, but the larger MAE and RMSE. Heating energy need is
underestimated, as indicated by the negative bias of -0.177 kWh, while cooling en-
ergy need is overestimated, with a positive bias of 0.076 kWh, which agrees with
the results from the time-series and scatter-plot comparisons.

Overall, the experimental validation in pre-heating mode shows that SCM-PH re-
produces the overall thermal behaviour of the DSF with reasonable agreement.
The strongest agreement is found for mean cavity temperature and heating energy
need, while outlet cavity temperature and cooling energy need show larger devi-
ations. This suggests that the simplified method captures the general response of
the pre-heating case, but tends to react too strongly under higher solar gains.

4.3.2 Cooling mode

In cooling mode, the DSF operates as an external air curtain, with both cavity
openings connected to the outdoor environment. Outdoor air enters at the bottom,
is heated while passing through the cavity, and leaves again through the top open-
ing. The experimental reference case is based on full-scale measurements from
The Cube reported by Kalyanova and Lund, 2014a and represents naturally driven
cavity airflow in external air curtain mode.

Figure 4.10 illustrates the airflow path in cooling mode, where the DSF operates as
an external air curtain with naturally driven cavity airflow.

m

o

Figure 4.10: Illustration of the airflow path in cooling mode, where the DSF operates as an external
air curtain.

For the cooling reference case, the experimental period extends from 1 to 15 Oc-
tober 2006. The experiment room temperature was maintained at approximately
22 °C, while the cavity airflow was naturally driven and varied over time. In
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the present validation, outdoor air temperature and solar radiation were used as
inputs to SCM-CL. The cavity airflow was not specified as an input, but was pre-
dicted within SCM-CL using the Hellstrom-based approximation. The calculated
mean cavity temperature, outlet cavity temperature, heating energy need, cooling
energy need, and airflow were then compared with the experimental reference
data.

The validation results for cooling mode are presented through total energy com-
parisons, time-series plots, scatter plots, and the corresponding validation metrics.

Total energy need
Figure 4.11 compares the measured and calculated total heating and cooling energy

need for the cooling reference case over the entire measurement period.

Total energy need for the cooling case

mCalculated = Measured
300
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Figure 4.11: Comparison of measured and calculated total heating and cooling energy need for the
cooling reference case over the entire measurement period.

Figure 4.11 shows that SCM-CL overestimates both the total heating energy need
and the total cooling energy need relative to the experimental reference. The cal-
culated heating energy need is 128.10 kWh, compared with the measured value
of 97.74 kWh, which corresponds to an overestimation of about 31%. The calcu-
lated cooling energy need is 268.85 kWh, compared with the measured value of
143.46 kWh, which corresponds to an overestimation of about 87%. When heating
and cooling are combined, the total calculated energy need is 396.95 kWh, whereas
the measured total is 241.20 kWh, giving an overall overestimation of about 65%.
This shows that SCM-CL reproduces the cooling-dominated character of the case,
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but it overpredicts the magnitude of both heating and cooling energy need, espe-
cially cooling.

Heating and cooling energy need over time

Figures 4.12 and 4.13 compare the measured and calculated heating and cooling en-
ergy need over the cooling reference period, including detailed views for selected
periods.
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Comparison of measured and calculated heating energy need during the cooling refer-
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Cooling energy need during the cooling reference period
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(b) Detailed view for 7-10 October.

Figure 4.13: Comparison of measured and calculated cooling energy need during the cooling refer-
ence period, together with solar radiation.

Figures 4.12 and 4.13 show that SCM-CL follows the main variation in both heating
and cooling energy need during the cooling reference period. For heating, the
model generally follows the measured trend, but the calculated values are often
higher than the measured ones over much of the period. For cooling, the timing
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of the main peaks is reproduced well, but the calculated peaks are usually larger
than the measured ones. This is most evident during periods with stronger solar
radiation. The detailed views show the same pattern: SCM-CL follows the general
response over time, but the peak heating and cooling values are not reproduced as
accurately. This behaviour becomes clearer in the cavity-temperature comparisons,
where the effect of solar radiation on the DSF thermal response can be examined
more directly.

The summary values show the same pattern. For heating energy need, the cal-
culated average is 0.36 kWh compared with 0.27 kWh measured, while both the
calculated and measured maximum are 0.76 kWh. For cooling energy need, the
calculated average is 0.75 kWh compared with 0.40 kWh measured, and the cal-
culated maximum is 4.94 kWh compared with 4.00 kWh measured. This confirms
that heating is slightly overestimated on average, while cooling is overestimated
both on average and at peak conditions. Additional summary values for cooling
mode are provided in Table A.2 in the appendix.

Cavity temperatures over time

Figures 4.14 and 4.15 compare the measured and calculated mean cavity temper-
ature and outlet cavity temperature over the cooling reference period, including
detailed views for selected periods.
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(b) Detailed view for 4-8 October.
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Outlet cavity temperature during the cooling reference period
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(b) Detailed view for 9-12 October.

Figure 4.15: Comparison of measured and calculated outlet cavity temperature during the cooling
reference period, together with outdoor temperature and solar radiation.

Figures 4.14 and 4.15 show that SCM-CL follows the main variation in both mean
cavity temperature and outlet cavity temperature during the cooling reference pe-
riod. The timing of the main peaks is generally reproduced well, especially in the
detailed views. For mean cavity temperature, the agreement is reasonably good
over much of the period, although the calculated values are often lower than the
measured ones during stronger peaks. The same pattern appears for outlet cav-
ity temperature, where the calculated peaks also tend to stay below the measured
values. This suggests that SCM-CL captures the overall cavity response, but un-
derestimates the temperature rise in the cavity during periods with stronger solar
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gains. The relation between these temperature deviations and the energy results
becomes clearer in the scatter plots and validation metrics presented next.

The summary temperature values support the same reading. For mean cavity
temperature, the calculated average is 13.15 °C compared with 14.26 °C mea-
sured, while the calculated maximum is 21.00 °C compared with 26.73 °C mea-
sured. For outlet cavity temperature, the calculated average is 13.80 °C compared
with 15.36 °C measured, and the calculated maximum is 22.77 °C compared with
27.69 °C measured. This shows that the model underestimates both the general
cavity temperature level and the stronger temperature peaks. Additional summary
values for cooling mode are provided in Table A.2 in the appendix.

For airflow, the filtered comparison gives an average of 1864.51 m3/h calculated
versus 1328.23 m3/h measured. The calculated minimum is 1196.21 m?/h, whereas
the measured minimum is 299.38 m3/h, while the maximum values are closer at
3516.53 m> /h calculated and 3754.19 m® /h measured. This suggests that the model
does not reproduce the lower airflow periods well.

Scatter plots and validation metrics
Figures 4.16 and 4.17 summarise the agreement between SCM-CL and the experi-

mental reference for the main validation variables in cooling mode.

Mean cavity temperature in cooling mode Outlet cavity temperature in cooling mode
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(a) Mean cavity temperature. (b) Outlet cavity temperature.

Figure 4.16: Scatter plots comparing measured and calculated cavity temperatures in cooling mode.
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Figure 4.17: Scatter plots comparing measured and calculated energy need in cooling mode.

Figures 4.16 and 4.17 show the same pattern as the time-series plots. For mean cav-
ity temperature, many points lie reasonably close to the line of perfect agreement,
although the model tends to give lower values at the upper end. For outlet cavity
temperature, the spread is smaller, but most of the higher values still fall below the
line, which means that the model tends to underestimate the stronger peaks. The
same applies to the energy plots. Heating energy need follows the general trend,
but the calculated values are often higher than the measured ones. Cooling energy
need is more scattered, and most points lie above the line of perfect agreement,
showing that SCM-CL tends to overestimate cooling during the cooling reference
period. Table 4.4 shows the same pattern in the validation metrics.

Table 4.4 reports the validation metrics based on hourly values for the main vari-
ables in cooling mode.

Table 4.4: Validation metrics for cooling mode based on experimental reference data

Variable n  Calculated Measured Bias MAE RMSE
mean mean

Mean cavity temperature [°C] 360 13.145 13.940  -0.795 2182 2991

Outlet cavity temperature [°C] 360 13.796 14.929 -1.133  1.808 2.891

Heating energy need [kWh] 360 0.356 0.272 0.084 0.109 0.157

Cooling energy need [kWh] 360 0.747 0.398 0348 0358 0.753

Airflow [m3/h] 360 1860.2 1092.1 768.1 1080.2 1302.3
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Table 4.4 confirms the same pattern seen in the figures. Mean cavity temperature
is underestimated overall, as shown by the negative bias of -0.795 °C, and outlet
cavity temperature as well, with a negative bias of -1.133 °C. Heating energy need is
slightly overestimated, as indicated by the positive bias of 0.084 kWh, while cooling
energy need is more strongly overestimated, with a positive bias of 0.348 kWh.

In summary, the experimental validation in cooling mode shows that SCM-CL
reproduces the general thermal behaviour of the DSF with mixed agreement. Out-
let cavity temperature and the energy variables follow the measured behaviour
reasonably well, whereas mean cavity temperature show larger deviations. This
indicates that the simplified method is able to represent the main response of the
cooling case, but it underestimates the cavity temperature rise and tends to over-
predict the resulting energy need.

Taken together, the experimental validation shows that the simplified methods
reproduce the main thermal behaviour of the DSF with reasonable agreement, al-
though the accuracy differs across variables and operating modes. In pre-heating
mode, the main deviations are linked to stronger predicted solar-driven peaks and
higher cooling energy need, while in cooling mode the cavity temperatures are gen-
erally lower than measured and the cooling energy need is again overestimated.
This provides a basis for the next step of validation against the dynamic simulation
reference.

4.4 Dynamic simulation validation

4.4.1 Validation purpose and reference case

Validation is important for several reasons in this context. The simplified frame-
work uses calculation methods that were not originally developed for the I-DIFFER
concept. Applying them together in a single hourly tool introduces simplifications
whose effect on results is not known in advance. The most significant of these
is the absence of thermal mass, which means the framework reacts instantly to
changing outdoor conditions without storing heat between hours as a real build-
ing would. Comparing the framework against a detailed dynamic simulation that
includes thermal mass shows how large this effect is for each operating mode and
whether the results are still physically reasonable for early-stage comparison. The
goal is not to show that the simplified framework produces the same results as
a full simulation. It is to check that the framework captures the dominant ther-
mal behaviour of the I-DIFFER concept well enough to support meaningful and
transparent comparison between renovation strategies.

Two validation levels are therefore used. The experimental validation in Section
4.3 addressed the DSF subsystem against full-scale measurements. The dynamic
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simulation validation addresses the integrated I-DIFFER concept at room level,
including the interaction between the facade cavity and the conditioned room.

The reference for the dynamic simulation validation is a modified version of the
IDA-ICE model of the I-DIFFER concept developed by Bugenings et al. (2022) and
provided by Aalborg University. The case study building is a south-facing school
classroom located in Aalborg, Denmark, with a floor area of 50 m? and internal
gains of 2500 W applied during occupied hours, representing 21 occupants and
equipment. The complete building geometry, envelope properties, glazing specifi-
cations, and system parameters are described in detail in Chapter 5.

The original IDA-ICE model of Bugenings et al. (2022) uses a more complex op-
eration logic than the simplified framework. For the purpose of this validation,
the model was modified so that each operating mode was represented as a single
constant mode running throughout the full year, with no mode switching, no shad-
ing control, no ORM30 threshold, and no occupancy-based control applied. This
modification was necessary to allow direct mode-by-mode comparison between
the simplified framework and the reference model.

Three separate single-mode simulations were produced, one for pre-heating mode,
one for cooling mode, and one for transparent insulation mode. In pre-heating
and cooling mode the mechanical ventilation system operates at a maximum air-
flow rate of 900 m?/h during occupied hours and is turned off during unoccupied
hours. In transparent insulation mode no mechanical ventilation is applied. Cool-
ing energy need was excluded from the modified IDA-ICE model setup since the
focus of the dynamic validation was on cavity temperature behaviour and heating
energy need.

The dynamic simulation reference was run using the Danish Design Reference
Year (DRY10). The DRY10 outdoor air temperature and solar radiation on the DSF
surface were provided together with the simulation outputs by Aalborg University
and used directly as inputs to the simplified framework for the dynamic validation.
This differs from the measured hourly weather data, Copenhagen, Denmark, used
in the case scenario in Chapters 5 and 6, which means the validation results cannot
be directly compared with the case scenario results. They do however provide
a consistent basis for checking whether the simplified framework behaves in line
with the reference model under the same climate conditions.

4.4.2 Validation variables, metrics, and period

The dynamic simulation validation focused on two main variables: mean DSF
cavity air temperature and heating energy need. Mean cavity temperature char-
acterises the thermal state of the DSF cavity and directly influences both the ven-
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tilation preheating benefit and the transmission losses through the inner facade.
Heating energy need is the primary output used for scenario comparison in Chap-
ter 6.

The validation was carried out separately for each of the three operating modes us-
ing the full year of 8760 hourly values as the validation period, giving a consistent
and complete basis for statistical comparison.

Agreement between the simplified framework and the dynamic simulation refer-
ence was assessed using three statistical metrics defined in Section 3.6, following
(Karlsen et al., 2016): Bias, MAE, and RMSE. Bias shows whether the framework
tends to calculate values that are consistently higher or lower than the reference.
MAE shows the average size of the hourly differences regardless of direction and
gives a straightforward sense of how far off the framework is on a typical hour.
RMSE is similar to MAE but reacts more strongly to hours where the difference
is particularly large. Using all three together gives a clearer picture of framework
performance.

The validation results for each mode are presented through a statistical summary
table, scatter plots of hourly cavity temperatures, time series comparisons over
representative periods, and monthly and weekly heating energy comparisons. The
statistical metrics were calculated over the full 8760-hour validation period while
the graphical comparisons focus on representative shorter periods to make the
behaviour easier to interpret.

4.4.3 Pre-heating mode

In pre-heating mode the DSF cavity openings are open and mechanical ventilation
draws outdoor air through the bottom inlet, picks up heat from solar radiation, and
supplies it to the room through the top outlet. The simplified framework calcula-
tion for this mode follows the BESTFACADE pre-heating formulation described in
Section 3.3.

The statistical summary for mean cavity temperature and heating energy need over
the full 8760-hour validation period is shown in Table 4.5.

Table 4.5: Statistical summary for pre-heating mode dynamic validation

Variable SCM-PH IDA-ICE Bias MAE RMSE
Mean cavity temperature [°C] 20.1 17.4 2.67 6.11 11.51
Max cavity temperature [°C] 121.2 51.7 - - -
Min cavity temperature [°C] -10.4 -6.0 - - -
Total heating energy [kWh] 4302 4146 - - -

Heating demand [kW mean] 0.49 0.47 0.02 0.28 0.52
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The framework overestimates the mean cavity temperature by 2.67°C relative to
the IDA-ICE reference. The MAE of 6.11°C and RMSE of 11.51°C indicate that
while the mean agreement is reasonable, the hourly deviations can be significant.
The large difference between MAE and RMSE confirms that deviations are concen-
trated in a small number of hours with very large errors. During winter unoccu-
pied hours, without solar radiation, the framework cavity temperature is slightly
higher than the reference but follows the same pattern. With high solar radiation
and ventilation off the framework produces unrealistic temperature peaks. Dur-
ing occupied hours when ventilation is active the framework cavity temperature
is close to the reference and follows the same pattern. The effect of thermal mass
becomes most visible in summer: when the reference model has absorbed heat
during high-solar-radiation periods, it releases it slowly during the night, while
the framework cavity temperature instantly falls toward, but above, the outdoor
temperature.

The large difference between the maximum cavity temperatures, 121.23°C for the
framework and 51.70°C for the reference, reflects this same limitation. During
peak solar radiation hours, when ventilation is off, the framework reacts instantly
to high solar input, producing unrealistic temperature peaks that the reference
model doesn’t show. The minimum cavity temperatures are similar between the
two models: -10.36°C for the framework and -6.00°C for the reference, reflecting
cold winter nights when both models closely track outdoor temperatures.

For heating energy, the framework provides a total of 4302 kWh, compared to
4146 kWh for the reference, a difference of 156 kWh, or 3.8%. It is important to
note that this close overall agreement comes at a cost. The framework calculates
heating energy during summer months when the reference shows zero demand,
which increases the framework’s total, while in winter, it underestimates heating
energy because it supplies warmer, preheated air to the room under high solar
radiation during occupied hours, compared to the reference. These two effects
partially cancel each other, resulting in a close overall total. The MAE of 0.28 kW
and RMSE of 0.52 kW indicate that while individual hours show deviations, the
overall heating energy pattern is well captured by the framework.

The total annual heating energy comparison is shown in Figure 4.18
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Figure 4.18: Total annual heating energy need for pre-heating mode. SCM-PH compared to IDA-ICE
dynamic simulation reference.

The monthly heating energy comparison is shown in Figure 4.19. From January
through March and again in November and December the framework underesti-
mates heating energy compared to the reference. On days with high solar radiation
the framework calculates a higher mean cavity temperature, meaning it supplies
warmer preheated air to the room and calculates smaller ventilation losses. On
days with lower solar radiation the framework calculates slightly lower cavity tem-
peratures and slightly higher losses. During the winter months, when high-solar-
radiation days dominate, the framework underestimates heating demand. From
April through October, the framework overestimates heating energy. During July,
August, and September, the IDA-ICE reference shows zero heating demand while
the framework continues to calculate heating need. Analysis of the reference model
indoor temperature data confirmed that room temperature in the reference did not
fall below 20°C from approximately 3 June to 19 October, while the framework cal-
culates heating demand whenever outdoor temperature drops below the setpoint.
This occurs during unoccupied summer nights when internal gains are zero and
the framework reacts instantly to falling outdoor temperatures without any ther-
mal storage to slow the response. Pre-heating mode is not intended to operate
during summer; in the real I-DIFFER system, ORM30 switching would activate
cooling mode before this period. The summer heating demand is a direct conse-
quence of the single-mode validation setup.
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Monthly heating energy need in pre-heating mode
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Figure 4.19: Monthly heating energy need for pre-heating mode. SCM-PH compared to IDA-ICE
dynamic simulation reference

The average monthly mean cavity temperature comparison is shown in Figure
4.20. The framework consistently overestimates cavity temperature during winter
months by approximately 4-5°C on average. This overestimation is most visible
during unoccupied hours when ventilation is off. During occupied hours when
mechanical ventilation is active, the framework cavity temperature aligns more
closely with the reference as the active airflow moderates temperatures in both
models. When solar radiation is higher during occupied hours, the alignment
is better; on days with lower solar radiation, the framework shows a slight un-
derestimation during occupied hours. The pattern is consistently driven by the
combination of solar radiation intensity and ventilation activity.

During July, the framework cavity temperature closely tracks outdoor temperature
during unoccupied hours without solar radiation, while the reference model stays
above both the framework and outdoor temperature, retaining heat stored during
the day. During August and September, the behaviour follows the same pattern
but with an important difference. In these months, the framework produces high-
temperature peaks during unoccupied hours with strong solar radiation, while
also falling more quickly toward outdoor temperatures than the reference during
nights and low-radiation periods. This creates a trade-off: high overestimation dur-
ing solar peaks and underestimation when solar radiation is absent, whereas the
reference model with thermal mass maintains a more stable mean cavity tempera-
ture. In July and September, the higher solar radiation peaks bring the framework
average closer to the reference average, while August shows an underestimation
of average cavity temperature because the reference thermal mass keeps the cavity
warmer during cool summer nights.
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Monthly average mean cavity temperature in pre-heating mode
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Figure 4.20: Monthly mean cavity temperature for pre-heating mode. SCM-PH compared to IDA-
ICE dynamic simulation reference

A detailed view of the heating energy need for the full month of January is shown
in Figure 4.21, with a further detailed view of 3-7 January shown in Figure 4.22.
January is the most representative period for the pre-heating mode since it is phys-
ically active throughout this month in the real I-DIFFER system. The January
comparison shows the framework underestimating heating energy on days with
high solar radiation, where the warmer calculated cavity temperature reduces ven-
tilation losses, and slightly overestimating on days with low solar radiation and
lower cavity temperatures.
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Figure 4.21: Heating energy need for pre-heating mode, January. SCM-PH compared to IDA-ICE
dynamic simulation reference

Heating energy need in pre-heating mode: 3—7 January
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Figure 4.22: Detail of heating energy need for pre-heating mode, 3-7 January. SCM-PH compared to
IDA-ICE dynamic simulation reference

A detailed view of mean cavity temperature for the full month of January is shown
in Figure 4.23, with a further detailed view of 3-7 January shown in Figure 4.24.
During occupied hours when ventilation is active, the framework cavity temper-
ature aligns closely with the reference. During unoccupied hours when ventila-
tion is off, the framework overestimates cavity temperature with larger deviations
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on days with higher solar radiation. At the start of each occupied period, when
ventilation activates, the framework temperature drops toward the reference level,
confirming that active airflow moderates the cavity temperature in both models.
On days with low solar radiation during occupied hours, the framework shows a
slight underestimation compared to the reference.

Mean cavity temperature in pre-heating mode: 1 - 31 January
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Figure 4.23: Heating energy need for pre-heating mode, January. SCM-PH compared to IDA-ICE
dynamic simulation reference.

Mean cavity temperature in pre-heating mode: 3-7 January

Calculated Dynamic simulation ~ —— Outdoor temperature - - - - Solar radiation Week day - --- Airflow rate

30 1000

Temperature [°C]

Solar radiation [W/m?] | Airflow rate [m%h]

e T

h

-10 2 OSSN N ISR 0
=) = = = = = =) = =) = = =) =
8 S S 8 S S S S S S S S S
= o © = o © S < © S < © S
S S < S 3 < S 3 < S S < S
o = o = = o ° = o = = o =
S S S S S S S S S S S S S
& & & 3 < s B @ " & & & =
S 3 3 S S S S S S S S

Date and time

Figure 4.24: Detail of heating energy need for pre-heating mode, 3-7 January. SCM-PH versus IDA-
ICE dynamic simulation reference.
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The hourly scatter plots for mean cavity temperature and heating energy need are
shown in Figure 4.25, with the IDA-ICE reference on the horizontal axis and the
framework on the vertical axis. The dashed line shows perfect agreement.

For cavity temperature, the scatter clusters close to the perfect agreement line at
low and moderate temperatures, corresponding to cold nights and cloudy days.
At higher temperatures, the framework systematically overestimates, with points
above the line corresponding to peak solar radiation hours during unoccupied
periods when ventilation is off, which causes unrealistic temperature spikes.

For heating energy, most points cluster near the perfect agreement line. Markers
on the vertical axis represent summer hours during which the reference calculates
zero heating demand, while the framework responds to cool outdoor temperatures.
Markers on the horizontal axis represent unoccupied winter weekend hours, dur-
ing which the framework instantly reduces heating demand to zero in response
to solar radiation above approximately 100 W/m?, whereas the reference does not
respond at this level due to thermal mass. Both models reduce heating demand to
zero only when solar radiation exceeds approximately 400 W/m?. Heating energy
markers reflect the fundamental difference in thermal response between the two
models.
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Figure 4.25: Scatter plots of hourly mean cavity temperature (a) and heating energy need (b) for
pre-heating mode. SCM-PH compared to IDA-ICE dynamic simulation reference. The dashed line
shows perfect agreement.

Overall, the pre-heating mode shows acceptable agreement for early-stage com-
parison purposes. The total heating energy difference of 3.8% is small despite the
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opposing seasonal tendencies that partially cancel each other. The main limitation
is the overestimation of peak cavity temperatures during unoccupied hours due to
the absence of thermal mass. In the real I-DIFFER system, pre-heating mode only
operates during occupied hours when mechanical ventilation is active. The unre-
alistic temperature peaks observed during unoccupied hours in the single-mode
validation would therefore not occur in real operation. During occupied hours, the
active ventilation airflow moderates the cavity temperature and prevents the ex-
treme spikes seen when ventilation is off. The summer heating demand is a direct
consequence of the single-mode validation setup and does not reflect real I-DIFFER
operation, where ORM30 switching prevents pre-heating mode from running in
summer.

444 Cooling mode

In cooling mode both DSF cavity openings are fully open and buoyancy-driven
natural ventilation removes solar heat from the cavity. Supply air enters the room
through the bypass at outdoor temperature. The simplified framework calculation
for this mode follows the Hellstrom buoyancy formulation described in Section
3.3. The statistical summary for mean cavity temperature and heating energy need
over the full 8760-hour validation period is shown in Table 4.6.

Table 4.6: Statistical summary for cooling mode dynamic validation

Variable SCM-CL IDA-ICE Bias MAE RMSE
Mean cavity temperature [°C] 9.32 10.43 -1.10 1.11 1.21
Max cavity temperature [°C] 30.66 32.56 - - -
Min cavity temperature [°C] -13.68 -11.26 - - -
Total heating energy [kWh] 8541 8355 - - -
Heating demand [kW mean] 0.97 0.95 0.02 0.28 0.53

The framework underestimates mean cavity temperature by 1.10°C relative to the
IDA-ICE reference. The MAE of 1.11°C and the RMSE of 1.21°C indicate good
hourly agreement, with small, consistent deviations. The close values of MAE
and RMSE confirm that deviations are evenly distributed without large individual
outliers, which contrasts with the pre-heating mode, where the RMSE was signifi-
cantly larger than the MAE due to extreme temperature peaks during unoccupied
hours. In cooling mode, the open cavity with active buoyancy-driven ventilation
naturally limits temperature extremes, and no unrealistic temperature peaks are
observed throughout the year.

The consistent underestimation is likely driven by two combined effects. The
Hellstréom buoyancy formulation removes heat from the cavity more aggressively
than the reference model, keeping framework cavity temperatures slightly lower
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throughout the year. At the same time the reference model retains heat in the
cavity construction through thermal mass, keeping it slightly warmer than the
framework particularly during periods of low or no solar radiation. The maximum
cavity temperatures show reasonable agreement: 30.66°C for the framework and
32.56°C for the reference, a difference of 1.90°C. The minimum cavity temperatures
show a slightly larger difference, the framework minimum of -13.68°C compared
to the reference minimum of -11.26°C, occurring during cold winter days with
low solar radiation and nights when the single-mode simulation runs in cooling
mode, through periods when the real system would have switched to pre-heating
or transparent insulation mode.

For heating energy, the framework provides a total of 8541 kWh, compared to
8355 kWh for the reference, a difference of 186 kWh (2.2%). As in pre-heating
mode, this close overall agreement comes at a trade-off. The framework calcu-
lates heating energy during the summer months when the reference shows zero
demand. Analysis of the reference model indoor temperature data confirmed
that room temperature did not fall below 20°C from approximately 20 June to
5 September, while the framework calculates heating demand whenever outdoor
temperature drops below the room setpoint of 20°C, during unoccupied time, with
no internal gains, causing heat losses through the inner facade and roof. During
winter, unoccupied hours, when ventilation is off, both models closely follow the
same pattern, with the framework slightly underestimating. When solar radiation
exceeds approximately 400 W/m?, the framework reduces heating demand to zero,
whereas the reference shows only a minimal reduction. This threshold is higher
than in pre-heating mode because in cooling mode, the cavity is actively ventilated.
Removing heat and keeping cavity temperatures lower than in pre-heating mode,
where ventilation is off, and the cavity retains solar heat, meaning a higher solar
radiation level is needed to offset room heat losses and reduce heating demand
to zero in cooling mode. During occupied hours when ventilation is active, both
models closely align, depending on the fresh air that is supplied through the by-
pass into the room at outdoor temperature. The mean heating demand bias of
0.02 kW confirms good overall agreement. The MAE of 0.28 kW and RMSE of
0.53 kW indicate that while individual hours show deviations the overall heating
energy pattern is well captured by the framework.

The total annual heating energy comparison is shown in Figure 4.26.
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Figure 4.26: Total annual heating energy need for cooling mode. SCM-CL compared to IDA-ICE
dynamic simulation reference.

The monthly heating energy comparison is shown in Figure 4.27. From January
through April and again in November and December, the framework underes-
timates heating energy relative to the reference. During occupied hours when
ventilation is active, both models closely align, while during unoccupied hours,
the energy pattern depends on outdoor temperature and solar radiation. When
solar radiation exceeds approximately 400 W/m?, the framework reduces heating
demand to zero while the reference shows only a minimal reduction. From May
through October, the framework overestimates heating energy relative to the refer-
ence. During the period from approximately 20 June to 5 September, the reference
shows zero heating demand while the framework continues to calculate heating
need whenever outdoor temperature drops below the room setpoint. The overall
energy pattern is well followed in both models throughout the year.
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Monthly heating energy need in cooling mode
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Figure 4.27: Monthly heating energy need for cooling mode. SCM-CL compared to IDA-ICE dynamic
simulation reference

The average monthly mean cavity temperature comparison is shown in Figure
4.28. The framework consistently underestimates cavity temperature throughout
the year, with a minimum of 0.83°C in December and a maximum of 1.39°C in
August. The smaller underestimation in December is consistent with lower solar
radiation in winter, when both models produce cavity temperatures closer to out-
door temperature. The larger underestimation in August is driven by periods of
low or no solar radiation, when the reference cavity retains heat through its ther-
mal mass while the framework temperature falls more quickly toward the outdoor
temperature. The monthly cavity temperature chart shows no unrealistic peaks
throughout the full year. The framework follows the reference pattern consistently
across all months, confirming that the Hellstrom buoyancy formulation captures
the thermal behaviour of the open naturally ventilated cavity well.
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Monthly average mean cavity temperature in cooling mode
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Figure 4.28: Monthly mean cavity temperature for cooling mode. SCM-CL compared to IDA-ICE
dynamic simulation reference.

A detailed view of heating energy need for the full month of April is shown in Fig-
ure 4.29, with a further detailed view of 22-24 April shown in Figure 4.30. April re-
veals an interesting pattern where the reference model produces four brief heating
demand spikes while the framework stays at or near zero. The observed operative
temperature in the reference model at these periods is 20.81°C, just 0.81°C above
the heating setpoint. When solar radiation drops from its daily peak and internal
gains and ventilation simultaneously switch off, the operative temperature briefly
falls below 20°C, triggering heating activation in the reference model. The frame-
work calculates heating demand using a simple instantaneous heat balance rather
than an operative temperature, and it does not produce the same response.
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Heating energy need in cooling mode: 1 - 30 April
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Figure 4.29: Heating energy need for cooling mode, April. SCM-CL compared to IDA-ICE dynamic
simulation reference.

Heating energy need in cooling mode: 22 - 24 April
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Figure 4.30: Detail of heating energy need for cooling mode, 22-24 April. SCM-CL compared to
IDA-ICE dynamic simulation reference.

A detailed view of heating energy need for the full month of August is shown in
Figure 4.31. The framework evenly distributes heating demand across unoccupied
periods and nights when outdoor temperatures drop below the room setpoint,
whereas the reference shows zero heating demand throughout August. This con-
firms the summer heating consequence of the single-mode validation setup; the
framework reacts instantly to cool outdoor temperatures while the reference room
temperature remains above 20°C due to thermal mass.
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Heating energy need in cooling mode: 1 - 31 August
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Figure 4.31: Heating energy need for cooling mode, August. SCM-CL compared to IDA-ICE dynamic
simulation reference.

The mean cavity temperature for the full month of August is shown in Figure 4.32,
and the detailed view of 20-25 August are shown in Figure 4.33. The framework
shows a consistent small underestimation throughout the month with no unrealis-
tic peaks. The daily cycle is clearly visible during unoccupied hours, and at night,
the framework cavity temperature falls more quickly toward outdoor temperature
than the reference, which retains heat through thermal mass and responds more
gradually. The overall agreement is very good and the chart confirms that the
Hellstrom buoyancy formulation follows the reference pattern closely throughout
August.
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Figure 4.33: Detail of mean cavity temperature for cooling mode, 20-25 August. SCM-CL compared

to IDA-ICE dynamic simulation reference.
The hourly scatter plots for mean cavity temperature and heating energy need are

shown in Figure 4.34, with the IDA-ICE reference on the horizontal axis and the

framework on the vertical axis. The dashed line shows perfect agreement.
For cavity temperature the scatter clusters tightly along the perfect agreement line

throughout the full temperature range with points consistently slightly below the
line, confirming the systematic underestimation of 1.10°C. The tight clustering and
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absence of extreme outliers confirms that cooling mode shows the best cavity tem-
perature agreement of the three operating modes. The even distribution of points
along the line is consistent with the close MAE and RMSE values of 1.11°C and
1.21°C.

For heating energy most points cluster near the perfect agreement line. Markers
on the vertical axis represent summer hours where the reference calculates zero
heating demand, while the framework calculates positive heating need due to cool
outdoor temperatures. Markers on the horizontal axis represent unoccupied winter
hours, during which the framework reduces heating demand to zero in response
to solar radiation above approximately 400 W/m?, whereas the reference shows
only a minimal reduction. In cooling mode this threshold is higher than in pre-
heating mode because the open naturally ventilated cavity continuously removes
heat, keeping cavity temperatures lower and requiring higher solar radiation levels
to offset room heat losses.
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Figure 4.34: Scatter plots of hourly mean cavity temperature (a) and heating energy need (b) for
cooling mode. SCM-CL compared to IDA-ICE dynamic simulation reference. Dashed line shows
perfect agreement.

Cooling mode shows the best agreement of the three operating modes. The mean
cavity temperature bias of -1.10°C is small and the MAE of 1.11°C indicates con-
sistent hourly agreement without extreme outliers. The total heating energy differ-
ence of 2.2% is good. The Hellstrom buoyancy formulation successfully captures
the thermal behaviour of the open naturally ventilated cavity, confirming its suit-
ability for representing cooling mode in the simplified framework.
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4.4.5 Transparent insulation

In transparent insulation mode all DSF cavity openings are closed and the cavity
acts as a sealed thermal buffer between the outdoor environment and the inner
facade. No mechanical ventilation is active in this mode. In the single-mode
validation, the room is set with no internal gains and no ventilation throughout
the full year, allowing direct comparison of cavity temperature and heating en-
ergy behaviour between the framework and the reference model under consistent
boundary conditions.

The statistical summary for mean cavity temperature and heating energy need over
the full 8760-hour validation period is shown in Table 4.7.

Table 4.7: Statistical summary for transparent insulation mode dynamic validation

Variable SCM-TI IDA-ICE Bias MAE RMSE
Mean cavity temperature [°C] 27.79 29.22 -1.40 12.61 17.43
Max cavity temperature [°C] 121.97 69.34 - - -
Min cavity temperature [°C] 5.64 9.97 - - -
Total heating energy [kWh] 2813 1141 - - -
Heating demand [kW mean] 0.32 0.13 0.19 0.27 0.49

Transparent insulation mode shows the largest deviations of the three operating
modes. The mean cavity temperature bias of -1.40°C appears moderate, but the
MAE of 12.61°C and RMSE of 17.43°C indicate substantial hourly deviations. The
large difference between MAE and RMSE confirms that deviations are concentrated
in a small number of hours with very large errors, specifically peak solar radiation
hours. When solar radiation is below approximately 100 W/m? the framework
cavity temperature almost aligns with the reference, following the same pattern
closely. When solar radiation is high the framework produces unrealistic temper-
ature peaks due to the high solar radiation, the sealed cavity with no ventilation
reacts instantly to the full solar input.

The large difference between maximum cavity temperatures of 121.97°C for the
framework and 69.34°C for the reference reflects this limitation directly. The min-
imum cavity temperatures show the opposite pattern, a framework minimum of
5.64°C compared to the reference minimum of 9.97°C, because the reference ther-
mal mass retains heat overnight, preventing the cavity from falling as quickly as
the framework toward outdoor temperatures.

For heating energy the framework gives a total of 2813 kWh compared to 1141 kWh
for the reference, a difference of 1672 kWh or 146.5%. This large overestimation
mostly comes from the summer months; from 7 April to 3 November, the refer-
ence model shows zero heating demand, while the framework continues to calcu-
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late heating need. The framework overestimates cavity temperature during win-
ter hours with high solar radiation, reducing heating demand during peak solar
hours, while during hours without solar radiation the framework cavity is cooler
than the reference, producing higher heating demand. The reference model shows
nine distinct heating demand spikes in January reaching from 2 to 7.5 kW. These
spikes occur when solar radiation drops from its peak and the reference room tem-
perature briefly falls toward the heating setpoint. The reference activates heating
briefly to maintain the setpoint. The framework shows a constant heating demand
of approximately 0.7 to 0.9 kWh during hours without solar radiation. When solar
radiation is present, the framework heating demand drops toward zero while the
reference continues to show heating demand, confirming that the framework reacts
more strongly to solar radiation than the reference.

The mean heating demand bias of 0.19 kW confirms systematic overestimation
throughout the year. The MAE of 0.27 kW is similar to the other two modes,
indicating that the overestimation is spread evenly across many hours at a low
level. The RMSE of 0.49 kW is nearly double the MAE, reflecting larger deviations
at specific hours.

The total annual heating energy comparison is shown in Figure 4.35.
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Figure 4.35: Total annual heating energy need for transparent insulation mode. SCM-TI compared
to IDA-ICE dynamic simulation reference.

The monthly heating energy comparison is shown in Figure 4.36. From January
through April and again in November and December the framework overestimates
heating energy relative to the reference. From May through October the reference
shows zero heating demand while the framework continues to calculate heating
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need ,a direct consequence of the single-mode validation setup where no internal
gains and no ventilation are applied throughout the full year.

Monthly heating energy need in transparent insulation mode
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Figure 4.36: Monthly heating energy need for transparent insulation mode. SCM-TI compared to
IDA-ICE dynamic simulation reference.

The average monthly mean cavity temperature comparison is shown in Figure
4.37. From January through March and again in November and December, the
framework overestimates cavity temperature with a minimum overestimation of
1.01°C in November and a maximum of 2.15°C in February. During summer, the
framework underestimates cavity temperature with the largest underestimation of
6.48°C in August and the smallest of 0.1°C in March. The large summer under-
estimation occurs because the reference sealed cavity retains heat stored during
warm summer periods through thermal mass, keeping cavity temperatures much

higher during cool summer nights than the framework which falls instantly toward
outdoor temperature.
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Figure 4.37: Monthly mean cavity temperature for transparent insulation mode. SCM-TI versus IDA-
ICE dynamic simulation reference.

A detailed view of heating energy need for the full month of January is shown in
Figure 4.38, with a further detailed view of 1-7 January shown in Figure 4.39. The
full January comparison shows the framework producing a constant heating de-
mand of approximately 0.7 to 0.9 kWh during hours without solar radiation, while
the reference shows nine distinct spikes reaching from 2 to 7.5 kW. When solar
radiation is present the framework heating demand drops toward zero. The detail
view of 1-7 January clearly shows this pattern at hourly resolution, the framework
reacts instantly to solar radiation while the reference responds more gradually with
larger but shorter heating demand spikes driven by operative temperature falling
briefly below the setpoint when solar radiation drops.
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Figure 4.38: Heating energy need for transparent insulation mode, January. SCM-TI compared to
IDA-ICE dynamic simulation reference.
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Figure 4.39: Detail of heating energy need for transparent insulation mode, 4-7 January. SCM-TI
versus IDA-ICE dynamic simulation reference.

A detailed view of mean cavity temperature for the full month of January is shown
in Figure 4.40, with a further detailed view of 1-7 January shown in Figure 4.41.
When solar radiation is below approximately 100 W/m? the framework cavity tem-
perature almost aligns with the reference, following the same pattern closely. When
solar radiation is high the framework produces unrealistic temperature peaks while
the reference stays well below. The detail view of 4-7 January shows this pattern
clearly at hourly resolution, on days with high solar radiation the framework cav-
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ity spikes unrealistically while on cloudy days and nights both models track each
other closely.
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Figure 4.40: Mean cavity temperature for transparent insulation mode, January. SCM-TI compared
to IDA-ICE dynamic simulation reference.
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Figure 4.41: Detail of mean cavity temperature for transparent insulation mode, 4-7 January. SCM-TI
versus IDA-ICE dynamic simulation reference.

The hourly scatter plots for mean cavity temperature and heating energy need are
shown in Figure 4.42, with the IDA-ICE reference on the horizontal axis and the
framework on the vertical axis. The dashed line shows perfect agreement.

The calculated model has weak agreement with the dynamic simulation for mean
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cavity temperature in transparent insulation mode. It performs reasonably near
lower temperatures, but at higher temperatures it becomes much less reliable, with
frequent large deviations and many overpredicted temperature values.

For heating energy most points cluster near the perfect agreement line at low de-
mand values. Markers on the vertical axis represent summer hours where the
reference calculates zero heating demand, while the framework calculates posi-
tive values. Markers on the horizontal axis represent hours where the reference
produces large heating demand spikes while the framework calculates near zero,
corresponding to high solar radiation hours where the framework cavity tempera-
ture spikes unrealistically and heating demand drops to zero.

Mean cavity temperature agreement in transparent Heating energy need agreement in transparent-
insulation mode insulation mode

Mean cavity temperature - - - - Line of perfect agreement Energy need Line of perfect agreement
o 2

0

g
Calculated energy need [kWh]

Calculated Tc,mean [°C]
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Figure 4.42: Scatter plots of hourly mean cavity temperature (a) and heating energy need (b) for
transparent insulation mode. SCM-TI compared to IDA-ICE dynamic simulation reference.

Transparent insulation mode exhibits the largest deviations among the three oper-
ating modes. The total heating energy overestimation of 146.5% partially reflects a
fundamental limitation of the sealed cavity formulation when thermal mass is not
included.

In a sealed cavity without ventilation solar heat has no effective pathway for re-
moval. The framework calculates cavity temperature instantaneously from the cur-
rent solar radiation and outdoor temperature. When solar radiation is high the
solar input drives the calculated cavity temperature to unrealistically high values
within a single timestep. The peak cavity temperature overestimation of 52.63°C is
a direct consequence of this limitation.
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However, when solar radiation remains below approximately 100 W /m? the frame-
work cavity temperature is in close agreement with the reference model, indicating
that the main limitations are concentrated during periods of peak solar radiation.

In real I-DIFFER operation, transparent insulation mode runs without mechani-
cal ventilation and without internal gains, operating during unoccupied hours on
weekdays during winter when solar radiation is typically lower than during peak
solar periods. The overestimation of cavity temperature therefore can mainly be
concentrated during weekend days when solar radiation peaks occur without ven-
tilation moderating the cavity response.

Furthermore, the reported heating energy overestimation of 146.5% is partly a con-
sequence of the single-mode validation setup rather than a direct indication of
expected behaviour under realistic transparent insulation mode operation.
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Chapter 5

Case Scenario

5.1 Case study building

The case study used to apply and demonstrate the simplified hourly framework
is a south-facing classroom in a semi-exposed one-storey school building from the
1960s. The building is located in Denmark and is representative of a large share
of the Danish school building stock, where classrooms typically suffer from poor
indoor air quality, insufficient ventilation, and high energy consumption due to
ageing envelope components and outdated ventilation systems. The case study
building and its geometric and thermal characteristics follow those defined in (Bu-
genings et al., 2022), to whom the reader is referred for a complete description of
the building geometry, window details, and construction properties.

The classroom has a floor area of 50 m?, a ceiling height of 2.70 m, and a total
room volume of 135 m3. The south-facing facade is made up of an opaque wall
area of 10.6 m? and a window area of 12.54 m?, giving a total south facade area
of 23.14 m?2. The north side connects to a hallway, and both east and west walls
are shared with neighbouring classrooms. All three non-south surfaces are treated
as interior thermal boundaries with no heat transfer to the outdoor environment.
The roof has an outdoor-facing area of 50 m?, and the ground temperature is kept
constant at 10°C throughout the calculations. The floor plan and cross-section of
the classroom are shown in Figure 5.1.
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Figure 5.1: Floor plan (a) and section (b) of the case study classroom. Adapted from (Bugenings
et al., 2022).

The unrenovated envelope has a south-facing opaque wall combining aerated
concrete infill panels at 0.50 W/ (m?K), representing 62% of the opaque area,
and structural concrete columns at 0.92 W/(m?K). The original windows have
Ug=2.7 W/ (m?K), g=0.74, and 7=0.80. The roof has U=0.45 W/(m?K), and the
floor has U=0.43 W/(m?K). Internal gains of 2500 W, equivalent to 50 W/m?,
are generated by 21 occupants and equipment during weekdays from 08:00 to
16:00, following (Bugenings et al., 2022). The heating setpoint is 20°C. All input
parameters are summarised in Table 5.1.

The climate data used consist of measured hourly weather data for Copenhagen,
Denmark, provided by Aalborg University. This dataset differs from the DRY2010
reference year used in (Bugenings et al., 2022). The case scenario uses the same
building geometry, envelope properties, and system specifications defined in (Bu-
genings et al., 2022) as input data for the framework. The results are not validated
against (Bugenings et al., 2022), because the study differs in both climate data
and modelling approach, but are examined to assess whether the framework pro-
duces physically reasonable energy demand values consistent with the expected
behaviour of the three renovation scenarios.
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5.2 Renovation scenarios

Three scenarios are defined and compared using the simplified hourly framework.
The first scenario represents the unrenovated building and serves as the baseline
reference. The second scenario represents a conventional traditional renovation ap-
proach. The third scenario represents the I-DIFFER concept, which is an integrated
solution combining a double-skin facade with diffuse ceiling ventilation. All three
scenarios are evaluated under the same climatic basis, room geometry, occupancy
schedule, internal gains, and heating setpoint. The sensitivity of results to control
assumptions is assessed in Section 5.4 before the case scenario results are presented
in Chapter 6.

@

Traditional

Facade

« Improved insulation
* Improved fagade

* New windows

Ventilation
* Mechanical balanced
+HR

Cavity

* None

Control modes
+ None

\ 4

Figure 5.2: Key scenarios aspects

5.2.1 Baseline-unrenovated building

The baseline scenario represents the classroom in its unrenovated state as described
in (Bugenings et al., 2022). The building is equipped with an exhaust-only ventila-
tion system, where a mechanical fan extracts indoor air from the room, creating a
slight negative pressure that draws outdoor air passively through gaps and cracks
in the building envelope at outdoor temperature, without any preheating or heat
recovery. The ventilation airflow rate is 18 m®/(h-m?), equivalent to 900 m3/h
for the 50 m? classroom, during occupied hours, and 1.26 m?®/(h-m?), equivalent
to 63 m®/h, during unoccupied hours, consistent with (DS/EN 16798, 2019). No
solar shading is installed.

Infiltration is calculated using a pressurisation test value of qs0=3.6 m3/(h-m?) at
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50 Pa following (DS/EN ISO 13789, 2017), consistent with (Bugenings et al., 2022).
A reduction factor of 1/20 is applied to represent real operating conditions at
approximately 4 Pa, giving an infiltration airflow of 13.17 m3/h distributed across
the exterior wall of 23.14 m? and the roof of 50 m?, totalling 73.14 m?. The resulting
infiltration heat transfer coefficient is H;,;=4.41 W /K.

5.2.2 Traditional renovation

The traditional renovation adheres to the minimum requirements of BR18 and
the construction details in (Bugenings et al., 2022). The exterior wall is insu-
lated to U=0.18 W/(m?K), and the roof is insulated to U=0.12 W/(m?K). The
original windows are replaced with D-C1 double glazing from (Bugenings et al.,
2022), with Ug=1.1 W/ (m?K), g=0.71, and 7=0.83. The floor remains unchanged at
U=0.43 W/(m?K).

A balanced mechanical ventilation system with 73% heat recovery is installed,
meeting the minimum BR18 (Danish Building Regulations, 2018) requirement for
a fully replaced ventilation system. Ventilation rates follow (DS/EN 16798, 2019).

External venetian blinds with reflective slats are installed according to the shading
control logic described in (Bugenings et al., 2022), as described by (Karlsen et al.,
2016). Shading activates when solar irradiation on the facade exceeds 150 W/m?,
reducing the effective g-value from 0.71 to 0.10. This value corresponds to the
boundary between Class 3 and Class 4 solar shading performance, as defined in
(DS/EN 14501, 2021), where Class 4 is defined by gt,t<0.10. The infiltration coeffi-
cient stays at Hj,=4.41 W/K.

In addition to the primary D-C1 configuration, the T-C1 triple glazing from (Bu-
genings et al., 2022), with Ug=0.5 W/ (m?K), §=0.60, and 7=0.77, is tested in Chap-
ter 6 to represent the best-performing traditional renovation option and provide
the most competitive reference for the I-DIFFER comparison.

5.2.3 I-DIFFER concept

The I-DIFFER scenario integrates a double-skin facade with diffuse ceiling ventila-
tion as an alternative renovation strategy for the same classroom. The concept was
originally proposed and analysed in (Bugenings et al., 2022) and forms the basis
for the case scenario examined in this thesis. Rather than insulating the existing fa-
cade wall, the I-DIFFER approach adds a transparent outer glazing layer in front of
the existing south-facing facade, creating a DSF cavity of 0.32 m depth. The outer
glazing uses the D-C1 double-glazed configuration from (Bugenings et al., 2022),
Table 5, with Ug=1.1 W/ (m?K), g=0.71, and 7=0.83. The inner facade, including
the original windows, remains unchanged, with Uy=2.7 W/(m?K) and g=0.74. The
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roof is insulated to U=0.12 W/(m?K), consistent with BR18 requirements. The floor
construction remains unchanged.

The DSF cavity is constrained by bottom inlet and top outlet openings, which are
multi-leaf dampers with heights of 0.3 m and 0.15 m, respectively, following the
specifications in (Bugenings et al., 2022). Venetian blinds with reflective slats are
positioned on the inner side of the outer DSF glazing, inside the cavity, following
(Bugenings et al., 2022). The airflow through the cavity is mechanically driven in
pre-heating mode and buoyancy-driven in cooling mode.

The bypass pathway above the DSF cavity allows direct outdoor air entry to the
plenum without passing through the cavity. (Bugenings et al., 2022) modelled
this bypass as a leakage component with a known mechanical flow rate, without
specifying explicit geometric dimensions. In the simplified framework, the thermal
effect of the bypass in cooling mode is represented by assuming that supply air
enters the room at outdoor temperature.

The diffuse ceiling ventilation system supplies air uniformly through air-permeable
wood-wool-cement ceiling panels across the full ceiling area at low velocity. The
ventilation airflow rate is 18 m®/(h-m?) during occupied hours and 1.26 m?/(h-m?)
during unoccupied hours, consistent with (DS/EN 16798, 2019).
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5.3 Framework input parameters

The input parameters applied in the simplified hourly framework for each scenario
are summarised in Table 5.1.

Table 5.1: Framework input parameters for all three scenarios

Parameter Unit I-DIFFER Traditional Baseline
Room geometry and boundary conditions
Floor area m? 50
Ceiling height m 2.70
Room volume m3 135
Orientation - South
Heating setpoint °C 20
Ground temperature °C 10
Climate - Copenhagen measured, Denmark
Envelope properties
Opaque facade area m? 10.6 10.6 10.6
Opaque facade U-value W/ (m?K) 0.50 0.18 0.50
Roof U-value W/(m?2K) 0.12 0.12 0.45
Floor U-value W/ (m?K) 0.43 0.43 0.43
Infiltration Hj¢ W/K 441 441 441
Window and glazing properties
Inner window area m? 12.54 12.54 12.54
Inner window Uy W/(m?K) 2.7 1.1 (D-C1) 2.7
Inner window g-value - 0.74 0.71 (D-C1) 0.74
Inner window T - 0.80 0.83 (D-C1) 0.80
DSF properties (I-DIFFER only)
Outer DSF glazing type - D-C1 - -
Outer DSF glazing area m? 20.5 - -
Outer DSF Uy W/(m?K) 1.1 - -
Outer DSF g-value - 0.71 - -
Outer DSF T - 0.83 - -
Cavity depth m 0.32 - -
Bottom inlet height m 0.30 - -
Top outlet height m 0.15 - -
Solar shading

. Cavity External
Shading type - venetian blind venetian blind -
Shading activation W /m? >150 (cooling) >150 -
g-value shaded - 0.10 0.10 -
Ventilation and internal gains
Ventilation system - Exhaust + DCV Balanced + HRV ~ Exhaust only
Heat recovery efficiency % 0 73 0
Ventilation rate occupied m3/(h-m?) 18 18 18
Ventilation rate unoccupied m3/(h-m?) 1.26 1.26 1.26
Internal gains occupied W 2500 2500 2500

Weekdays Weekdays Weekdays

Occupancy schedule h 08:00-16:00 08:00-16:00 08:00-16:00
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5.4 Operating mode assumptions - I-DIFFER

The I-DIFFER scenario operates in three modes depending on the season and oc-
cupancy state. The seasonal boundary is defined by the 30-day outdoor running
mean temperature (ORMB30), calculated as the arithmetic mean of hourly outdoor
temperatures over the preceding 30 days, as a simplification of the exponentially
weighted daily formulation defined in (DS/EN 16798, 2019). A threshold of 10°C is
applied to the ORM30 value at each hour. This threshold follows the same criterion
used by (Bugenings et al., 2022) to switch the heating system off; in the simplified
framework, it is applied to switch between operating modes rather than to control
the heating system directly. When ORMS30 is below 10°C the heating season is
active and either pre-heating or transparent insulation mode runs depending on
occupancy. When ORM30 reaches or exceeds 10°C, cooling mode activates for all
hours. Applied to the measured hourly weather data, Copenhagen, Denmark, this
transition occurs on 23 May at 22:00 in spring and 29 October at 18:00 in autumn,
giving a cooling season of 3813 hours and a heating season of 4947 hours. The
mode assignment is summarised in Table 5.2 and the hourly operating mode and
shading control logic is illustrated in Figure 5.4. The monthly mean ORM30 values
and seasonal boundaries are shown in Figure 5.3.

= Monthly mean ORM 30 °C 10 °C threshold Season boundary Cooling season Heating season
23 May - 29 Oct Jan - 23 May, 29 Oct - Dec

22

ORM30 °C

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 5.3: Monthly mean ORM30 and cooling season boundaries for measured hourly weather data,
Copenhagen, Denmark.

Table 5.2: I-DIFFER mode operation logic

ORM30 Occupancy Active Mode Approximate Period
Below 10°C Weekdays 08:00-16:00 Pre-heating 1 Jan—23 May, 29 Oct-31 Dec
Below 10°C Unoccupied Transparent insulation 1 Jan—23 May, 29 Oct-31 Dec

At or above 10°C All hours Cooling 23 May-29 Oct
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Note: The approximate periods shown apply to the ORM30 seasonal switching configuration using measured hourly weather
data, Copenhagen, Denmark. In the instantaneous energy-based switching configuration all three modes operate throughout
the full year based on the hourly energy comparison and occupancy schedule.
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Figure 5.4: Hourly operating mode and shading control logic for the I-DIFFER framework.
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5.4.1 Pre-heating mode

Pre-heating mode is active during occupied hours in the heating season, specifi-
cally on weekdays from 08:00 to 16:00 when ORM30 is below 10°C. In this mode,
mechanically driven ventilation air enters the DSF cavity at the bottom inlet, is
heated by solar gains and heat exchange with the inner facade, and exits at the top
outlet into the diffuse ceiling plenum before being distributed to the room through
air-permeable ceiling panels. The outlet temperature of the cavity is calculated
following the (BESTFACADE, 2007) simplified calculation method as described in
Chapter 3. The cavity outlet temperature is used directly as the supply air temper-
ature entering the room through the diffuse ceiling panels. Solar shading is never
activated in pre-heating mode, consistent with (Bugenings et al., 2022), in order to
maximise solar-assisted preheating of the supply air.

5.4.2 Transparent insulation mode

Transparent insulation mode runs during unoccupied hours when ORM30 is below
10°C. Both cavity openings are closed, and the cavity acts as a sealed thermal
buffer. The mean cavity temperature is calculated following the (BESTFACADE,
2007) simplified calculation method as described in Chapter 3. No mechanical
ventilation flows through the cavity in this mode.

Shading is not activated in transparent insulation mode. (Bugenings et al., 2022)
activate shading at low solar irradiation levels in this mode to reduce thermal ra-
diation losses, which requires modelling of long-wave radiation exchange between
cavity surfaces, which the simplified framework does not include.

5.4.3 Cooling mode

Cooling mode runs for all hours when ORM30 is at or above 10°C, from approx-
imately 23 May to 29 October in the measured Copenhagen weather data. Both
cavity openings are fully open, allowing outdoor air to flow through the cavity by
buoyancy and remove heat from the cavity. Supply air enters the room through
the bypass pathway above the cavity at outdoor temperature and is mechanically
driven. The mean cavity temperature is calculated using the Hellstrom buoyancy
formulation following (BESTFACADE, 2007) described in Chapter 3. Supply air is
assumed to enter the room at outdoor temperature through the bypass pathway,
consistent with the bypass operation described in (Bugenings et al., 2022).

Shading activates in cooling mode when solar irradiation exceeds 150 W/ m2, fol-
lowing the control logic described in (Bugenings et al., 2022) based on (Karlsen
et al., 2016). When active, the effective g-value is reduced from 0.71 to 0.10, corre-
sponding to the boundary between Class 3 and Class 4 solar shading performance
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in (DS/EN 14501, 2021), where Class 4 is defined as g+ below 0.10.

5.5 Control parameter selection

The framework includes two user-adjustable control parameters that determine
how operating modes are assigned at each hour and whether solar shading is ac-
tive. The two mode-switching approaches and the two shading states are described
in detail in Chapter 3. This section summarises the four configurations tested in
the sensitivity analysis, presents the results, and justifies the selection of the final
configuration used throughout Chapter 6.

5.5.1 Sensitivity configurations

Two mode-switching approaches are compared, ORM30 seasonal switching and
instantaneous energy-based switching, each combined with two shading states:
active and inactive. This gives four configurations as summarised in Table 5.3.
Each parameter is assessed independently by comparing configurations in which
only that parameter changes, while the others remain fixed.

Table 5.3: Sensitivity analysis configurations for mode-switching logic and solar shading

Configuration Switching Shading
ORMS30 + shading ON ORM30 ON
ORM30 + shading OFF ORM30 OFF
Instantaneous + shading ON Energy comparison ON
Instantaneous + shading OFF Energy comparison OFF
ORM30

ORM30 switching uses the 30-day outdoor running mean temperature as described
in Section 5.4, giving a cooling season of 3813 hours and a heating season of 4947
hours in the Copenhagen measured climate.

Instantaneous

Instantaneous energy-based switching applies no fixed seasonal boundary. At each
hour the framework calculates the total energy need for each available mode and
assigns the mode that requires the least energy to keep the room at 20°C. Occu-
pied hours compare pre-heating against cooling mode. Unoccupied hours compare
transparent insulation against cooling mode. All three modes can operate through-
out the full year based on the hourly energy comparison and occupancy schedule.

Shading ON
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Shading ON means venetian blinds activate in cooling mode when solar radiation
exceeds 150 W/m?, reducing the effective solar heat gain coefficient from g = 0.71 to
g = 0.10, consistent with Class 4 solar shading performance as defined in (DS/EN
14501, 2021). Shading is never activated in pre-heating or transparent insulation
mode.

Shading OFF

Shading OFF means no shading is applied in any mode. Solar radiation enters the
room at the full unshaded g-value of 0.71 throughout the year.

5.5.2 Sensitivity results

This subsection presents the annual energy results for all four configurations and
analyses the effect of each control parameter independently and in combination.
The four configurations and their annual energy results are shown in Table 5.4.
The monthly heating and cooling energy distributions for all four configurations
are shown in Figure 5.5.

Table 5.4: Sensitivity analysis of seasonal switching and shading assumptions

Parameter ORM30 Instantaneous

Shading ON Shading OFF Shading ON Shading OFF
Energy
Heating kWh/m? 104.14 98.55 111.74 96.63
Cooling kWh/m? 26.88 62.96 42.76 88.73
Total kWh/m? 131.02 161.51 154.50 185.36
vs ORM30 + shading ON - +23.3% +17.9% +41.5%
Mode hours
Pre-heating hours 1168 1168 669 623
Cooling hours 3813 3813 2542 2618
Transparent ins. hours 3779 3779 5549 5519
Heating energy share
Pre-heating % 21% 22% 38% 38%
Transparent insulation % 39% 41% 41% 44%
Cooling mode % 40% 37% 21% 19%
Cooling energy share
Pre-heating % 0% 0% 32% 22%
Transparent insulation % 0% 0% 4% 6%

Cooling mode % 100% 100% 64% 72%
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Figure 5.5: Monthly heating and cooling energy distribution for all four sensitivity configurations.
(a): ORM30 + shading ON. (b): ORM30 + shading OFF. (c): instantaneous + shading ON. (d):
instantaneous + shading OFF.

Shading effect

Removing shading while keeping ORM30 switching increases total energy demand
by 23.3% from 131.02 to 161.51 kWh/m?2 Cooling demand increases by 134%
from 26.88 to 62.96 kWh/m? while heating decreases slightly from 104.14 to 98.55
kWh/m? because, without shading, more solar radiation enters the room during
cooling season hours, reducing the temperature difference that drives heating de-
mand in adjacent hours. Shading is active only in cooling mode above 150 W/m?.
In transparent insulation mode and in pre-heating mode, shading is never acti-
vated, since the purpose of pre-heating is to capture solar gains to heat the supply
air. The mode-hour distribution is unchanged in both ORM30 configurations: 1168
pre-heating hours, 3813 cooling hours, and 3779 transparent insulation hours, con-
firming that shading affects the energy share calculated in each mode. The cooling
energy share remains 100% from cooling mode in both ORM30 configurations,
regardless of shading status.

Removing shading while keeping instantaneous switching increases total energy
demand by 19.9% from 154.50 to 185.36 kWh/m?. Cooling demand increases by
107% from 42.76 to 88.73 kWh/m?2. The shading effect is slightly smaller under
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instantaneous switching than under ORM30 because cooling energy is distributed
across all three modes, and the shading impact is spread differently across the year.
The pre-heating cooling share changes from 32% with shading to 22% without
shading. This drop occurs because without shading, the total cooling demand
increases substantially, and a larger share of the additional cooling is generated in
cooling mode rather than in pre-heating hours, reducing the relative pre-heating
contribution even though the absolute pre-heating cooling energy increases.

Mode selection effect

Replacing ORM30 with instantaneous energy-based switching while keeping shad-
ing active increases total energy demand by 17.9% from 131.02 to 154.50 kWh/m?2.
Pre-heating hours drop from 1168 to 669, and transparent insulation hours increase
from 3779 to 5549 as the energy comparison redistributes hours across all seasons
without a fixed seasonal boundary.

The most important difference is the cooling energy distribution. In the ORM30
configuration 100% of cooling energy comes from cooling mode, the open cavity
removing solar heat by natural ventilation. In the instantaneous configuration 32%
comes from pre-heating hours where mechanical ventilation delivers supply air
warmer than the room, generating cooling demand through ventilation heat gain.

Replacing ORMB30 with instantaneous switching, while removing shading increases
total energy demand by 14.8% from 161.51 to 185.36 kWh/m?2. The effect is slightly
smaller without shading because the energy comparison more frequently selects
cooling mode reducing the difference between the two switching methods. With-
out shading, more solar radiation enters the room in all hours across all seasons.
This means gains exceed losses more frequently, the energy comparison in the in-
stantaneous configuration more often selects cooling mode as the most efficient
option. The instantaneous configuration therefore produces more cooling hours
and fewer transparent insulation and pre-heating hours when shading is off.

Combined effect

Moving from the best configuration, ORM30 with shading, to the worst case, in-
stantaneous with no shading, increases total energy demand by 41.5% from 131.02
to 185.36 kWh/m?. This increase comes from two independent contributions: first
removing shading adds 23.3%, and changing the switching method adds 17.9%.
Both parameters individually have a significant effect on total energy demand, but
removing both together produces the largest increase, confirming that each control
assumption is essential to the framework’s performance.
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5.5.3 Final configuration selection

The sensitivity results show that the choice of switching method significantly af-
fects not only total energy demand but, more importantly, the physical consistency
of cooling energy assignment across the three operating modes. The ORM30 con-
figuration produces the lowest total energy demand of the four configurations at
131.0 kWh/m? and is considered the most physically consistent choice based on
the sensitivity results. In the ORM30 configuration 100% of cooling energy comes
from cooling mode during the summer season, with the open cavity removing so-
lar heat by natural ventilation before it reaches the room. In the instantaneous
configuration 32% of cooling energy comes from pre-heating hours, a mode where
the cavity is configured to deliver warm supply air to the room, not to remove heat
from it, meaning cooling demand in pre-heating hours has no physical removal
mechanism. It is also important to note that (Bugenings et al., 2022) do not in-
clude a mechanical cooling system; the cooling mode activates the open DSF cavity
and natural ventilation, but no mechanical cooling energy is consumed. Without
ORMB30 switching, the simplified framework would calculate cooling energy on
sunny winter days when gains exceed losses, and activate cooling mode. In a sea-
sonal climate like Denmark, outdoor temperature during the heating season can
be as low as 7°C during occupied hours. If instantaneous switching were used and
solar radiation drives high heat gains, the energy comparison might select cooling
mode, meaning the room receives cold outdoor supply air instead of the warmer
preheated air that pre-heating mode would deliver, causing a significant difference
in thermal comfort and heating energy demand.

Both configurations are available as input parameters in the framework, and the
user can select the most appropriate option for their specific climate and operating
strategy. In this case, ORM30 was chosen because it captures seasonal climate
transitions and restricts cooling energy calculations to the summer season, where
they are physically meaningful. The ORM30 configuration with shading active is
therefore used as the final configuration for all results presented in Chapter 6.

5.6 Comparison indicators

This section outlines the method used to compare the annual energy performance
of the three scenarios on an hourly basis. It also defines the key performance
indicators and highlights the operational differences in how heating and cooling
demands are calculated, particularly for the I-DIFFER system.

The framework calculates hourly heating and cooling energy needs for all three
scenarios across all 8760 hours of the year. Results are expressed per unit floor
area in kWh/m? to allow comparison between scenarios independently of room
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size.

e Annual heating energy need [kWh/m?] is the total energy delivered by the
heating system over the year to keep the room at or above the setpoint tem-
perature of 20°C, divided by 50 m?2.

* Annual cooling energy need [kWh/m?] is the total energy removed to pre-
vent the room from exceeding the setpoint temperature, divided by 50 m?.

¢ Total annual energy need [kWh/m?] is the sum of the two values above.

* Total energy reduction [%] is the percentage reduction in total kWh/m? com-
pared to the unrenovated baseline.

An important operational difference between the scenarios is that baseline and tra-
ditional renovation calculate cooling all year whenever gains exceed losses, while
I-DIFFER only calculates cooling during the ORM30-defined cooling season from
23 May to 29 October. In winter, I-DIFFER redirects solar gains into pre-heating
rather than treating them as an overheating problem. This difference is discussed
further in Chapter 6.

5.7 Framework simplifications

The simplified framework does not include several aspects of the full I-DIFFER
system reported by (Bugenings et al., 2022). These simplifications are relevant
when interpreting the results.

¢ Thermal mass of cavity is not modelled. All heat gains and losses are as-
sumed to affect the room temperature instantaneously. The most visible con-
sequence is in transparent insulation mode, where the sealed cavity reaches a
calculated maximum of 108.9°C, compared to 63.6°C in the simplified refer-
ence model from the validation study. Since the cavity has no thermal mass
in the framework, it cannot store heat between hours and reacts instantly to
outdoor conditions and solar radiation at each timestep.

* The control logic is simplified. (Bugenings et al., 2022) report that the I-
DIFFER system uses operative temperature thresholds with hysteresis bands.
The simplified framework assigns modes based on ORM30 or instantaneous
energy comparison, occupancy status, and shading only.

* Energy uses. Ventilation fan electricity and lighting are not included. The
framework calculates only heating and cooling energy need expressed as final
energy.

* Weather data. The measured hourly weather data for Copenhagen, Denmark,
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differ from the Danish Design Reference Year DRY2010 used by (Bugenings
et al.,, 2022). Since the goal is to produce reliable results using the building
geometry, envelope properties, and system specifications from (Bugenings et
al., 2022), rather than to reproduce their reported outputs, this difference is
accepted and stated throughout.
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Chapter 6

Results

6.1 Overview

This chapter presents the results of the simplified hourly framework applied to
the three scenarios defined in Chapter 5: the unrenovated baseline, the traditional
renovation, and the I-DIFFER concept. All results are calculated using measured
hourly weather data, Copenhagen, Denmark, provided by Aalborg University. The
primary comparison indicators are annual heating and cooling energy need ex-
pressed in kWh and kWh/ m? of floor area, and the percentage reduction in total
annual energy need relative to the unrenovated baseline.

The main purpose of the chapter is to compare the energy performance of the
traditional renovation and the I-DIFFER concept using the unrenovated baseline
as a reference point, and to further analyse the behaviour of I-DIFFER through its
operating mode distribution, cooling season hourly demand distribution, cavity
temperature behaviour, and sensitivity to glazing properties, cavity depth, and
facade orientation.

Previous work by Bugenings et al. (2022) does not include a mechanical cooling
system and does not calculate cooling energy demand. The simplified framework
calculates the cooling energy demand needed to maintain the room at the setpoint
temperature throughout the year. The relationship between the framework results
and the findings of (Bugenings et al., 2022)is discussed in Chapter ??.

Three percentage-based indicators are used consistently throughout this chapter.
The first is the percentage reduction of a renovation scenario relative to the unren-
ovated baseline:
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Ebase — Escen % 100 (6.1)
Ebase

where Ej. is the total annual energy demand of the baseline in kWh/m? and
Escen is the total annual energy demand of the renovation scenario in kWh/ m2.
This indicator is used in Tables 6.1 and 6.9 to show how much each renovation
saves compared to doing nothing.

The second is the percentage difference between two renovation scenarios:

E1ref - Escen

x 100 6.2
Eref ( )

where E, is the total annual energy demand of the reference scenario in kWh/m?.
A positive result means the compared scenario uses less energy than the reference.
A negative result means more energy. This indicator is used in Table 6.2 and
throughout the text when comparing renovation approaches directly.

The third is the absolute energy difference between two scenarios:

AE = Escen — Eves (6.3)

A negative value indicates lower energy demand than the reference and a positive
value indicates higher energy demand. This indicator is used in Table 6.2 to show
the heating and cooling differences separately, making it possible to see both the
heating increase and cooling reduction of I-DIFFER at the same time.

All energy values are expressed per unit floor area in kWh/m? by dividing total
annual energy in kWh by the floor area of 50 m?. All percentages are rounded to
one decimal place.

6.2 Annual energy demand - south orientation

For all three scenarios, the annual heating and cooling energy needs on the primary
south-facing orientation are summarised in Table 6.1.
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Table 6.1: Annual heating and cooling energy demand - south orientation

Scenario Heating Heating Cooling Cooling Total Total Reduction

kWh  kWh/m? kWh kWh/m> kWh kWh/m? %
Baseline 11075 221.5 6072 1214 17147 342.9 =
Traditional D-C1 shading OFF 3633 72.7 8107 162.1 11740 234.8 31.5%
Traditional D-C1 shading ON 3905 78.1 3960 792 7865 157.3 54.1%
Traditional T-C1 shading ON 3291 65.8 3990 798 7281 145.6 57.5%
Traditional T-C1 shading OFF 3083 61.7 7405 148.1 10488 209.8 38.8%
I-DIFFER D-C1 shading OFF 4927 98.5 3149 63.0 8077 161.5 52.9%
[-DIFFER D-C1 shading ON 5207 104.1 1344 269 6552 131.0 61.8%

Highlighted rows represent the primary comparison scenarios used throughout Chapter 6.

The unrenovated baseline shows the highest total annual energy demand at 342.9
kWh/m?. This reflects the combination of large transmission losses through the
poorly insulated envelope, high ventilation losses from the exhaust-only system
without heat recovery, and large solar gains through the unshaded original glazing,
resulting in increased cooling demand on sunny, occupied days throughout the
year.

The traditional renovation with D-C1 double glazing and solar shading achieves
a 54.1% total reduction, mainly driven by a 64.7% drop in heating demand from
improved insulation and heat recovery. An unexpected result appears when shad-
ing is removed from the traditional renovation: cooling demand rises to 8107 kWh,
which is actually higher than the baseline cooling demand of 6072 kWh, despite the
building being much better insulated. This happens because better insulation and
heat recovery reduce transmission and ventilation losses so effectively that solar
and internal gains can no longer be offset by those losses, meaning nearly all solar
gain must be removed by cooling. This shows that shading is not only a comfort
measure, but a fundamental part of the energy strategy for well-insulated build-
ings, consistent with the design approach of (Bugenings et al., 2022), who include
external venetian blinds as a standard component of the traditional renovation.
Shading reduces traditional D-C1 cooling demand by 4147 kWh, corresponding to
51.1%, and total energy demand by 3875 kWh, corresponding to 33.0%.

The traditional renovation with T-C1 triple glazing and shading gives a total annual
energy demand of 145.6 kWh/m?, which is 7.4% lower than D-C1 with shading.
The improvement comes primarily from the much better thermal insulation of
triple glazing, with Uy=0.5 W/(m?K) compared to 1.1 W/(m?K). Without shading,
T-C1 produces 209.8 kWh/m?, confirming that shading is essential regardless of
glazing type.

The I-DIFFER scenario achieves the best total result at 131.0 kWh/m?, correspond-
ing to a 61.8% reduction from the baseline. Its heating demand of 104.1 kWh/m?
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is higher than both traditional renovation options, because the inner facade is left
unrenovated and retains its original high transmission losses. However, the cooling
demand of 26.9 kWh/m? is 66.1% lower than traditional D-C1 with shading, con-
firming that the combination of natural DSF cavity ventilation and cavity venetian
blind shading is highly effective at preventing solar heat from entering the room
during the cooling season.

When shading is removed from I-DIFFER, the total energy demand rises to 161.5
kWh/m?, which is nearly identical to the traditional renovation without shading
(162.1 kWh/m?). This shows that, without shading, the two renovation approaches
perform almost the same. The solar gains that enter the cavity through the high g-
value outer glazing are beneficial in winter for preheating, but in summer, without
shading, they increase cooling demand to a level comparable to the traditional
renovation. This means that shading is not just an additional feature for I-DIFFER;
it is what makes the system effective. If it is removed, the energy advantage over
the traditional renovation disappears.

The annual heating and cooling energy demand for all scenarios is shown visually
in Figure 6.1.

Annual energy need on south orientation

= Heating kWh/m? = Cooling kWh/m?
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Figure 6.1: Annual heating and cooling energy demand for all scenarios on south orientation.

Note: Traditional renovation with D-C1 double glazing and shading ON is the primary traditional renovation configuration
following (Bugenings et al., 2022). Traditional renovation with T-C1 triple glazing and shading ON represents the best-
performing alternative traditional renovation configuration. Shading ON refers to venetian blind shading activated above
150 W/m?. Shading OFF refers to no shading applied. I-DIFFER results use D-C1 outer glazing throughout.

6.3 Scenario comparison - south orientation

Table 6.2 summarises the direct comparisons between all scenarios. Negative val-
ues indicate a reduction relative to the reference scenario, while positive values
indicate an increase relative to the reference scenario.
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Table 6.2: Direct comparison between scenarios

Comparison Heating Cooling Total Reduction

kWh/m? KWh/m? kWh/m? %
Traditional D-C1 vs Baseline -143.4 -42.2 -185.6 54.1%
I-DIFFER D-C1 vs Baseline -117.4 -94.6 -211.9 61.8%
I-DIFFER D-C1 vs Traditional D-C1 +26.0 -52.3 -26.3 16.7%
Traditional T-C1 vs Baseline -155.7 -41.6 -197.3 57.5%
I-DIFFER D-C1 vs Traditional T-C1 +38.3 -52.9 -14.6 10.0%

Highlighted rows represent the primary comparison scenarios used throughout Chapter 6.

I-DIFFER achieves 16.7% lower total energy demand than traditional renovation
with D-C1 glazing and 10.0% lower than traditional renovation with T-C1 triple
glazing. The comparison against T-C1 is the most relevant because it represents
the most energy-efficient conventional renovation option. The heating increase of
I-DIFFER relative to D-C1 is 26.0 kWh/m?2, attributable to the unrenovated inner
facade. This is more than offset by the cooling reduction of 52.3 kWh/m?, giving
a total energy advantage of 26.3 kWh/m? for I-DIFFER. Against T-C1, the heat-
ing increase grows to 38.3 kWh/m? because triple glazing provides better winter
insulation, while the cooling reduction stays at a similar level of 52.9 kWh/m?.

An important operational difference between the scenarios is that baseline and
traditional renovation cooling is calculated all year whenever gains exceed losses,
while I-DIFFER cooling is restricted to the ORM30-defined summer season from
23 May to 29 October. In winter, I-DIFFER redirects solar gains into pre-heating
mode rather than triggering cooling mode. This operational difference is important
to the I-DIFFER concept and is discussed further in Section 6.5.

6.3.1 Sensitivity of scenario comparison to control assumptions

The scenario comparison presented in Table 6.2 reflects the final framework con-
tiguration with ORM30 seasonal switching and venetian blind shading active. To
assess how robust the I-DIFFER advantage over traditional renovation is to changes
in these two control assumptions Table 6.3 extends the comparison across all four
sensitivity configurations. The traditional renovation results are unchanged across
all configurations, ORM30 switching and shading only affect the I-DIFFER frame-
work. The baseline is included as a fixed reference point.
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Table 6.3: Sensitivity of scenario comparison to control assumptions

Configuration Baseline Trad OFF Trad ON I-DIFFER vs Baseline vs Trad OFF vs Trad ON
ORM30 + shading ON 3429 234.8 157.3 131.0 -61.8% -44.2% -16.7%
ORM30 + shading OFF 342.9 234.8 157.3 161.5 -52.9% -31.2% +2.7%
Instantaneous + shading ON 342.9 234.8 157.3 154.5 -54.9% -34.2% -1.8%
Instantaneous + shading OFF 342.9 234.8 157.3 185.4 -45.9% -21.1% +17.8%

Note: Baseline, Trad OFF, Trad ON, and I-DIFFER values are given in kWh/ m?. Trad OFF refers to traditional ren-
ovation with shading OFF, while Trad ON refers to traditional renovation with shading ON. Percentage columns
show the relative difference between I-DIFFER and the corresponding reference case.

The total annual energy need for all scenarios across all four configurations is
shown in Figure 6.2. The I-DIFFER heating and cooling split is shown in Figure 6.3.

Total annual energy need by configuration

mBaseline  mTraditional shading OFF

400
350 342.9 3429

300
250
200
150
100

50

234.8

157.3

I131.0

ORMS30 +
shading ON

Energy need [kWh/m?]

2348

157.3

ORMS30 +
shading OFF

m Traditional shading ON

161.5

342.9

234.8
I 157.3 1545

Instantaneous +
shading ON

u|-DIFFER

342.9

234.8

185.4

157.3

Instantaneous +
shading OFF

Figure 6.2: Total annual energy need for baseline, traditional renovation without shading, traditional
renovation with shading, and I-DIFFER across four sensitivity configurations.
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I-DIFFER heating and cooling energy need by configuration
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Figure 6.3: Annual heating and cooling energy need for I-DIFFER across four sensitivity configura-
tions.

The I-DIFFER advantage over traditional renovation with shading depends on
both control assumptions being active. With ORM30 switching and shading ac-
tive I-DIFFER achieves 16.7% lower total energy than traditional renovation with
shading. Removing shading reverses this advantage, and I-DIFFER becomes 2.7%
worse than traditional renovation with shading as cooling demand rises from 26.9
to 63.0 kWh/m?2. Replacing ORM30 with instantaneous switching reduces the ad-
vantage to only 1.8%, and the two renovation strategies produce almost identical
total energy demand. In the worst case, instantaneous switching with no shading,
I-DIFFER is 17.8% worse than traditional renovation with shading.

However, in all four configurations, I-DIFFER remains substantially below the un-
renovated baseline, ranging from 45.9% to 61.8% reduction, and performs better
than traditional renovation without shading, ranging from 21.1% to 44.2% improve-
ment. This shows that I-DIFFER provides energy benefits across all configurations
tested. The choice of control parameters affects whether I-DIFFER outperforms
traditional renovation with shading, but does not change the direction of improve-
ment relative to the unrenovated baseline.

Figure 6.3 confirms that heating demand is relatively stable across all four config-
urations, ranging from 96.6 to 117.1 kWh/m?, while cooling demand varies widely
from 26.9 to 112.7 kWh/m?2. ORM30 switching and shading together produce the
lowest total energy demand of the four configurations tested and are the control
assumptions used throughout the case scenario results presented in Chapter 6.
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6.4 Monthly energy distribution

The monthly heating and cooling energy demand for all three scenarios shows
distinct seasonal patterns consistent with the measured hourly weather data for
Copenhagen, Denmark.

For the baseline, heating demand peaks in January and December, reflecting the
high transmission and ventilation losses of the unrenovated envelope combined
with low outdoor temperatures. Cooling demand is present throughout most of
the year, including winter months, because the unshaded original glazing allows
large solar gains that frequently exceed transmission losses on sunny days.

For the traditional renovation, heating demand is dramatically reduced across all
months due to improved insulation and 73% heat recovery. Cooling demand con-
tinues throughout the year, including January and February, because the reduced
losses mean that solar and internal gains can exceed losses on sunny occupied days
regardless of season.

For I-DIFFER, the monthly pattern shows a two-part character. During the heating
season from January through May and October through December, cooling de-
mand is absent. This is a direct consequence of the ORM30 mode switching logic,
which redirects solar gains into pre-heating rather than triggering cooling mode.
During the cooling season from late May through October, both heating and cool-
ing demand appear in the same months, reflecting the cool Copenhagen climate,
where many nights and weekends during the official cooling season still require
heating.

The monthly distribution of heating and cooling energy demand for all three sce-
narios is shown in Figure 6.4.
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Figure 6.4: Monthly heating and cooling energy demand for baseline, traditional renovation D-C1
with shading, and I-DIFFER on south orientation.

The absence of cooling demand in I-DIFFER during winter months is clearly visi-
ble, confirming that the ORM30 mode switching logic successfully redirects winter
solar gains into pre-heating rather than triggering cooling demand.
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6.5 I-DIFFER operating mode analysis

Table 6.4 shows how the 8760 annual hours are distributed between the three I-
DIFFER operating modes and the heating and cooling energy contribution from
each mode.

Table 6.4: I-DIFFER operating mode energy distribution - south orientation

Mode Hours % year Heating Heating % heating Cooling Cooling

kWh kWh/m? kWh kWh/m?
Pre-heating 1168 13.3% 1070 214 20.5% 0 0
Transparent insulation 3779 43.1% 2044 40.9 39.3% 0 0
Cooling 3813 43.5% 2094 419 40.2% 1344 269
Total 8760 100% 5207 104.1 100% 1344 269

The annual hour distribution and heating energy contribution across the three
modes are shown in Figure 6.2.

Hours per year Heating energy contribution by mode

’
(b)

Figure 6.5: I-DIFFER operating mode distribution by annual hours (a) and heating energy contribu-

tion (b) on south orientation.
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= Cooling

= Pre-heating
= Transparent insulation
= Cooling
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Transparent insulation mode runs for the largest proportion of hours, at 43.1%, and
contributes 39.3% of annual heating demand. This covers all unoccupied heating
season hours, including nights, weekends, and school holidays. Despite the sealed
cavity providing some thermal buffering, the unrenovated inner facade still loses
significant heat during these long unoccupied periods. During unoccupied hours
on winter weekdays, the cavity receives little or no solar radiation, since most un-
occupied time falls at night and early morning. On winter weekends, however, the
cavity operates in transparent insulation mode throughout the full day, allowing
solar radiation to contribute to cavity heating during daylight hours. The frame-
work reacts instantaneously to outdoor conditions and solar radiation at each hour
without accounting for the thermal mass of the cavity construction, meaning that
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temperature oscillations between solar radiation periods and cold nights are not
moderated as they would be in a real building.

Pre-heating mode is active for 13.3% of hours and contributes 20.5% of annual heat-
ing. An analysis of the pre-heating outlet temperature shows that during 750 of
the 1168 pre-heating occupied hours, corresponding to 64.2%, the DSF cavity outlet
temperature falls below the room setpoint of 20°C, with a mean outlet tempera-
ture of 11.7°C during those hours. During these periods, the mechanically driven
ventilation air enters the room cooler than the setpoint, contributing to heating de-
mand despite operating in pre-heating mode. The total ventilation energy balance
in pre-heating mode shows a loss of 407.0 kWh per year, made up of 1438.9 kWh
of ventilation gain during the 418 effective pre-heating hours, offset by 1845.9 kWh
of ventilation loss during the 750 insufficient pre-heating hours. Even during these
hours, the cavity provides partial preheating, reducing ventilation losses compared
to the baseline, where supply air enters directly at outdoor temperature.

Cooling mode accounts for 43.5% of hours and 40.2% of annual heating demand,
in addition to all cooling demand. The heating demand within the cooling season
arises from cool summer nights and weekends in the Copenhagen climate, where
outdoor temperatures frequently drop below 20°C even during the official cooling
season.

6.6 Cooling season thermal analysis

The analysis in this section applies specifically to the final framework configuration
with both ORMB30 switching and summer-only cooling active. The cooling season
runs for 3813 hours from 23 May at 22:00 to 29 October at 18:00, as defined by the
ORMB30 threshold transition in the measured hourly weather data for Copenhagen,
Denmark. Table 6.5 shows these hours divided by outdoor temperature relative to
the 20°C room setpoint.

Table 6.5: Cooling season hourly demand distribution

Parameter Total Te below 20°C Te above 20°C Unit
Hours 3813 3531 282 h

% of cooling season 100.0% 92.6% 7.4% %
Mean Te 14.0 13.4 221 °C
Hours heating above 0.1 kWh 2778 2748 30 h
Hours cooling above 0.1 kWh 894 679 215 h

% hours heating 72.9% 77.8% 10.6% %

% hours cooling 23.5% 19.2% 76.2% %
Hours neither 141 104 37 h

% hours neither 3.7% 2.9% 13.1% %

A notable finding from Table 6.5 is how cool the Copenhagen cooling season actu-
ally is. Of the 3813 cooling season hours 3531 (92.6%) have outdoor temperatures
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below 20°C, with a mean of only 13.4°C. Heating demand occurs in 77.8% of these
cool hours, mostly at night and on weekends when internal gains are zero and the
room loses heat through the inner facade. However 19.2% of these cool hours still
produce cooling demand, which happens mainly on occupied weekday afternoons
when solar gains and internal gains together push the room above the setpoint
even though outdoor temperature is well below 20°C.

The hours with outdoor temperature at or above 20°C make up only 7.4% of the
cooling season (282 hours) with a mean of 22.1°C. During these hours cooling
demand appears in 76.2% of cases. A further 141 hours (3.7%) show neither sig-
nificant heating nor cooling demand. These thermally neutral hours occur when
outdoor temperature is close to 20°C and solar and internal gains are small, leaving
the room close to thermal equilibrium without requiring active energy input.

The distribution of hours with heating demand, cooling demand, and neither
within each outdoor temperature group is shown in Figure 6.6.

Cooling season hourly energy need distribution

% hours heating = % hours cooling % hours neither

2.9%

Te <20°C 77.8% 19.2%
Te 220°C 10.6% 76.2% 13.1%

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
3531 h 282 h 3813 h
Te below 20°C Te at or above 20°C Total cooling season
92.6% of cooling season 7.4% of cooling season 23 May to 29 Oct
mean 13.4°C mean 22.1°C mean 14.0°C

Figure 6.6: Cooling season hourly demand distribution by outdoor temperature

6.7 Cavity temperature behaviour

Table 6.6 shows the cavity temperature statistics for each operating mode under
the measured hourly weather data for Copenhagen, Denmark. Since the climate
data used here differ from the reference year used in the validation study in Chap-
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ter 4, direct numerical comparison with the validation reference values is not ap-
propriate. The statistics are reported to characterise how the DSF cavity behaves
thermally under the case scenario conditions.

Table 6.6: DSF cavity temperatures by operating mode

Parameter Pre-heating mode Pre-heating outlet Transparent ins. mode Cooling mode
Mean [°C] 11.9 18.8 17.6 15.4
Maximum [°C] 339 50.7 108.9 30.6
Minimum [°C] 2.9 0.9 7.7 1.0
Active hours 1168 1168 3779 3813
Occupancy Occupied Occupied Unoccupied All hours

In pre-heating mode, the mean cavity temperature of 11.9°C and mean outlet tem-
perature of 18.8°C confirm that the cavity provides meaningful solar-assisted pre-
heating of ventilation air, with supply air entering the room close to the 20°C
setpoint on average. The minimum cavity temperature of -2.9°C occurs on very
cold occupied mornings before solar radiation has had time to warm the cavity.

In transparent insulation mode, the mean temperature of 17.6°C shows that the
sealed cavity remains above outdoor temperature due to solar gains during day-
light hours. The maximum temperature of 108.9°C is a direct consequence of the
high solar radiation during weekend days.

In cooling mode, the mean cavity temperature of 15.4°C is close to the mean out-
door temperature of 14.0°C during the cooling season. This shows that buoyancy-
driven natural ventilation through the open cavity effectively removes solar heat
within the cavity. The maximum temperature of 30.6°C shows that, even under
peak solar radiation conditions, the open cavity stays within physically reasonable
temperature limits.

6.8 Sensitivity analysis - DSF glazing properties and cavity
depth

To assess the sensitivity of I-DIFFER results to the outer DSF glazing properties, all
ten configurations from (Bugenings et al., 2022), Table 5.1 were tested under the fi-
nal framework configuration for the south orientation. The results are summarised
in Table 6.7.
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Table 6.7: DSF outer glazing sensitivity - south orientation

Glazing Type U g T Shading ON Shading OFF Shading benefit

g

W/(m?K) KkWh/m? KkWh/m? KkWh/m?
S-Al Single 5.8 0.88 0.91 127.5 162.2 347
D-D1 Double 2.7 0.80 0.83 128.7 159.4 30.7
S-B1 Single 5.7 0.70 0.67 130.4 153.2 228
D-C1 Double 1.1 0.71 0.83 131.0 162.0 31.0
D-C2 Double 14 0.71 0.83 131.0 161.5 30.5
D-Bl Double 1.0 0.62 0.82 133.8 163.6 29.8
D-B2 Double 1.2 0.62 0.82 133.8 163.6 29.8
S-C1 Single 5.8 0.57 0.51 133.7 1489 152
S-D1 Single 5.8 0.44 0.37 138.3 1473 9.0
D-E1 Double 1.0 0.33 0.70 148.0 171.2 23.2

The results show a clear pattern when shading is active; higher g-value outer
glazing leads to lower total annual energy demand. S-Al with g = 0.88 gives
the lowest total of 127.5 kWh/m?, while D-E1 with g = 0.33 gives the highest at
148.0 kWh/m?, a difference of 20.5 kWh/m?. This behaviour is physically consis-
tent. Higher g-value glazing allows more solar radiation into the cavity, increasing
the preheating effect in winter and reducing transmission losses through the inner
facade in transparent insulation mode. Lower g-value glazing blocks more solar
radiation and therefore reduces this effect, leading to higher heating demand. This
result is consistent with (Bugenings et al., 2022), who identify glazing properties
as an important factor for I-DIFFER performance.

The relationship between the glazing g-value and total annual energy demand is
shown in Figure 6.7 for both shading active and inactive.
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DSF outer glazing sensitivity - south orientation
—e—Shading ON kWh/m?  —e—Shading OFF kWh/m?
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Total annual energy need [kKWh/m?]
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Figure 6.7: Total annual energy demand for ten outer DSF glazing configurations on south orienta-
tion plotted against solar heat gain coefficient g.

The downward trend of the shading ON line confirms that higher g-value outer
glazing gives lower total energy demand due to better solar preheating in win-
ter. The shading OFF line shows a different pattern where low g-value glazing
performs better by blocking summer solar gains.

The simplified framework calculates each hour completely independently. At 10:00
on 14 January with solar radiation of 149.25 W/ m? on the south facade, D-C1
glazing with g = 0.71 produces a mean cavity temperature of 7.18°C while S-D1
with g = 0.44 produces 5.15°C, as shown in Table 6.7. This difference of 2.03°C
at a single hour illustrates how glazing g-value directly affects how much solar
radiation heats the cavity air.

Table 6.8: DSF mean cavity temperature in pre-heating mode at 10:00 on 14 January - solar radiation
149.25 W/m?

Glazing Type U, g T Cavity temperature

W/(m?K) °C
D-C1 Double 1.1 0.71 0.83 7.18
S-D1 Single 5.8 0.44 0.37 5.15
Difference - - - - 2.03

At 11:00, however, the calculation starts again, and the cavity has no memory of
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what happened one hour earlier. Any difference between the two glazing types
therefore disappears at each new timestep.

In a real building, the cavity glass surfaces and the inner facade wall have phys-
ical mass. They absorb solar heat during the day and release it slowly over the
following hours. A cavity with high g-value glazing can therefore stay warmer
through the evening and into the next morning compared with one with low g-
value glazing. Over an entire winter, this small daily difference builds up. The
simplified framework cannot calculate this because it has no heat storage between
hours. This is most likely why (Bugenings et al., 2022) found glazing properties
to have a superior influence on I-DIFFER performance, since dynamic simulation
accounts for thermal mass and therefore captures the cumulative effect of glazing
choice over the heating season.

When shading is removed, the pattern changes. Total energy ranges from 147.3 to
171.2 kWh/m?, a spread of 23.9 kWh/m?2. Without shading, high g-value glazing
allows more solar radiation through both the outer and inner glazing into the room
during summer, significantly increasing cooling demand. S-Al with g = 0.88 gains
34.7 kWh/m? from having shading active, while S-D1 with g = 0.44 gains only
9.0 kWh/m?. This shows clearly that the higher the g-value, the more important
shading becomes for controlling summer cooling demand. It is also notable that
without shading the ranking changes. S-D1, with the lowest g-value, gives the
lowest total energy without shading at 147.3 kWh/m? because it blocks most solar
gain in summer, while S-Al, with the highest g-value, gives the second highest
total at 162.2 kWh/m? because it allows the most uncontrolled solar gain into the
room.

A supplementary test was carried out to assess the sensitivity of I-DIFFER results
to DSF cavity depth, testing depths of 0.20 m, 0.32 m, and 0.50 m under the final
framework configuration for the south orientation. The results are shown in Table
6.9.

Table 6.9: DSF cavity depth sensitivity - south orientation

Cavity depth Heating Cooling Total
m kWh/m? kWh/m? kWh/m?

0.20 103.8 26.7 130.5

0.32 104.1 26.9 131.0

0.50 104.8 27.0 131.8

Total annual energy demand varies by only 1.3 kWh/m? across the three cavity
depths, from 130.5 to 131.8 kWh/ m?2. This is smaller than the glazing sensitivity of
20.5 kWh/m? found across the ten glazing configurations, confirming the finding
of (Bugenings et al., 2022) that glazing properties have a stronger influence on
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I-DIFFER performance than cavity thickness.

6.9 Orientation sensitivity - east facade

To assess the sensitivity of the framework results to facade orientation, all three
scenarios were also run for an east-facing classroom, representing a common class-
room orientation in school buildings. On an east-facing facade, solar radiation in
the morning hours is higher than on a south-facing facade at the same time, mean-
ing that solar gains at the start of occupancy at 08:00 can be larger on the east
facade than on the south facade. However, the south-facing orientation receives
more solar radiation overall during the day, particularly around midday when the
sun is at its highest. Tables 6.10 and 6.11 show the east orientation results and the
comparison with the south orientation.

Table 6.10: Annual energy demand - east orientation

Scenario Heating Heating Cooling Cooling Total Total Reduction

kWh  kWh/m? kWh kWh/m> kWh kWh/m? %
Baseline 11681 233.6 4184 83.7 15865 317.3 -
Traditional D-C1 shading ON 3911 78.2 3937 787 7848 157.0 50.5%
Traditional D-C1 shading OFF 3747 74.9 6008 1202 9755 195.1 38.5%
I-DIFFER shading ON 6385 127.7 1316 263 7702 154.0 51.4%
I-DIFFER shading OFF 6098 122.0 3100 620 9197 183.9 42.0%

Table 6.11: South vs east orientation comparison

Scenario South East Difference Change

kWh/m?2 kWh/m? kWh/m? %
Baseline total 342.9 317.3 -25.6 -7.5%
Traditional D-C1 shading ON 157.3 157.0 -0.3 -0.2%
Traditional D-C1 shading OFF 234.8 195.1 -39.7 -16.9%
I-DIFFER shading ON 131.0 154.0 +23.0 +17.6%
I-DIFFER shading OFF 161.5 183.9 +22.4 +13.9%
I-DIFFER vs Traditional - south 131.0 vs 157.3 - -26.3 -16.7%
I-DIFFER vs Traditional - east - 154.0 vs 157.0 -3.0 -1.9%

The heating and cooling energy demand for all scenarios on both orientations is
shown in Figure 6.8.
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Figure 6.8: Heating and cooling energy demand for south (a) and east (b) orientation, all scenarios
with and without shading.

The significant increase in I-DIFFER heating demand on east orientation is clearly
visible, while cooling demand stays similar on both orientations. The traditional
renovation bars are almost identical on both orientations confirming its orientation
independence.

The baseline results show that east orientation results in 7.5% lower total energy
than south orientation. This mainly comes from lower cooling demand on the east
(83.7 vs 121.4 kWh/m?), since the east facade receives less solar radiation through-
out the day than the south facade. For the traditional renovation with shading, the
orientation makes almost no difference, at only 0.2%, which is expected because
the main energy reductions from insulation and heat recovery apply regardless of
the facade’s orientation. Removing shadings from the traditional renovation shows
a bigger orientation effect. Performance is for 16.9% better on the east than on the
south because lower afternoon solar radiation significantly reduces uncontrolled
solar gains, whereas midday sun in the south drives very high cooling demand
without shading.

The interesting result is for I-DIFFER. Replacing the south with the east site in-
creases total energy demand by 17.6%, from 131.0 to 154.0 kWh/m?2. The cooling
demand remains very similar between the two orientations (26.9 vs 26.3 kWh/m?),
but the heating demand rises significantly from 104.1 to 127.7 kWh/m?. The rea-
son is simply that the east facade receives much less solar radiation during the
winter heating season, which means the DSF cavity in pre-heating mode cannot
warm the supply air as effectively, and the sealed cavity in transparent insulation
mode offers less thermal buffering, meaning the cavity air temperature stays closer
to outdoor temperature, reducing the insulation benefit between the cold outdoor
environment and the inner facade. Despite morning solar on the east aligning
with occupancy starting at 08:00, the total daily winter solar on the south is higher,
which drives a better annual pre-heating performance on the south. As a result,
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the I-DIFFER advantage over traditional renovation drops from 16.7% on south to
only 1.9% on east. This is a significant finding, suggesting that I-DIFFER is strongly
orientation-dependent and performs best when oriented south, where total winter
solar radiation is maximised.

The east orientation results also confirm that shading remains important regard-
less of orientation. Without shading on east orientation, I-DIFFER total energy
increases to 183.9 kWh/m?, an increase of 29.9 kWh/m? compared to the shaded
case, very similar to the south orientation shading benefit of 30.5 kWh/m?. This
shows that the shading benefit is largely independent of orientation; it is driven
by summer solar radiation, which significantly affects both east and south facades
during the cooling season.

(Bugenings et al., 2022) noted in their conclusions that the applicability of I-DIFFER
for other orientations should be analysed in future work, expecting that primary
energy consumption would increase due to reduced solar radiation. The east ori-
entation results from the simplified framework confirms this expectation. Total
energy increases by 17.6% on the east compared to the south, and the I-DIFFER
advantage over traditional renovation basically disappears.
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Chapter 7

Discussion

7.1 Framework suitability for early-stage comparison

The research question asked how a simplified hourly calculation framework can be
developed for early-stage comparison of heating and cooling energy needs between
traditional renovation solutions and the I-DIFFER concept. The framework was
assessed in two validation stages. First, cavity temperatures and energy-related
outputs were compared against measured data from the full-scale DSF test facility
at Aalborg University for pre-heating and cooling mode. Second, the framework
was compared with a modified IDA-ICE reference model based on (Bugenings
et al., 2022) for all three operating modes using the DRY10 climate dataset. This
validation covered cavity temperature and heating energy need over a full 8760-
hour period.

The dynamic validation showed that cooling mode and pre-heating mode produce
results that are sufficiently close to the reference for early-stage comparative use,
with total heating energy differences of 2.2% and 3.8%, respectively. Transparent
insulation mode shows a much larger difference in heating energy need of 146.5%.
This result should be interpreted with caution, since the validation setup repre-
sents each mode as a single constant mode operating throughout the full year.
In transparent insulation mode, this means that the cavity remains sealed for the
entire year.

The main reason for the larger deviation in transparent insulation mode is the
simplified representation of thermal storage. The room heat balance includes the
effect of building thermal mass only in simplified form following (BESTFACADE,
2007) through the (DS/EN ISO 13790, 2008) utilisation factor and room time con-
stant. However, the framework does not reproduce the full dynamic thermal mass
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behaviour of the reference simulation, and the DSF cavity does not include an
equivalent heat storage. As a result, the cavity temperature reacts instantaneously
to changes in solar radiation and outdoor temperature. When solar radiation is no
longer available, the calculated cavity temperature can drop too quickly instead of
remaining warmer due to heat stored in the glazing, cavity surfaces, and facade
construction. This effect is strongest in transparent insulation mode.

The large heating energy deviation in transparent insulation mode should therefore
be interpreted mainly as a consequence of the simplified thermal storage represen-
tation and the full-year single-mode validation setup, rather than as evidence that
the transparent insulation principle itself is invalid. Other simplifications also af-
fect the absolute results. The framework does not include detailed window frame
losses or linear thermal bridges in the envelope. These simplifications are consis-
tent with the early-stage purpose of the framework, but they must be considered
when interpreting the results.

Therefore, the framework may support early-stage comparison, provided that its
simplified assumptions and limitations are recognised. The results are most useful
for comparing relative performance trends between design options, while detailed
dynamic simulation remains necessary for final design decisions, comfort assess-
ment, and detailed system sizing.

7.2 Heating and cooling trade-off

An important insight from the results is that renovation strategy affects both the
size and balance of heating and cooling demand. The traditional renovation sce-
nario without solar shading results in a cooling demand of 162.14 kWh/m?, which
is higher than the unrenovated baseline value of 121.44 kWh/m?, despite the im-
proved insulation level.

This apparent contradiction can be explained by reduced heat losses. In the un-
renovated case, high transmission and ventilation losses partly remove solar and
internal gains. After insulation and heat recovery are improved, less heat is lost
to the exterior, so solar gains during sunny occupied periods are more likely to
increase cooling demand.

This shows that solar shading is not only a comfort measure, but also an important
energy measure in well-insulated buildings. Without shading, improved insulation
may reduce heating demand while increasing cooling demand. This interpretation
is consistent with (Bugenings et al., 2022), who include external venetian blinds in
the traditional renovation scenario.

The I-DIFFER concept manages this heating-cooling trade-off differently. Rather
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than simply blocking solar gains, it uses different operating modes to redirect
them. During the heating season, solar gains can be used through pre-heating
mode, while during the cooling season excess heat can be removed through natural
cavity ventilation.

As a result, I-DIFFER has a heating demand of 104.04 kWh/m?, compared with
78.10 kWh/m? for the best traditional renovation configuration. This represents an
additional heating demand of 25.94 kWh/m?, mainly due to the unrenovated inner
facade.

However, this additional heating demand is offset by a cooling benefit of 52.16
kWh/m?. Overall, this gives I-DIFFER a net total energy advantage of 26.22 kWh/m?
for the south-facing orientation. The result indicates that the main advantage of
I-DIFFER is not lower heating demand, but its ability to reduce cooling demand
while keeping the additional heating demand moderate.

7.3 Role of solar shading

The sensitivity analysis shows that solar shading is the most influential single pa-
rameter in the framework. Removing shading from cooling mode increases cooling
demand by 133%, from 27.04 kWh/m? to 62.98 kWh/m?, and increases total energy
demand by 23.2%.

The effectiveness of shading depends strongly on the solar transmittance of the
glazing. For example, configuration S-A1l, with single glazing and g = 0.88, achieves
a shading benefit of 34.36 kWh/m?. In contrast, configuration S-D1, with g = 0.44,
achieves a smaller benefit of 9.56 kWh/m?2. This is physically expected because
high-transmittance glazing allows more solar radiation to enter the cavity and
room. Therefore, shading has a greater effect when solar transmittance is high.

A notable finding is the limited sensitivity of total energy demand to the outer
DSF glazing properties when shading is active. Across all ten configurations, the
difference in total energy demand is only 2.34 kWh/m? This suggests that ac-
tive shading reduces the influence of outer glazing properties on the total energy
balance.

7.4 Orientation sensitivity

The orientation analysis shows that I-DIFFER performance depends strongly on
facade orientation. Moving from a south-facing to an east-facing facade increases
total I-DIFFER energy demand by 17.9%, from 131.08 kWh/m? to 154.54 kWh/m?.
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In contrast, the traditional renovation scenario shows almost no orientation effect,
with only a 0.2% difference.

As aresult, the energy advantage of I-DIFFER over traditional renovation decreases
from 16.7% for the south-facing orientation to only 1.5% for the east-facing orien-
tation. The cooling benefit remains almost identical for both orientations, at 27.04
kWh/m?2. This suggests that natural cavity ventilation can remove solar heat effec-
tively in both cases.

The main difference occurs in heating demand. The additional heating demand
of I-DIFFER compared with traditional renovation increases from 25.94 kWh/m?
on the south-facing facade to 49.28 kWh/m? on the east-facing facade. This is
mainly because the east-facing facade receives less useful winter solar radiation,
which reduces the effectiveness of pre-heating and transparent insulation thermal
buffering.

This finding has direct practical implications. The I-DIFFER concept appears most
effective on south-facing facades, where winter solar radiation can be used more
effectively for cavity pre-heating. On east-facing facades, the concept still provides
a similar cooling benefit, but this is offset by a much larger additional heating
demand. As a result, the total energy balance becomes only slightly better than
traditional renovation.

Therefore, facade orientation should be carefully assessed when considering I-
DIFFER as a renovation strategy.

7.5 Delimitation

The framework was developed within a defined scope, and several simplifications
were intentionally adopted to maintain transparency and suitability for early-stage
use. Cavity thermal mass is not modelled. The DSF cavity temperature is calcu-
lated instantaneously at each timestep without heat storage between hours. This is
most critical in the sealed transparent insulation mode, where peak cavity temper-
atures reach 108.9°C in the case scenario compared with 63.6°C in the validation
reference. The limitation is less significant in cooling mode, where the naturally
ventilated cavity results in only a slight underestimation of cavity temperature.
Cooling demand is not calculated during the heating season when ORM30 sea-
sonal switching is active. When ORMB30 falls below 10°C, the cooling energy is set
to zero, regardless of whether room gains exceed losses in that hour. On sunny
winter days, this may lead to a slight underestimation of total cooling demand,
as such occurrences are not captured. Window frame heat losses, linear thermal
bridges, and excess heat from shading blind reflection in the DSF cavity are not
included in the framework.
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Chapter 8

Conclusion

This thesis developed a simplified hourly calculation framework for early-stage
comparison of heating and cooling energy needs between traditional renovation
solutions and the I-DIFFER concept. The framework was applied to an unreno-
vated baseline, traditional renovation scenarios, and the I-DIFFER concept under
the same climate, geometry, and boundary conditions, enabling consistent com-
parison.

The main contribution of the thesis is a transparent, spreadsheet-based framework
that links facade behaviour, ventilation effects, and seasonal operating logic within
a single, simplified hourly calculation structure. The results suggest that the frame-
work may provide a useful basis for early-stage comparison of renovation strate-
gies, provided that its simplified assumptions and limitations are recognised.

The analysis also showed that I-DIFFER performance depends strongly on oper-
ating conditions. Solar shading is important for limiting cooling demand, and
ORMB30 seasonal switching prevents the cooling mode from operating during win-
ter.

Orientation is also important. When the facade is rotated from south to east, the
I-DIFFER advantage over traditional renovation decreases because reduced winter
solar radiation limits the effectiveness of pre-heating and transparent insulation
mode.

For the south-facing case, I-DIFFER achieved lower total energy demand than both
the unrenovated baseline and the traditional renovation cases. Compared with
the traditional D-C1 renovation, I-DIFFER reduced total energy demand by 16.7%,
while compared with the better-performing T-C1 traditional renovation, the reduc-
tion was 10.0%. This indicates that the main benefit of I-DIFFER is its ability to
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reduce cooling demand, although its heating demand is higher than in the tradi-
tional renovation case.

The main limitation of the framework is the overprediction of cavity temperature
in transparent insulation mode during periods of high solar radiation. Because
the sealed cavity has no ventilation path and the framework responds directly to
hourly solar gains, strong solar radiation can produce unrealistically high cavity
temperatures within a single timestep. This limitation mainly affects transparent
insulation mode and should be considered when interpreting the results.

Future improvements should focus on reducing the overprediction of cavity tem-
perature in transparent insulation. Future weather data should also be used to
assess how the energy performance of each renovation scenario may change under
anticipated climate conditions. As summers in northern Europe are expected to
become warmer, the relative cooling benefit of I-DIFFER may increase, making this
analysis relevant to long-term renovation decision-making.

Overall, the framework provides a transparent and structured basis for compar-
ing renovation strategies at an early design stage. It should not replace detailed
dynamic simulation, but it may help identify the main heating and cooling trade-
offs, the role of solar shading, and the influence of facade orientation before more
detailed modelling is carried out.
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Appendix A

Supplementary experimental vali-
dation summary tables

Table A.1: Summary values for measured and calculated variables in pre-heating mode

Variable Calc. Meas. Calc. min Meas. min Calc. max Meas. max
average average

Mean 9.99 9.30 3.28 3.46 26.07 20.32
cavity

tempera-

ture [°C]

Outlet 12.47 12.95 5.78 9.98 41.04 26.66
cavity

tempera-

ture [°C]

Heating 0.95 1.13 0.00 0.00 1.59 1.69
energy

need

[kWh]

Cooling 0.15 0.08 0.00 0.00 3.93 2.73
energy

need

[kWh]
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Table A.2: Summary values for measured and calculated variables in cooling mode

Variable

Calc.
average

Meas. Calc. min Meas. min Calc. max Meas. max
average

Mean
cavity
tempera-
ture [°C]
Outlet
cavity
tempera-
ture [°C]
Heating
energy
need
[kWh]
Cooling
energy
need
[kWh]
Airflow

[m3/h]

13.15

13.80

0.36

0.75

1864.51

14.26 5.37 9.23 21.00 26.73

15.36 5.82 7.84 22.77 27.69

0.27 0.00 0.00 0.76 0.76

0.40 0.00 0.00 4.94 4.00

1328.23 1196.21 299.38 3516.53 3754.19
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Appendix B

Calculation equations used in the
simplified framework

This appendix summarises the main equations used in the simplified hourly calcu-
lation framework. The equations are based on the simple calculation method de-
veloped in the BESTFACADE project, which includes calculation principles from
EN ISO 13790, EN ISO 13789, DIN V 18599, and the detailed Hellstrom approach
for approximating natural ventilation in double-skin facade cavities. The purpose
of this appendix is to provide a compact overview of the calculation basis used
for estimating transmission heat transfer, ventilation heat transfer, natural cavity
ventilation, solar gains, DSF cavity temperature, and heating and cooling energy
needs.

B.1 Transmission heat transfer

The transmission heat transfer coefficient is calculated from the area and thermal
transmittance of each relevant envelope element:

Hr = Y Al (B.1)

where Hry is the transmission heat transfer coefficient [W/K], A; is the area of
element i [m?], and U, is the thermal transmittance of element i [W/(m?K)].

For a given hourly timestep, the corresponding transmission heat transfer is calcu-
lated as:
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Qi = Hr (T — T,) ¢ (B.2)

where Qy, is the transmission heat transfer [Wh], T; is the indoor air temperature
[°C], T¢ is the outdoor air temperature [°C], and ¢ is the timestep duration [h].

B.2 Ventilation heat transfer

The general ventilation heat transfer coefficient is calculated as:

Hy = pacaqo (B.3)

where H, is the ventilation heat transfer coefficient [W/K], p, is the air density
[kg/m?], ¢, is the specific heat capacity of air [J/(kgK)], and g, is the ventilation
airflow rate [m3/s].

The ventilation-related heat transfer for one timestep is calculated as:

Qv =Hy (Ti - Te) t (B.4)

where Q, is the ventilation-related heat transfer [Wh].

B.3 Natural ventilation in the DSF cavity

In cooling mode, the DSF cavity ventilation is represented using the detailed Hell-
strom approach from the BESTFACADE simple calculation method. In this ap-
proach, the cavity is treated as an unheated intermediate zone, and the ventilation
heat transfer coefficient between the cavity and the outdoor environment depends
on the temperature difference between the mean cavity temperature and the out-
door air temperature. This allows buoyancy-driven heat removal in the naturally
ventilated cavity to be represented in simplified form.

The ventilation heat transfer coefficient between the cavity and the outdoor envi-
ronment is calculated as:

HV,ue = hv ‘Tc,mean - Te’0'5 (B.S)

where Hy ,, is the ventilation heat transfer coefficient between the cavity and out-
door air [W/K], h; is the Hellstrom ventilation coefficient [W/ (K1'5)], T mean 1s the
mean cavity temperature [°C], and T, is the outdoor air temperature [°C].
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The Hellstrom ventilation coefficient is calculated as:

ZchaU ) 05
hy = | =2—— cpAT, 0 A B.6
v ( T, pstor PuCpD lye Acay (B.6)

where g is the gravitational acceleration [m/ 2], Heay is the cavity height [m], T, ;55
is the absolute outdoor air temperature [K], ;¢ is the total pressure-loss coefficient
[-], pu is the air density in the cavity [kg/m?], ¢, is the specific heat capacity of
air [J/(kgK)], AT, is the relative temperature rise [-], and A4 is the characteristic
cavity flow area [m?].

The relative temperature rise is calculated as:

Tc,out - Te

AT,y = St — "e
el Tc,meun - T

(B.7)

where T,y is the cavity outlet temperature [°C].

A key simplification in the Hellstrom approach is that ventilation heat transfer
between the room and the facade cavity is assumed to be zero:

HV,iu =0 (BS)

For the condition T¢ jean — T, > 0, the relationship between the cavity excess tem-
perature, transmission heat transfer, solar gains, and natural ventilation can be
expressed as:

ho (Tomean — Te) ™ + (HI ™ 4+ HE ™) (Topmean — Te) — [HI (T, — T,) + ¢¢] =0
(B.9)

where H; ¢ is the transmission heat transfer coefficient between the room and the
cavity [W/K], H; ° is the transmission heat transfer coefficient between the cavity
and the outdoor environment [W/K], T; is the indoor air temperature [°C], and ¢
is the heat flow affecting the DSF cavity [W].

B.4 Infiltration heat transfer

Infiltration describes air leakage through the building envelope. The infiltration
airflow rate is estimated from the air permeability at 50 Pa:
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Vinf = %Aenv (B.10)

where Vj,  is the infiltration airflow rate [m3/s], gs0 is the air permeability at 50 Pa
[m3/(h m?)], and Ay, is the exposed envelope area [m?].

The corresponding infiltration heat transfer coefficient is calculated as:

Hinf = paCaVins (B.11)

where H;, is the infiltration heat transfer coefficient [W/K].

B.5 Heat recovery in mechanical ventilation

For the traditional renovation scenario, heat recovery is included in the balanced
mechanical ventilation system. The effective ventilation heat transfer coefficient
after heat recovery is calculated as:

Hoeff = Pacafo (1 = 1ir) (B.12)

where H,,rr is the effective ventilation heat transfer coefficient after heat recov-
ery [W/K], g, is the ventilation airflow rate [m3/s], and 7y is the heat recovery
efficiency [-].

B.6 Total heat losses

The total heat losses are calculated as the sum of transmission and ventilation-
related losses:

Qs =Qu+ Qo (B.13)

where Qj; is the total heat losses [W or Wh], Q4 is the transmission losses [W or
Wh], and Q) is the ventilation-related losses [W or Wh].

B.7 Solar radiation entering the DSF cavity

The total solar radiation entering the DSF through the external glazing is calculated
as:
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¢§0mz = FF,ueAuegeff,ueIs (B.14)

where cpé"t”l is the total solar radiation entering the DSF [W], Fr,. is the frame
correction factor for the external glazing [-], A, is the external glazed area [m?],
Seffue is the effective solar transmittance of the external transparent component [-],
and I; is the solar radiation [W/m?].

B.8 Direct solar gains to the room

The direct solar heat gains transmitted through the DSF into the room are calcu-
lated as:

room

s = FF,z'uAiugeff,iuPF,ueTe,ueIst (B.15)
where ¢[°°™ is the direct solar heat gain to the room [Wh], Fr;, is the frame cor-
rection factor for the internal glazing [-], A;, is the area of the internal transparent
component separating the room from the DSF cavity [m?], gss, is the effective
solar transmittance of the internal transparent component [-], Fr,, is the frame
correction factor for the external glazing [-], T .. is the solar transmittance of ex-
ternal glazing [-], Is is the solar radiation [W/ m?], and f is the timestep duration
[h].

When solar shading is active, the direct solar heat gain is reduced using the shading
coefficient:

(ngysohm = FF,iuAiugeff,quF,ueTe,ueIstSC (B.16)

where SC is the shading coefficient [-].

B.9 Heat gains affecting the DSF cavity

The heat flow affecting the cavity is calculated as the solar radiation entering the
DSF minus the part transmitted directly to the room, together with any internal
gains assigned to the cavity:

D B e (B17)
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where ¢¢ is the heat flow affecting the cavity [W], $!°* is the total solar radiation
entering the DSF [W], ¢.°" is the direct solar heat gain to the room [Wh], t is the
timestep duration [h], and ¢}, represents internal gains assigned to the cavity [W].

B.10 Mean DSF cavity temperature

The mean temperature in the DSF cavity is calculated by representing the cavity as
an intermediate unheated zone between the room and the outdoor environment:

¢S+ T (H “+H, “+H )+ T, (H °+ H°+ H°)
H;’—C+H5—C+H;’—C+Hf—0 +H5_0 +H1‘C_O

(B.18)

Tc,mean =

where T jeqn is the mean cavity temperature [°C], ¢¢ is the heat flow affecting the
cavity [W], T; is the indoor air temperature [°C], T, is the outdoor air temperature
[°C], H{ ¢ is the transmission heat transfer coefficient between room and cavity
[W/K], H, ¢ is the ventilation heat transfer coefficient between room and cavity
[W/K], H;"¢ is the additional heat transfer coefficient between room and cavity
[W/K], H;™° is the transmission heat transfer coefficient between cavity and out-
door environment [W /K], HS° is the ventilation heat transfer coefficient between
cavity and outdoor environment [W/K], and H;° is the additional heat transfer
coefficient between cavity and outdoor environment [W/K].

B.11 Outlet temperature from the DSF cavity

The outlet temperature from the DSF cavity is calculated from the mean cavity
temperature and inlet temperature:

Tc,out = 2Tc,mean - Tc,in (B-19)

where T, ,,; is the cavity outlet temperature [°C], T¢ yean is the mean cavity temper-
ature [°C], and T, ;, is the cavity inlet temperature [°C].

In cooling mode, where the inlet air is assumed to be outdoor air, this can also be
written as:

Tc,out - Te +2 (Tc,mean - Te) (B-ZO)

B.12 Total heat gains

The total heat gains are calculated as the sum of internal and solar heat gains:
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an = Qint + Qs (B.Zl)
where Qg is the total heat gains [W or Wh], Q;,;; is the internal gains [W or Wh],
and Q. is the solar gains [W or Wh].
B.13 Heating energy need

The heating energy need is calculated using the EN ISO 13790 utilisation factor
approach:

Qh,nd = Qh,ls - 77h,gn Qh,gn (B.22)

where Qj, .4 is the heating energy need [kWh], Qj ;s is the total heat losses for
heating [kWh], Qj, ¢, is the total heat gains for heating [kWh], and 77;, ¢, is the gain
utilisation factor for heating [-].

The gain-to-loss ratio for heating is calculated as:

Qh gn
== (B.23)
7 Qh,ls
For 7, # 1, the heating gain utilisation factor is calculated as:
1 o ,)/Zh
hen = ———= (B.24)
U 8n 1— ,)/Zh+1
For v, = 1, the heating gain utilisation factor is calculated as:
ap
= B.25
Mh,gn ap + 1 ( )
The numerical parameter aj, is calculated as:
T
ap =aop + — (B.26)

To,h

where a ), is the reference numerical parameter [-], T is the building or zone time
constant [h], and 79, is the reference time constant [h].
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B.14 Cooling energy need

The cooling energy need is calculated using the EN ISO 13790 utilisation factor
approach:

Qc,nd = Qc,gn - Wc,lch,ls (B.27)

where Q.4 is the cooling energy need [kWh], Qg is the total heat gains for
cooling [kWh], Q. s is the total heat losses for cooling [kWh], and 7 ; is the loss
utilisation factor for cooling [-].

The gain-to-loss ratio for cooling is calculated as:

Qc gn
Ao = =2~ (B.28)
‘ Qc,ls
For A, # 1 and A, > 0, the cooling loss utilisation factor is calculated as:
1A%
Hels = W (B.29)
For A, = 1, the cooling loss utilisation factor is calculated as:
ac
= — B.30
77c,ls a. + 1 ( )
For A, < 0, the cooling loss utilisation factor is set to:
Negs =1 (B.31)
The numerical parameter a. is calculated as:
T
ac = agc + — (B.32)

To,c

where g is the reference numerical parameter [-], T is the building or zone time
constant [h], and 1 is the reference time constant [h].
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B.15 Building time constant

The time constant of the building or building zone is calculated as:

(B.33)

where T is the time constant [h], C;, is the effective internal heat capacity [J/K],
and H,, is the total heat loss coefficient [W /K].

The effective internal heat capacity is calculated as:
Cm = Z EPZ]CZ]dZ]A] (B34)
i

where Cy;, is the effective internal heat capacity [J/K], p;; is the density of material
layer i in element j [kg/m?], ¢;; is the specific heat capacity of material layer i in
element j [J/(kgK)], d;; is the effective thickness of material layer i in element j [m],
and Aj is the area of element j [m?].

B.16 Annual energy indicators

Hourly heating and cooling energy needs are summed over the year to obtain the
annual energy need:

8760

Qh,zmnual = Z Qh,nd,t (B35)
t=1
8760

Qc,annuul = Z Qc,nd,t (B36)
t=1

The total annual energy need is calculated as:

Qtot,annual = Qh,annual + Qc,annuul (B~37)

The area-normalised annual energy need is calculated as:

Eanmml = Qt;lt,annual (B38)
floor
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where E,;,;,, is the area-normalised annual energy need [kWh/ m?], Qtot annual 18
the total annual energy need [kWh], and Ay, is the floor area [m?].

The energy difference between scenarios is calculated as:

AE = Egcen — Eref (B39)

where AE is the energy difference between scenarios [kWh/ m?2], Eseen is the total
annual energy demand of the evaluated scenario [kWh/m?], and Eyr is the total
annual energy demand of the reference scenario [kWh/m?].

The relative difference between two scenarios is calculated as:

Eeoon — E
AE,,; = “‘”%f“f -100 (B.40)
re

where AE,,; is the relative difference between scenarios [%].
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Appendix C

Detail input parameters for all sce-
narios

This appendix provides a detailed overview of the input parameters used to de-
fine the three analyzed scenarios: the baseline , the traditional renovation, and
the I-DIFFER concept. These parameters include climatic data like hourly outdoor
temperature and solar radiation, geometric characteristics of the modeled space,
fagade properties such as thermal transmittance, glazing characteristics, and venti-
lation parameters including airflow rates and heat recovery efficiency, and internal
heat gains.
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InternalTempT; 20

T,

soil 10

Room Specification

Figure C.1: Baseline inputs

D 6,25 m
w 8 m
H 2,7 m
Arcom 50,000 m
Vicom 135,000 m’
Internal Loads 1h period Room Schedule
10
20
Lights. w 30
i | w 40
50
6
People pcs A 7 E
Adults| 1 [ 2500 s0
Children| 0 0 9
108
1
n 0 % 12 20
Gair flow rate 900 m3/h
G 0,18 m*/hm?
heatloss
AU [Wim?K. HUW/K]  SHi [WIK]
Facadeinfillsouth [6,05] 0,5 3,025 | 82,472
Facade column-south | 3,7 0,92 3,404
Window glazing 10,2 2,7 27,54
Window frame 2,37 19 4,503
Roof 50 0,45 22,5
Floor 50 0,43 21,5
internal heat capacity calculation
d[m] plkg/m’] c[k/kgkl A[m?]  ZCm[KI/K]
Southwallcolumn 0,1 600 1 6,05 27342,02
Southwall 0,1 1800 0,84 37
Eastwall 0,1 850 1,09 17,44
Westwall 0,1 850 1,09 17,44
Northwall 0,1 850 1,09 22,32
Roof 0,1 2400 0,88 50
Floor 0,1 2400 0,88 50
Wall 1 Wall2 [Wall3| Wall4_|[Ceiling] Floor
Wall Orientation| South East | West| North | - -
A,.u[ll\'] 6,570 4,028 |16,200|16,200| 21,600 |50,00050,000
U-value uW/mK)[ 05 [0920| 0 [ [ 045 | 043
Avingoulm’l] 12,54 | 0,000 | 0 [ 0
U-value yingonW/mKI[ 2,7 0000 | o 0 0
F|_ 070 [0000] 0,00 [ 000 000 [ o000
Heated/ Unheated| Unheated Heated|Heated| Heated Jnheate| Soil
%] 0,800 0,479 [ 0,479 [ 0,479 [0,479
g 08 063 | 063 | 063 | 063
[ 1 08 [ 08 | 08 [o8
fsnaa 1 1 1 1 1
[ " 1 1 1 1
fa 1 095 | 095 | 095 | 095
Teue] 08 084 [ 084 | 084 |[08a
tn)] 1 1 1 1 1
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Room Specification

D 6,25 m
w 8 m
H 2,7 m
Acoom 50,000 m’
Vioom 135,000 m®
Internal Loads 1h period Room Schedule
10 13
20 1
Lights w 30 15
Equil | 0 w 40 16
50 70
60 180
People pcs w 70 190
Adults| 1 [ 2500 s0 200
Children| 0 0 9 20
10 20
11 20
n 0,73 % 12 20
3
Gairflow rate: 900 m/h
G 0,18 m°/hm”
heat loss coefficient calculation
A[m’] U [Wim*K_ HUIW/K]  SH;, [W/K]
Facade infill-south 6,05 0,5 3,025 I 82,472
Facade column-south | 3,7 0,92 3,404
Window glazing 10,2 2,7 27,54
Window frame 2,37 1,9 4,503
Roof 50 0,45 22,5
Floor 50 0,43 215
| internal heat capacity calculation
| dim] plkgm’] c[K/kgkl  A[m?]  £Cm[KI/K]
Southwallcolumn 0,1 600 1 6,05| 27342,02
Southwall 0,1 1800 0,84 3,7
Eastwall 0,1 850 1,09 17,44
Westwall 0,1 850 1,09 17,44
Northwall 0,1 850 1,09 22,32
Roof 0,1 2400 0,88 50
Floor 0,1 2400 0,88 50
Wall1 Wall2 | Wall3 | Wall4 _|Ceili Floor
\Wall Orientation| South East West North - -
Avaulm’]] 6,570 | 4,028 [16,200| 16,200 | 21,600 |50,000(50,000)
U~\mluem“[wlmzl(] 0,18 0,180 o 0 0 012 | 043
Avinsolm?]] 12,54 | 0,000 [ 0 0 0 0 -
U-value wnaonW/m'K]| 21 [0000| O 0 0 0
F] 070 [0000[ 000 | 000 [ 000 [o000
Heated/ Unheated Unheated Heated| Heated | Heated Pnheate| Soil
Ben] 0,710 0,479 | 0,479 0,479 | 0,479
gl 071 0,63 0,63 0,63 0,63
T} 1 0,8 08 0.8 0,8
finagng] 1 1 1 1 1
fnsdon) 1 1 1 1 1
fain 1 0,95 0,95 0,95 0,95
Tewe] 0..83 0,84 0,84 0,84 0,84
[h] 1 1 1 1 1
SHADING 150 W/M2 (K39)

Figure C.2: Traditional inputs
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DSF External Wall

DSF Internal Wall

Wall1

Wall2

Floor

WallOrientation|

South

East

West

Ceiling

Alm')

6,57 4,028

16,20

50,00

U-value . (W/mK]|

05 092

012

043

Avingon ]

12,54

U-value o0 W/m'K|

27

Fl

0,700

0,00

Towards Heated / Unheated|

Unheated

o)

0,710

0,740

g

071

074

1

[

Tinason)

fo]

1
1
1

o)

)

t[hj

8

Acparings [M2]]
U-valueopenings [W/m2K]|
Ansoa (2]}

U-valueg,eq W/m2K]|
Aoxt[M2)

U-value, [W/m2K]
Aroor (2]}

U-valuey (W/m2K)

36

20,5

11

26

0,12

26

0,43

Side wall 1 area (m2)
Side wall 1 U-value [W/m2K]
area[m2)

Side wal
Side wall 2 U-value [W/m:

2K]

Heated

Heated

Soil

0,000

2
3
8

olofo|o|e

o

pes

Hintet 03

Winiet 2,67

Houtier 0,15

Woutet 2,67

Hiea! 2,56

Wisea 2,67

Hoypass 0

Woypass 0

D [m] 0,32
W [m] 8

He [m] 3,02 Ventilation Tl 0 0)
Ac[m?) 2,6 Ventilation CL 63 900
Ve [m°) 7,7 Ventilation PH 63 900

0,944]

inputs

: I-DIFFER i

Figure C.3
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internalheatcapacity calculation

dm] plkg/m’] ¢ [kI/kgK] A[m’]
Facade infill-south 0,1 600 1 6,05
Facade column-south 0,1 1800 0,84 3,7
Eastwall 0,1 850 1,09 17,44
Westwall 0,1 850 1,09 17,44
North wall 0,1 850 1,09 22,32
Roof 0,1 2400 0,88 50
Floor 0,1 2400 0,88 50
TCm[KJ/K]
27342,02
heatloss coefficient calculation
Am?] U [W/im?K] HH[W/K] THp [WIK]
Facade infill-south 6,05 0,5 3,025 [ 82472 |
Facade column-south &7 0,92 3,404
Window glazing 10,2 2,7 27,54
Window frame 2,37 1,9 4,503
Roof 50 0,45 22,5
Floor 50 0,43 21,5
room's time constant T [h]
92,1
SHADING CONTROL SHADING CONTROL
MODE VALUE MODE VALUE
M40 |1rANSPARENT 9999 W/m2 M40 |traNSPARENT 9999 W/m2
M41|coounc 150 W/m2 M41 (coouinG 150 W/m2

I-DIFFER inputs

Figure C.4









	Front page
	English title page
	Abstract

	Contents
	Abbreviations
	Nomenclature
	1 Introduction
	1.1 Background and motivation
	1.2 Integrated facade and ventilation concept
	1.3 Challenges in early-stage assessment
	1.4 Problem framing and thesis scope

	2 Literature Review
	2.1 Early-stage decision support in building renovation
	2.2 Simplified energy calculation methods in early design
	2.3 Temporal resolution and the case for simplified hourly methods
	2.4 Double-skin facade: Energy behaviour and simplified assessment
	2.4.1 Thermal behaviour of double-skin façades
	2.4.2 Simplified DSF assessment methods and the BESTFACADE approach
	2.4.3 Validation and limitations of simplified DSF methods

	2.5 Diffuse ceiling ventilation
	2.6 Integrated façade-ventilation renovation concepts: I-DIFFER
	2.6.1 From separate renovation measures to integrated concepts
	2.6.2 I-DIFFER evidence and implications for simplified modelling

	2.7 Synthesis, research gap, and thesis aim
	2.7.1 Synthesis
	2.7.2 Research gap and problem statement
	2.7.3 Research question and thesis aim


	3 Methodology and Framework Implementation
	3.1 Methodological basis and scope
	3.2 Framework structure and comparative scenario definition
	3.2.1 Inputs and boundary conditions
	3.2.2 Outputs and comparison indicators
	3.2.3 Comparative scenario definition

	3.3 Simplified hourly calculation method
	3.3.1 Transmission heat transfer
	3.3.2 Ventilation heat transfer
	3.3.3 Solar gains
	3.3.4 Cavity temperature and outlet air temperature
	3.3.5 Total heat gains and losses
	3.3.6 Heating and cooling energy need
	3.3.7 Methodological limitations of the calculation approach

	3.4 Operation modes and control assumptions
	3.4.1 Transparent insulation mode
	3.4.2 Pre-heating mode
	3.4.3 Cooling mode
	3.4.4 Control assumptions in the framework

	3.5 Spreadsheet implementation
	3.6 Validation approach
	3.7 Summary of methodological assumptions

	4 Validation of the simplified hourly framework
	4.1 Validation purpose and reference sources
	4.2 Validation metrics and variables
	4.3 Experimental validation
	4.3.1 Pre-heating mode
	4.3.2 Cooling mode

	4.4 Dynamic simulation validation
	4.4.1 Validation purpose and reference case
	4.4.2 Validation variables, metrics, and period
	4.4.3 Pre-heating mode
	4.4.4 Cooling mode
	4.4.5 Transparent insulation


	5 Case Scenario
	5.1 Case study building
	5.2 Renovation scenarios
	5.2.1 Baseline-unrenovated building
	5.2.2 Traditional renovation
	5.2.3 I-DIFFER concept

	5.3 Framework input parameters
	5.4 Operating mode assumptions - I-DIFFER
	5.4.1 Pre-heating mode
	5.4.2 Transparent insulation mode
	5.4.3 Cooling mode

	5.5 Control parameter selection 
	5.5.1 Sensitivity configurations
	5.5.2 Sensitivity results
	5.5.3 Final configuration selection

	5.6 Comparison indicators
	5.7 Framework simplifications

	6 Results
	6.1 Overview
	6.2 Annual energy demand - south orientation
	6.3 Scenario comparison - south orientation
	6.3.1 Sensitivity of scenario comparison to control assumptions

	6.4 Monthly energy distribution
	6.5 I-DIFFER operating mode analysis
	6.6 Cooling season thermal analysis
	6.7 Cavity temperature behaviour
	6.8 Sensitivity analysis - DSF glazing properties and cavity depth
	6.9 Orientation sensitivity - east facade

	7 Discussion
	7.1 Framework suitability for early-stage comparison
	7.2 Heating and cooling trade-off
	7.3 Role of solar shading
	7.4 Orientation sensitivity
	7.5 Delimitation

	8 Conclusion
	Bibliography
	A Supplementary experimental validation summary tables
	B Calculation equations used in the simplified framework
	B.1 Transmission heat transfer
	B.2 Ventilation heat transfer
	B.3 Natural ventilation in the DSF cavity
	B.4 Infiltration heat transfer
	B.5 Heat recovery in mechanical ventilation
	B.6 Total heat losses
	B.7 Solar radiation entering the DSF cavity
	B.8 Direct solar gains to the room
	B.9 Heat gains affecting the DSF cavity
	B.10 Mean DSF cavity temperature
	B.11 Outlet temperature from the DSF cavity
	B.12 Total heat gains
	B.13 Heating energy need
	B.14 Cooling energy need
	B.15 Building time constant
	B.16 Annual energy indicators

	C Detail input parameters for all scenarios 
	Back

