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Introduction

Comfortable, healthy, and energy efficient buildings are key in the future since almost
the 80% of the world population would live in urban areas by 2050 (Sanaieian et al., 2014).
There are design criteria recommended by building standards and local regulations to
ensure these type of buildings in the future. Furthermore, human-centric design has
become one of the central criteria in architectural design. Designers have to consider
multiple building performances such as indoor comfort and energy efficiency during early
design stages as well as during renovation plans.

Typically, a good level of indoor comfort in buildings includes a balance between visual
comfort and thermal comfort. On one hand, summer thermal comfort in buildings
without active cooling systems could easily be violated by the overheating phenomenon
in modern buildings located at high latitudes with large window areas and high thermal
insulation levels. Thus, the excess of indoor temperature can lead to overheating
phenomenon that causes thermal discomfort, which can have long-term negative effects
on building users’ performance and health (Beizaee et al., 2013). Overheating in a room
could be induced by a critical combination of facade orientation, window construction,
level of external obstructions, inefficient natural ventilation strategy, type of shading
system, and its control, etc (Simson, 2019). Countries like Estonia, have specific
regulations for protection against overheating in building without cooling systems
(Estonian Government, 2015).

On the other hand, the European Union recently presented the standard EN
17037:2018 that defines the requirements for visual comfort in buildings (European
comission, 2018), which include direct sun exposure, daylight provision, and glare
protection. Visual comfort in buildings has a critical impact on occupants’ health and
mental performance (Duffy and Czeisler, 2009; Lockley, 2009). At the same time, daylight
is the most preferred light source by building users (Knoop et al., 2019). The design of
excessive large window areas improve the daylight provision but also overheating risk in
buildings. Within the Estonian context, the combined fulfiiment of daylight and
overheating minimum requirements in residential buildings could be challenging
(Simson et al., 2017b). However, excess of daylight levels could provoke discomfort
glare to buildings users (Quek et al., 2021). Daylight glare could be an issue in educational
and office buildings where building users have limitations to correct their viewing
direction or sit position to avoid glare discomfort during tasks such as attending to the
speaker, read a book, work with the computer, etc (Jakubiec and Reinhart, 2012).
This exposure to glare discomfort could lead to headache problems, vision loss and
reduction of their performance in daily activities (Pierson et al., 2017).

In parallel, there is the Estonian daylight standard EVS 894:2008/A2:2015 which sets
minimum requirements for solar access and daylight provision in new dwellings (Estonian
Centre for Standarization, 2015). Both, the Estonian and the European standards are
recommended by the Estonian government from 2019. The consequences of the use of
one or another standard by designers in terms of design flexibility during early design
stages are unknown. Moreover, the simultaneous consideration of different requirements
of building performances during early design stages could be confusing for designers
because some building performances oppose to each other, for instance: daylight with
overheating or daylight/solar access with daylight glare.

The evolution of building performance simulation tools in the field of daylight and
thermal dynamic simulations enabled the possibility for architects to consider different



criteria during early design stages (Kharvari, 2020; Solemma LLC, 2016). Nevertheless,
there is a lack of integrated methods and studies that help designers to understand the
impact of their design decisions at different levels: building (orientation, shape, volume,
and interior floor plan), facade (windows location, windows size, and windows
construction), and shading level (shadings type, optical/thermal properties of the
shadings, and shadings control algorithm) on the building overall performance (solar
access, daylight provision, glare protection, overheating risk, etc).

This thesis presents an innovative workflow to help architects to design buildings with
adequate levels of solar access, daylight provision and protection against overheating
and daylight glare. This proposed workflow consists of three design phases. During the
first phase, a multi-objective workflow is recommended to help architects and designers
to make decisions to building and facade level to ensure adequate solar access levels
according to the Estonian standard. In the second phase, rules of thumb and prediction
formulas are used to facade level to ensure a good balance between daylight provision
and overheating protection. Finally, in the third phase, an efficient shading system
selection is proposed to ensure a certain glare protection level according to the European
standard EN17037:2018.

The main objectives of the thesis can be summarized as follows:

- To propose an easy-to-use multi-objective optimization workflow based on solar
access to help architects and designers to design building envelope efficiently (Paper I),

- To investigate the effect of different daylight assessment criteria on the combined
fulfillment of daylighting and overheating requirements and its implications for the
design of residential and office rooms in Estonia (Paper Il),

- To develop daylight and overheating prediction formulas that can help architects and
designers to conduct efficient window sizing process during early design stages (Paper Ill),

- To propose efficient assessment methods to assess glare protection during the shading
selection process according to the European standard EN17037 (Paper IV).

The following methods were used to achieve the objectives:

- Parametric studies to obtain general rules of thumb and prediction formulas for the
combined fulfilment of daylight and overheating requirements,

- Thermal dynamic simulations using the validated software EnergyPlus (U.S.
Department of Energy, 2015),

- Daylight and glare dynamic calculations using the validated software Radiance
(Ward, 1994), DIVA-for-Rhino (Jakubiec and Reinhart, 2011), and HoneyBee (“Honey
Bee,” 2020),

- Original python programs and Grasshopper plug-ins were developed in order to
process the results from visual comfort and thermal analyses.

This thesis is based on peer-reviewed journal and conference articles.
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In Paper |, a workflow based on multi-objective optimization for the design of the
building envelope is proposed. The workflow has the potential to be adopted by
designers, being integrated in the Grasshopper plug-in for Rhinoceros that is a widely
used design platform. The proposed workflow shows a successful way to deal with
complex multi objective design goals during early design stages such as maximization of
the building volume, maximization of the solar access and minimization of the mean
incident solar radiation.

In Paper 1, it is evaluated the reliability of the daylight requirements defined by the
Estonian standard based on the mean daylight factor (DF) with respect to the minimum
DF requirements defined by the European standard method, EN 17037:2018 and
IES LM-83-12, based on the spatial daylight autonomy (sDA) for office and residential
buildings. The effect of window airing on overheating and on the combination of
overheating and daylighting was also studied. A simulation-based methodology was
applied to assess the daylighting and overheating performance in a single-window room
considering different parameters. Indoor comfort-based rules of thumb for the design of
offices and residential rooms were suggested. The results suggested a synergistic
formulation of daylighting and overheating requirements in new building regulations to
make the combined fulfillment easier for the designers.

In Paper lll, a coupled method based on prediction formulas that can be used to assess
daylight provision and overheating risk in buildings is developed. In addition, this method
can be used for the design of interior floor plan and window sizing in order to rooms fulfill
simultaneously both performances. The considered daylight provision requirements are
based on the minimum Daylight Factor (minDF) defined by the European standard
EN17037, and the overheating risk requirements are based on the degree-hour (DH)
metric adopted by the Estonian regulation. The proposed coupled method has big
potential to help architects and designers to achieve the combined daylight provision
and overheating risk fulfillment during early design stages. Moreover, authors
recommend the proposed coupled method to regulation makers for future building
standards and regulations.

In Paper IV, state-of-the-art methods for annual glare analysis and develop strategies
are benchmarked to reduce the computational time (CPU time) without compromising
the accuracy of glare calculations. The Radiance-based tool rtrace and the Radiance-
based five-phase method (5pm) are applied to a single room. Sensitivity analyses of
Radiance parameters, calculation methods, and Bidirectional Scattering Distribution
Function (BSDF) materials to model isotropic fabrics are conducted. The findings of this
article can help architects and practitioners to set up parameters and calculation methods
for efficient annual glare protection assessment according to the EN 17037 needed
during shading selection process.

Novelty and practical outcomes of the thesis:

- The realization of a multi-objective optimization method that uses own developed
open source Grasshopper tools for Rhinoceros to create solar envelopes considering
different criteria such as building volume, solar access of the building envelope, mean
incident solar radiation, quality of the sunlight, and solar access ordinances. These tools
are called “Solar Envelope Tools” (SET) and they are available online for free download
for designers (Sepulveda and De Luca, 2022). Prior to the publication of SET, there were
no open source tools that could take into account in an integrated form windows from
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the surrounding buildings, urban context, different solar ordinances, and different
qualitative criteria to filter sun vectors used to generate the solar envelope.

- The Estonian daylight standard has limited reliability in properly predicting the
daylight potentials of building interiors. In many cases, it overestimates daylight
availability for different orientations. The present thesis will be presented to local
authorities and regulatory bodies to increase their awareness about the need to promote
a new and more efficient daylight regulation in Estonia. Hence, this research will
contribute to the development of a compulsory building daylight regulation;

- The development of a coupled method based on prediction formulas to easily
integrate the daylight provision and overheating performance analysis during window
sizing design process. This method will be proposed to regulatory bodies and authorities
aiming to the synergistic formulation of daylighting and overheating requirements in new
building regulations to make it easier for designers to fulfill both requirements;

- New methodology based time step-based ray-tracing method that helps designers
to efficiently compare several complex fenestration systems (CFSs) in terms of annual
glare protection performance during early design stages of the building design process.

Limitations of the work:

- The work considers specific climate, building properties, and architecture of typical
features of existing buildings in Estonia. Despite most of the methods proposed in this
thesis focuses on Estonian climate/building regulations, it can be used in similar climates
with simple parameter changes;

- The principal focus of thesis were indoor comfort during early design stages;

- This study does not consider future climate conditions in cases studies based mainly
of city of Tallinn, Estonia;

- The methods developed in this thesis can be applied on the design of residential and
office/educational buildings. Other types of buildings such has hospital or commercial
buildings might have different necessities in terms of building performances and space
distribution that this thesis does not cover;

- This thesis is mainly based on daylight and thermal simulations from calibrated and
recommended set up parameters from own and third published studies.
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Abbreviations
3pm
3pmD

5pm
aBSDF material
BSDF

BSDF material
CAD
Cd1

Cd2

cds

CFS

G

CIE
Context
CPU time
D

DA

DC

Do

DeadAngle
DF

Dfb
DFmean
DFmin
DGP
DGPs
DH
DHumax
eDGPs
HVAC
IDA-ICE

maxDHest

maxWFR
maxWWR
MinAltitude
minDF

Three-phase method

Three-phase method considering direct component of the
solar radiation

Five-phase Method

Radiance BSDF material with peak extraction

Bidirectional Scattering Distribution Function

Radiance material defined with BSDF data set without
considering peak extraction

Computer-aided design

Condition that is fulfilled if minDF1 is higher than a target
value minDF1t

Condition that is fulfilled if minDF2 is higher than a target
value minDF2t

Direct sun coefficient simulation

Complex Fenestration System

Multi-objective criterion i

Commission Internationale de I'Eclairage

Surrounding building

Computational time

Daylight matrix

Daylight Autonomy

Two-phase method

Daylight matrix considering null number of ambient bounces
(-ab 0)

Dead angle input

Daylight factor

Warm humid continental climate

Daylight criterion based on mean Daylight Factor

Daylight criterion based on minimum Daylight Factor
Daylight Glare Probability

Simplified Daylight Glare Probability

Temperature excess in Degree-Hours

Maximum Temperature excess in Degree-Hours

Enhanced Simplified Daylight Glare Probability

Heating, ventilation, and air conditioning

IDA Indoor Climate and Energy

Maximum Temperature excess in Degree-Hours according to
Estonian regulations

Maximum Window-to-Floor Ratio

Maximum Window-to-Wall Ratio

Minimum altitude input

Minimum Daylight Factor
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minDF1
minDF1t
minDF2

minDF2t
minDFc
minWFR
minWWR
mISR
mISR’
MV

N, NE, E, SE, S,

SW, W, NW
NV

NZEB

ow

ol

RMSE

SA

So
sDA

SDn

SE

SET
SolEnvGen
SunPathGen
SunVectGen
SunVectSel

SVn

TRY
T
uDlI

VectorsType
Vo

\
WWR
WEFR

Minimum DF value for the first half of the reference plane
closer to the window

Target value for minDF1

Minimum DF value for at least the 95% of the entire the
reference plane

Target value for minDF2

Target minDF1 for European country C

Minimum Window-to-Floor Ratio

Minimum Window-to-Wall Ratio

Mean incident solar radiation (W/m?)

Relative mean incident solar radiation (W/m?)

Infiltration and mechanical ventilation

North, North-East, East, South-East, South, South-West,
West, North-West.

Windows airing technique

Nearly Energy Zero Buildings

Solar access maximization

Solar incident radiation maximization

Root Mean Square Error

Sky Vector

Solar Access

Sky Vector considering the exclusive contribution of the sun
Spatial Daylight Autonomy

Sum of daily daytime sun time steps each n days during the
first semimanual period

Solar Envelope

Solar Envelope Tools

“Solar Envelope Generator” Grasshopper component

“Sun Path Generator” Grasshopper component

Sun Vectors Generator

Sun vectors sorted and selected input

Sum of daily visible sun time steps each n days during the
first semimanual period

Test Reference Year

Transmission matrix

Useful Daylight Index

Vectors Type

View matrix considering the exclusive contribution of the sun
(-ab 1)

View matrix

Window-to-Wall Ratio

Window-to-floor ratio
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Symbols

o
ab
ad

Ev
fDGPt

g or g-value

Bmax,i

h
H

hmax
Ls
MF
qs0

Ws

Pndif
rd
rdif

rw

to

T3pm
T3me

TSpm

te

teds

Tcds

tded
td
tac
tdcs

Tdc

Weight factor for the maximization of building volume (-)

Number of ambient bounces

Number of ambient divisions

Weight factor for the maximization of solar access (-)

Weight factor for minimization of solar radiation (-)

Vertical illuminance at eye level

Annual glare metric or percentage of occupied hours with Daylight
Glare Probability higher than a threshold DGPt

Solar factor (-)

Maximum g-value to not overheat a certain roomii (-)

Number of time steps considered in an dynamic glare assessment
(hours)

The number of time steps when using the 5 phase-method (hours)
The maximum number of time steps when using rtrace (hours)
Luminance distribution (cd)

Number of Reinhart sky-patch subdivisions

Air leakage rate of building envelope at 50 Pa pressure difference,
m?/(h-m?)

Solid angle subtended by the sources (sr)

Position Index

Normal-diffuse visible reflectance

Room depth (m)

Diffuse reflectance (-)

Room width (m)

CPU time required by the arithmetic combination of the results
from the phases 3pm, 3pmD, and cds

CPU time required by the 3-phase method

CPU time required by the direct 3-phase method

CPU time required by the 5-phase method

CPU time required by the sky and octree generation and the
commands rtrace and command evalglare

CPU time required to create the octree and sun coefficient matrix
Ceds

CPU time required by the cds phase

CPU time required for the multiplication of the matrices Vo, T, Do,
and So

Diffuse transmittance (-)

CPU time required for the multiplication of the matrices V, T, D, and
S

CPU time required for the multiplication of the matrixes Ccds and Seds
Sum of CPU time required by sky vectors generation of the phases:
3pm, 3pmD, and cds
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Tdirdir
Tdirdif
Tdirh

tm

Tm

Tm

tmp

tmre
ts

ts

Ts

tso

tsr

Tndif

Tnh

Th
Tvis
U-value

Direct-direct visible transmittance

Direct-diffuse visible transmittance

Direct-hemispherical visible transmittance

CPU time required to create the view and daylight matrices

Sum of CPU time required by the octree generation in the phases:
3pm, 3pmD, and cds

CPU time required by arithmetic operations of all results from
phases 3pm, 3pmD, and cds

CPU time required to create the octree required by the direct
3-phase method

CPU time required to create the suns and material map generation
Specular transmittance (-)

CPU time required to create a sky vector

Sum of CPU time required by sky vectors generation of the phases:
3pm, 3pmD, and cds

CPU time required to create a sky vector (So) with the exclusive
contribution of the sun

CPU time required to create a sky vector (Scdas) with only the
contribution of the sun and selected Reinhart sky subdivisions (MF)
Normal-diffuse visible transmittance

Normal-hemispherical visible transmittance

Normal-normal visible transmittance or openness factor

Mean air hourly temperature (°C)

Visible transmittance (%)

Thermal transmittance (W/m?2K)

Volume ratio (-)

Relative volume ratio (-)

Windows ratio (-)

Relative windows ratio (-)
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1 Background

1.1 Solar access in buildings

Solar access (SA) has been considered as design criterion by architects since ancient
times. Apart from being crucial for the development of the urban fabric, one of the main
aspects of the visual comfort in buildings is the exposure to sunlight or SA (European
comission, 2018). SA is related to the direct component of daylight, which has been
proved beneficial for well-being of building users (Lockley, 2009; Samuels, 1990). New
buildings influence the SA levels of the urban environment and vice versa. Most of
countries have standards and/or regulations to ensure the SA rights of building occupants.
These minimum SA minimum requirements are normally expressed in terms of the
number of hours per day during a specific analysis period (continuous or discrete) when
the sun is visible from the window of a determined building (De Luca and Dogan, 2019;
Estonian Centre for Standarization, 2015; European comission, 2018).

SA regulations influence building density and maximum buildable volume. In practice,
architects use the so-called solar envelope (SE) method in early design stages. The SE
method is a method introduced by Knowles to calculate maximum volume new buildings
cannot exceed to guarantee required SA of the surrounding buildings (Knowles, 1980).
There are two main approaches to calculate the SE: additive algorithm based on the
calculation of the maximum height to each grid point of the plot and subtractive
algorithm based on the removal of grid volumes from the theoretical buildable block.
The first one is the most used for SE generation due to its simplicity (Capeluto and
Shaviv, 2001; Sanaieian et al., 2014) and the second one, although it has been proved
time-consuming, is useful as building massing technique (De Luca, 2017a).

There is no specification in terms of quality of the sunlight; hence, this allows flexibility
to generate SEs even for the same regulation and urban environment (De Luca et al.,
2018a). Thus, the consideration of other aspects for the SE generation such as the urban
context (De Luca and Voll, 2017) or climate conditions (Capeluto and Plotnikov, 2017)
can influence the shape of the SE. In recent years, the additive algorithm has been
implemented in several tools like LadyBug tools (Sadeghipour Roudsari, 2012) and
DIVA4Rhino (Solemma LLC, 2016), both Grasshopper plug-ins for Rhinoceros software.
Nevertheless, these tools do not calculate urban context-dependent SEs.

Different pattern layouts can influence total floor area and SA performance of the
building masses located in urban areas (De Luca, 2017b). Optimal building clusters for
direct solar access in urban environments in Estonia, including type of interior/exterior
floor plan layout, and buildable floor area were investigated (De Luca et al., 2018b).
Indeed, the optimization of building clusters can give detailed information about the
building envelope design but typically, an unique SE per urban environment was
considered, which can limit the flexibility during the building massing stage.

1.2 Daylight provision in buildings

According to the European standard EN17037, daylight provision is one of the main
aspects of visual comfort in buildings, and it is defined as the “level of illuminance
achieved across a fraction of a reference place for a fraction of daylight hours within a
space”(European comission, 2018). The presence of moderate levels of daylight in indoor
spaces improve the physiological and psychological wellbeing of people (Liu et al., 2017;
Samuels, 1990). Moreover, characteristics of daylight such as intensity and color benefit
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the circadian cycle in humans (Duffy and Czeisler, 2009). In fact, daylight is the most
preferred source of light by building occupants (Knoop et al., 2019). In addition, daylight
is recommended as a design criterion during early design stages since well daylit indoor
spaces have been proved economically highly valuable by building owners (Turan et al.,
2020).

In practice, there are several metrics that can be used to assess daylight provision.
On one hand, the widely used static daylight metric Daylight Factor (DF) is quantified as
the ratio between indoor and external horizontal illuminance under overcast conditions
(BSI, 2008). On the other hand, dynamic daylight metrics consider the dynamic
performance of daylight in buildings regarding occupants’ behavior and surrounding
climate conditions (Reinhart et al., 2006). For instance, the daylight autonomy (DA)
metric, which generally is more applicable than DF, quantifies the percentage of occupied
hours when horizontal illuminance in a specific point of the reference plane is above a
defined threshold (Bian and Ma, 2017). The useful daylight autonomy (UDI) uses a range
of illuminances instead of a single threshold, it was proved more informative metric for
daylight assessment than DA (Nabil and Mardaljevic, 2006). Unlike DA and UDI metrics,
which contains only temporal information about the daylight provision, the spatial
daylight autonomy (sDA) metric contains also spatial information, since it is defined as
the percentage of the reference plane with horizontal illuminance above a defined
threshold during at least a specific fraction of time, whether daytime (European comission,
2018) or occupied hours (llluminating Engineering Society and The Daylight Metric
Committee, 2013).

Despite the existence of consolidated daylight assessment methods, not every
European country has defined yet a concept of adequate daylight and a suitable daylight
metric (Sokol and Martyniuk-Peczek, 2016). The adoption of new standards such as the
EN17037:2018 by European countries could be challenging for practitioners because new
daylight assessment criteria would influence their daily design practice.

1.3 Overheating risk in buildings without mechanical ventilation

Thermal discomfort caused by the overheating phenomenon, produced by the excess of
indoor temperature, can have negative effects on building users’ satisfaction and health
on the long-term (Beizaee et al., 2013; Liu et al., 2017; Santamouris and Kolokotsa, 2015).
The severity of the seasonal overheating risk in dwellings is influenced by the urban
surroundings, local architecture, occupant behavior, and climate. Future climate
conditions affected by the global warming effect will aggravate overheating risk in
buildings. Moreover, the urban heat island effect combined with the global warming
effect will aggravate overheating risk in buildings (Yannas and Rodriguez-Alvarez, 2020).
Specifically, residential buildings are prone to have overheating risk problems due to the
lack of cooling or efficient natural/mechanical ventilation strategies (Fosas et al., 2018;
Hamdy and Jan Hensen, 2015; Lomas and Porritt, 2017; Simson, 2019). The assessment
of overheating risk in residential buildings has been widely investigated in temperate
climates (Gupta and Gregg, 2018; Maivel et al., 2015; Morey et al., 2020; Mourkos et al.,
2020; Voll et al., 2016a). A study on thermal comfort in 1134 English dwellings
demonstrated that the renovation plans should include practical measures against
overheating risk in residential buildings (Beizaee et al., 2013).

Estonia has specific overheating requirements that must be met if there is no mechanical
space cooling system in new/renovated buildings. Overheating requirements in Estonia
are based on the metric degree-hour (DH) (°C-h), which represents the accumulation of
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the hourly indoor temperature excess (related to a temperature set point) during a
specific period of warm season (June 1-August 31). The use of simulation-based
methodology is recommended to assess summer thermal comfort in Estonian residential
buildings (Hamburg and Kalamees, 2019).

1.4 Glare protection in buildings

Although daylighting in indoor spaces is beneficial for human health, the excess light can
be disturbing for the human eye. Thus, glare is defined in the EN1037 as the “condition
of vision in which there is discomfort or a reduction in the ability to see details or objects,
caused by an unsuitable distribution or range of luminance, or by extreme contrasts”
(European comission, 2018). Glare protection plays a critical role in the achievement of
a good level of visual comfort in types of building where the occupants have limited
flexibility to adapt their viewing direction to avoid visual discomfort, such as office or
educational buildings. Glare protection is difficult to assess since it depends on many
factors (Osterhaus, 2005). Relevant factors are the luminance and size of the glare
source, adaption level of the human eye, contrast effect, saturation effect, view
direction, and attractiveness of the view through the window (Pierson et al., 2017).
Survey techniques in combination with simulation-based methods have been widely
used to predict glare in indoor spaces (Mangkuto et al.,, 2017; Shafavi et al., 2020;
Wienold and Christoffersen, 2006; Yamin Garretén et al., 2018).

There are two main effects to quantify glare in practice. The saturation effect is related
to the brightness of the field of view. The contrast effect is influenced by the luminance
distribution of the scene. Glare metrics that consider exclusively the saturation
effect, outperformed contrast-driven glare metrics in bright-light scenarios. However,
contrast-driven glare metrics outperform saturation-driven glare metrics in low-light
scenarios (Quek et al., 2021). Glare metrics that consider both effects are known as
hybrid glare metrics. The most robust glare metric nowadays is a hybrid metric called
Daylight Glare Probability (DGP) (Wienold et al., 2019). The DGP formula has two terms,
the first one is proportional to the vertical illuminance at eye level (Ev) and represents
the saturation effect. The second term quantifies the contrast effect of the scene, which
is related to the luminance of the glare sources L; (cd/m?), the solid angle ws subtended
by the sources (sr), Guth’s position index (P), and Ev (Eq. (1)) (Wienold and Christoffersen,
2006).

L3 wsi

E}87p2

DGP = 5.87-1075E, + 9.18 - 10 2 log (1 +Y ) +0.16 (1)

For DGP values lower or equal to 0.35, daylight glare is considered imperceptible. DGP
values higher than 0.35 and lower than 0.40 are associated with perceptible but mostly
not disturbing glare. When DGP values are higher than 0.40 and lower than 0.45, glare is
perceptible and often disturbing. Finally, DGP values higher than 0.45 are associated with
disturbing daylighting glare.

1.5 Requirements in Estonian residential and office buildings

Currently in Estonia, there are two valid daylight standards: the Estonian standard EVS
894:2008/A2:2015 “Daylight in Dwellings and Offices” (Estonian Centre for Standarization,
2015) and the European standard EN 17037 “Daylight in buildings” (European comission,
2018).
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The Estonian standard includes recommendations for minimum requirements of solar
access for new residential buildings and mean DF-based daylight requirements for
residential and office buildings. According to the Estonian standard, each apartment of a
new residential building should receive at least 2.5 hours of direct sun daily from March
21 until August 21. This SA requirement specifies the quantity but not the quality of the
direct sun that received each apartment. Moreover, the Estonian standard’s daylight
assessment criterion is based on mean DF values.

The European standard daylight assessment criteria can be fulfilled by using two
criteria: minimum DF and sDA metrics. Previous studies showed disagreements between
dynamic and static daylight metrics in Estonian educational buildings (De Luca et al.,
2019a). Thus, it is important to understand how the European standard affects the design
of the building envelope and refurbishment plans. No extensive studies have been
conducted to evaluate its impact on the construction practice of residential and office
buildings.

Glare protection classes defined in the EN 17037 are based on previous studies with
fabrics and the DGP metric (Wienold et al., 2017). According to EN 17037, the annual
percentage of discomfort glare hours (fDGPt) should be lower than 5% for a shading
device to protect against glare. Glare hours are considered as the occupied hours with
an associated DGP above a threshold DGPt: 0.35, 0.40, and 0.45 for high, medium,
and minimum level of glare protection, respectively (European comission, 2018).
The calculation methods to conduct glare risk assessments are usually time-consuming
and require a certain level of expertise by architects and designers.

Estonia has specific overheating requirements that must be met if there is no
mechanical space cooling system in a new or a renovated building. Overheating
requirements in Estonia are based on the metric degree-hour (DH) (°C-h), which
represents the accumulation of the hourly indoor temperature excess (related to a
temperature set point) during a specific period of warm season (June 1-August 31).
The maximum DH is 150 °C h and 100 °C h for residential and non-residential
buildings, respectively. The temperature set point is 27 °C and 25 °C for residential and
non-residential buildings, respectively (Estonian Government, 2018, 2015).

1.6 Indoor comfort modeling and simulation techniques

Modeling and simulation techniques are crucial as design tools for architects and
designer during early design stages and renovation plans. The prediction of both thermal
and daylight levels in indoor spaces represents the basis of the human-centric
architectural design practice nowadays. By using approaches based on simulations,
architects and designers are able to conduct thermal and daylight annual assessment in
more viable way in terms of time and economical resources than via field experimental
measurements.

For thermal simulations, several validated softwares such as EnergyPlus (U.S.
Department of Energy, 2015) and IDA-ICE (Kropf and Zweifel, 2002) are widely used by
practitioners. Different approaches can be considered in practice to model a building, for
overheating calculations, it has been proved a reliable approach to use single-zone
approach (Simson et al.,, 2017a). Moreover, the consideration of constant thermal
properties of the window glazing is a more conservative approach to assess overheating
than using angle-dependant thermal properties (Thalfeldt et al., 2016).
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The development of the open-source software Radiance based on the ray-tracing
technique allowed reliable climate-based daylight modelling (CBDM) in buildings (Ward,
1994). The use of CBDM is key for reliable assessment of daylight provision in buildings
(Kong et al.,, 2018; Mardaljevic, 1999). Along the last decade, several friendly-use
applications such DAYSIM (Reinhart and Pierre-Felix, 2009), LadyBug/HoneyBee (“Honey
Bee,” 2020; Sadeghipour Roudsari, 2012), DIVA-for-Rhino (Solemma LLC, 2016), and Fener
(Bueno et al.,, 2015) were created in order to increase availability of Radiance-based
simulations in the building design community.

A suitable modeling of glazing units in combination with external/internal shading
systems known as complex fenestration systems (CFSs) is crucial to obtain reliabe
daylight/glare predictions (Thanachareonkit and Scartezzini, 2010; Tzempelikos and
Chan, 2016). The optical properties of the CFSs are calculated from bidirectional
scattering distribution function (BSDF) datasets, which represent the angular distribution
of light scattered by the CFS. BSDF datasets can be obtained via measurement using a
photogoniometer (Apian-Bennewitz, 2010; Stover, 2012; Ward, 2014) or via simulation
using ray-tracing or analytical techniques (McNeil, 2015; McNeil et al., 2013). As an
example of ray-tracing techniques, the Radiance genBSDF program was used to generate
BSDF datasets of CFS such as venetian blinds (Uribe et al.,, 2019) and complex
three-dimensional textiles (Mainini et al., 2019; Sepulveda, 2018). Thus, the use of BSDF
data sets to represent the angular-dependent behavior of the CFS is critical to not
underestimate daylight glare risk (Inanici and Hashemloo, 2017a). Even when modeling
of opaque materials, small changes in diffuse reflectance of opaque surfaces of the
interior (Brembilla et al., 2018; De Luca et al., 2019b; Kharvari, 2020) or exterior (Bugeat
et al.,, 2020) scene have significant effects in lighting levels of indoor spaces.

The Radiance rtrace method has been used mainly for static glare/daylight analysis
because of its reliability and high computational requirements (CPU time) (Jones and
Reinhart, 2017). However, matrix-based methods can recycle information from the
whole scene: view, daylight, and sky matrix. The most widely used matrix-based methods
are the 2-phase (DC), 3-phase (3pm), and 5-phase method (5pm). Glare calculations
implies more time-consuming simulations than daylight calculations, since the
calculation of the DGP metric consist on three steps: the calculation of Ey, the rendering
rendering of a scene (.hdr file) as seen from an observer for which glare is to be
evaluated, and the calculation of the DGP as shown in Eq. (1). Speedup strategies such
as the use of rtrace with null ambient bounces (-ab 0) to generate the luminance maps
in combination with vertical illuminance calculations were used to approximate (called
enhanced simplified DGP (eDGPs)) the DGP (Wienold et al., 2017). The DC and 3pm are
reliable for annual daylighting calculations with static and switchable CFSs, respectively
(Subramaniam, 2017). The 5pm applies the indirect contribution from the sky from the
3pm and the direct component of the sun from an accurate DC simulation using a more
accurate discretized sky model (Reinhart subdivisions) (McNeil, 2013). Indeed, the 5pm
and rtrace methods were proven to be more reliable than the 3-phase method for DGP
calculations (Lee et al., 2018a, 2018b). Abravesh et al. proposed another method for
annual glare assessments based on the eDGPs where Ev is calculated using the 3pm
(Abravesh et al., 2019).

Although, previous investigations compared CBDM techniques and proposed ranges
for simulation parameters to ensure the accuracy of daylight assessments (Ward, 1994;
Wienold et al., 2019, 2017). For annual glare assessment, many factors can influence the
choice of the best calculation method: the type of CFS and its model material, parameters
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for renderings, parameters for illuminance calculations, number of time steps, number
of scenes (different viewpoints, viewing directions, surface materials, etc.), and number
of CFSs. In practice, there is a lack of consideration of trade-off criteria for annual glare
assessment. Suitable knowledge of these factors could help software developers to
implement optimized models for glare risk assessment.

1.7 Impact of the building envelope on multi-performance fulfillment

In practice, architects and designers have to make design decisions during early design
stages and renovation plans. Typical design decisions are at building level (e.g. building
orientation/volume and interior floor plan), facade level (e.g. windows location/size and
walls/windows constructions), room level (shading system, shading/ventilation control).
Inadequate design decisions could lead to poor performance buildings. Thus,
performance-driven design criteria are necessary to ensure a good balance between
visual and thermal comfort in buildings nowadays.

Daylight has a significant positive influence on the energy efficiency of buildings (Alva
et al., 2020; Chi et al., 2017; Kuhn et al., 2001; Ponmalar and Ramesh, 2014). Daylight
and solar heat gains in winter can reduce the energy consumption when a suitable
shading control is considered (Grynning et al., 2014). Previous investigations emphasize
the need to design synergistically glazed areas and shading to provide adequate daylight
in building interiors and reduce energy consumption for lighting (Gago et al., 2015; Haase
and Grynning, 2017) and for heating and cooling (Kim et al., 2017; Yu and Su, 2015).
External shading is an efficient solution to reduce glare risk for building occupants
(Al-Obaidi et al., 2017), and has the advantage of not relying on occupant operation;
occupants often leave the operable internal shade closed and also use it when is not
needed, causing an avoidable electric light energy consumption (O’Brien et al., 2013).
Moreover, excessive direct sun exposure can lead to high levels of daylight provision and
solar gains, increasing the indoor temperature and consequently overheating risk.

In cold climates, overheating is considered a limiting function of the daylight provision,
since buildings with high thermal resistance are common to save heating energy in
winter, and facades with high window-to-wall ratios (WWRs) are designed to increase
the daylight provision (Thalfeldt et al., 2013). However, these measures can generate
thermal discomfort during the warm season. Previous studies propose rules of thumb to
help architects and designers to choose optimal design strategies and renovation plans
to achieve a combined fulfillment of daylight and overheating requirements (De Luca et al.,
2019b; Simson, 2019; Vanhoutteghem et al., 2015). Window shading elements can reduce
the overheating of residential premises depending on facade orientation and distance of
surrounding buildings, especially at northern latitudes; thus, a careful envelope design is
recommended (Voll et al.,, 2016b). A suitable use of complex fenestration systems
(glazing combined with shading systems) could balance visual comfort and energy
efficiency in different climates (Bueno and Sepulveda, 2019; Hoffmann et al., 2016; Uribe
et al., 2019). Among dynamic shading systems, interior shading is a popular low-cost
alternative for existing buildings, since they are easy to install, but they are less effective
in terms of the thermal protection they provide (Balaras et al., 2002). Within Danish
context, it has been proved difficult the achievement of a good balance between daylight
provision, energy consumption, and overheating risk: low g-values and high light
transmittance values were recommended for south-oriented rooms and high g-values
for north-facing windows to reduce the heating demand (Vanhoutteghem et al., 2015).
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A vast number of investigations focused on the optimization of different building
performances, used optimization Grasshopper plug-ins within the software Rhinoceros
3D (Mangkuto et al., 2016; Rabani et al., 2021; Toutou et al., 2018; Zhu et al., 2020).
Additionally, recent investigations included machine learning technique to speedup
multi-objective optimization of architectural spaces (Chegari et al., 2021; Ekici et al.,
2021; Geyer and Singaravel, 2018; Zhu et al., 2020). However, despite of the accuracy to
predict building performances, these approaches might not be attractive as design tools
by non-experienced architects and designers because they required steep learning-curve
and are not intuitive due to the “black box” nature typical of machine learning
multi-objective optimization approaches (Wang et al.,, 2021). Several methods to
predict daylight provision based on prediction formulas (Lee et al., 2019; Reinhart and
Lo Verso, 2010), graphical tools (Cammarano et al., 2015; Pellegrino et al., 2017), and
rules-of-thumbs (Loche et al., 2021; Simson, 2019) have been proposed since two
decades ago. Nevertheless, there is a lack of prediction methods, which are easy to use
by not simulation or optimization experts, for the combined assessment of daylight
provision and overheating risk. Furthermore, there is an urge necessity to propose
integrated methods to help architects during early stages of the design process. In fact,
by using easy-to-use integrated methods like the proposed in this thesis, architects and
designers could achieve better building designs in much less time than with single
performance-based approach because the later one does not consider the conflict
between different building performances such as daylight-overheating or solar
access-building volume, etc.
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2 Methods

In this section, the methodology followed to achieve each of the main objectives of this
thesis is explained. Overall, three easy-to-use simulation-based methods are developed
to be applied to different levels during early design stages: building level, facade level,
and room level (Figure 1). Thus, the structure of this section is the following:

- Section 2.1 (Paper I): the multi-objective optimization workflow for building massing,
which is the first phase of the innovative workflow proposed in this thesis, is presented
step by step together with the case study;

- Section 2.2: the parametric models used to generate rules of thumb (section 2.2.1,
Paper 1l) and prediction formulas (section 2.2.2, Paper lll) for facade level design
decisions, which constitute the second phase of the innovative workflow proposed in this
thesis, are presented in detail. The case study for the application of the prediction
formulas is explained in section 2.2.2.1. In addition, thermal model for overheating
simulations (section 2.2.5), climate conditions (section 2.2.3), and overheating risk
criterion (section 2.2.4) are described;

-Section 2.3 (Paper IV): the test room (section 2.3.1), daylight calculation methods and
Radiance parameters (section 2.3.2), selected fenestration systems (2.3.3), and their
optical characterization (section 2.3.4) are explained in detail. All these methodological
decisions are the basis of the different analyses (section 3.3) that support the efficient
assessment methods for glare protection according to the EN 17037. These glare
assessment methods constitute the third phase of the innovative workflow proposed in
this thesis.

Building level Facade level Room level
(Sections 2.1and 3.1)
Surrounding buildings,
Preferred floorplan,
Solar access regulation,
| Buildable plot )
l First phase
Multi-objective
optimization workflow
based on solaraccess and (Sections 2.2 and 3.2)
solar radiation

Second phase
Building volume, R :

Building orientation, | H (Sections 2.3 and 3.3)
Windows location, : Rules of thumb for

Solar access level. : i i
J daylight and overheating Optical
| Room dimensions properties of
' Daylight and overheatin, ’ the shading
YIE & Window size
prediction formulas ! - device if
Window construction.

needed

Third phase

Efficientmethods for
» annual glare protection |
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Figure 1. General structure of this thesis and phases of the proposed innovative workflow.
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2.1 Development of multi-objective optimization workflow for building
massing and envelope design decisions

The first phase of the proposed method is a multi-objective optimization workflow based
on SA and solar radiation of the design of building envelopes in context where SA is
critical, as in cold climates (Paper 1). The aim of this case study is to analyze how SEs based
on different criteria influence the building envelope design for a preferred floor plan and
different objectives. The possible objectives are: (1) maximization of total floor area,
(2) maximization of SA performance of the new building envelope; and (3) minimization
of incident solar radiation in the warm season of the facade area that fulfill the minimum
sun hours according to the SA ordinance.

Specifically, the minimum SA requirements for new residential buildings in Estonia can
be considered from the Estonian standard (Estonian Centre for Standarization, 2015) and
from the EN17037 (European comission, 2018). According to the first one, at least one
room per each apartment should have a minimum number of direct sun hours of
2.5 from April 22 until August 22 while the new building should not block more than 50%
of the SA of the surrounding residential buildings. According to the EN17037, at least one
habitable room per each apartment should have a minimum number of direct daily sun
hours between February 1 and March 21, which depends on the level of solar access the
designer would choose: 1.5 h, 3 h, or 4 h for minimum, medium, and high level of
recommendation for exposure to sunlight, respectively. In this work, only the Estonian
standard was considered because it provides more flexibility in the design of new
residential buildings in Estonia than considering the EN17037 (De Luca and Sepulveda,
2021).

The outputs of this workflow are the optimal method to generate the SE with the
novel Grasshopper plug-in Solar Envelope Tools (SET), the number of floor plan divisions,
orientation/size of the building, and zone of the facade that fulfills the SA requirements
for a given multi-objective criterion. Implicitly, this workflow also provides flexibility in
the creation of the interior floor plan of the building. This workflow has four main
phases (Figure 2): SEs generation using SET, building envelope generation (using
in-built Grasshopper components and Python functions), solar analysis of the building
envelope using SET and the assessment of the building performance based on
multi-objective criteria.
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Visible sun positions andf
R ) incident solar radiation |
per day and window |

i Fitness luati R 1
I T ca i
| value formula " Building craes !
| performance Solar analysis |

Building performance | mdicators

Figure 2. Workflow for the building performance assessment.
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In order to study how SEs generated by different criteria influence the building
envelope design and use this information to optimize the performance of the new
building, the workflow shown in Figure 2 is defined. This workflow has four main phases:
SEs generation using SET, building envelope generation (using in-built Grasshopper
components and Python functions), solar analysis of the building envelope using SET and
the assessment of the building performance based on multi-objective criteria.

2.1.1 SEs generation with SET

The first step in the SE generation using SET is to extract climate information about the
location of the case study (latitude, longitude, UTC and hourly direct normal solar
radiation for the annual period) using the component “Location Data Reader”. After this,
it is necessary to calculate the sun vectors of the analysis period using the component
“Analysis Period” (SunVectGen). Using SunVectGen, the designer can introduce a specific
time step and multiple analysis periods. When the selected time step is different than 1
(hourly), SunVectGen uses a linear interpolation to calculate the direct normal solar
radiation in each time step.

The main feature of SET is the possibility to filter and select sun vectors that fulfill
different conditions. The filtering process consists of identifying the sun vectors of the
analysis period that are not blocked by the surrounding buildings (Context) and fulfill the
minimum defined solar altitude (MinAltitude) and dead angle (DeadAngle). This filtering
process is run for every existing window introduced as input. Once the filtered sun
vectors are identified, a sorting and selection process can be performed taking into
account the specific SA ordinances at hand and sorting methods. The SA ordinance of
each case study determines the SA minimum requirements for the new building.
The sorting methods that can be selected through the input SunVectSel, allows taking
into account different sun light quality criteria (Table 1). Consequently, the sorted and
selected sun vectors can be used to generate the SE using the component “Solar
Envelope Generator” (SolEnvGen) which gives as output: (1) the points of the final SE;
(2) the SE points for each window. Additionally, the sun vectors filtered and selected
for each window can be visualized using the component “Sun Path Generator”
(SunPathGen).

Table 1. Available sorting methods in SunVectSel component.

Sorting method Description
(VectorsType)
1 Larger solar altitude first.
2 Larger solar incident radiation first.
3 Sun vectors out the plot with large solar altitude first, then vectors through

the plot with large solar altitude first.

4 Sun vectors out the plot with large solar altitude first, then vectors through
the plot with larger incident solar radiation first.

5 Sun vectors out the plot with large solar altitude first, then vectors through
the plot close to the corners of the plot first.
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The workflow has been tested on one urban area located in Tallinn, Estonia (Figure 3).
A plot 90 x 90 m in size is considered to build a new residential building. The SA rights
according to the Estonian standard are described in section 2.2. The choice of a suitable
time step is essential for the accuracy of the generated SE and the required
computational time (De Luca and Dogan, 2019). Thus, a time step of 2 (one sun vector
per 30 minutes) is used for the case study. The minimum angle between a sun ray and
the building facade (window dead angle) is set to 10° (Darula et al., 2015). The minimum
sun altitude is set to 12° (European comission, 2018). The distance between grid points
on the buildable plot is set to 9 min order to achieve a good balance between SE accuracy

and computational time cost (De Luca et al., 2018b). Moreover, the maximum buildable
height was set to 30 m.

i e LT IR

Figure 3. Virtual urban environment for Tallinn case study.

2.1.2 Building envelope generation

Once the different SEs have been created, the new building volumes can be generated
extruding a selected floor plan. Thus, the following step is to generate optimal windows
for the new building facades. Nowadays, facades with high window to wall ratios (WWRs)
are a common solution at northern latitudes due to the lack of sun hours during the
winter and the importance of the view to the outside. The component used to select the
sun vectors requires windows as simple surface geometry, which are used for sun hours
and radiation analyses. The distance between window centroids was set to 3 m. The floor
plan considered for the main cases study is a linear floor plan typology defined by
ASHRAE (Dogan et al., 2015) with different number of divisions: 3, 4, and 5 (Figure 4).
Moreover, different orientations (from south to south-west every 45 degrees
counterclockwise) are chosen in order to study its effect on the building performance.

20m 20m 20m

\ .

Figure 4. Different number of floor plan divisions (south oriented): 3, 4, and 5 (from left to right).
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2.1.3 Sun hours and radiation analysis
The third phase consists of sun light hours and incident solar radiation analysis of the
new building. The objective of this part of the proposed workflow (Figure 2) is to study
how the urban environment affects the SA and solar radiation received by the new
building. In this analysis, surroundings and new building must be provided as input in
SunVectSel component as urban context. Windows created in the previous phase are also
used. To use SunVectSel for this sun hours and radiation analysis is necessary to define
an auxiliary plot different from the plot used for the main cases study defined in the first
phase of the workflow since it is not necessary to generate any SE in this step. However,
the rest of the settings (dead angle, minimum solar altitude, weather files, time steps,
etc.) are the same of those defined in section 2.2.1.

The outputs of this phase are the building performance indicators calculated in
relation to the visible sun positions and the incident solar radiation for each time step
and window. These performance indicators are:

¢ Volume ratio (Vr) (-) as the relation between the total volume of the new building
and the volume of the SE,

* Window ratio (Wr) (-) as the relation between the number of windows of the new
building that fulfill the SA requirements and the total number of windows,

» Mean incident solar radiation (mISR) (W/m?) as the mean (for the analysis periods
defined in section 2.1) incident solar radiation received by the windows of the new building
that fulfill the SA requirements.

Thus, knowing V», Wr, and mISR for the new building several aspects can be
determined: (1) how its volume is fitting the SE volume; (2) which ratio of the total facade
area is fulfilling the SA requirements, and (3) the level of solar radiation exposure of the
facade.

2.1.4 Building performance assessment

In this last phase of the workflow, the building performance indicators are used to
calculate the objective variables, which are the variables of the proposed objective linear
function F (2) that represent the building performance. Thus, it is possible to compare
building designs through the value F (fitness value). The objectives of the evaluation
formula (2) are: maximization of Vr’ (OV) (3); maximization of Wr’' (OW) (4); minimization
of mISR (Ol) (5). The values of these objective variables are between 0 to 1 (6) and they
represent the level of fulfillment of the building i within a set of n possible new buildings
(1, 2,..., i,..., n).

F(Vr/,Wr/,mISR}) = aVr{ + BWr{ + ymISR; (2)

Vri
max(Vr;)

vrl = (3)
Wr;
max(Wry)

WT'L-' = (4)
mISR;
max(mISR;)

mISR, =1 — (5)
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a+f+y=1 (6)

The coefficients a, B, and y are the weight factors whose values depends on the
chosen criteria. For the case study, different criteria were taken into account to evaluate
the fitness value of each building design (Table 2). The fitness value is always between
0 and 1. Value 1 is associated to an ideal building performance, and that would mean
that the new building fulfills all the objectives previously mentioned at the same time.

In summary, the workflow is applied to one case study (Tallinn case), five sorting
methods (Table 1), one floor plan typology with three number of divisions (3, 4, and 5),
and eight different orientations (from South to North-West every 45°). Moreover, these
120 cases are evaluated according to eleven multi-objective criteria (Table 2) in order to
evaluate which criteria offers the best trade-off building performance.

Table 2. Coefficients of the objective function for different criteria. OV = Volume maximization,
OW = Solar access maximization, and Ol = Solar incident radiation minimization.

oV(a) ow(g) oi(y)
a 1 0 0
2 0 1 0
a3 0 0 1
ca 0.5 0.5 0
cs 0.5 0 0.5
c6 0 0.5 0.5
c7 0.3 0.3 0.3
cs 0.7 0.3 0
9 0.3 0.7 0
c10 0 0.7 0.3
c11 0 0.3 0.7

2.2 Creation of rules of thumb and prediction formulas for room-level
design decisions

In this section, the parametric models used to generate rules of thumb (section 2.2.1)
and prediction formulas (section 2.2.2) for room-level design decisions, which constitute
the second phase of the innovative workflow proposed in this thesis, are presented in
detail. The case study for the application of the prediction formulas is explained in
section 2.2.2.1. In addition, thermal model for overheating simulations (2.2.5), climate
conditions (2.2.3), and overheating risk criterion (2.2.4) are described.
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2.2.1 Parametric studies to develop rules of thumb

The aim of this case study is to achieve the following objective: to investigate the effect
of different daylight assessment criteria on the combined fulfillment of daylighting and
overheating requirements and its implications for the design of residential and office
rooms in Estonia (Paper Il). A simulation-based methodology with the single-zone
approach was used for the assessment of daylighting and overheating. The first part of
this methodology was to generate the room variations from the room parameters.
The second step was to run the daylight simulations (DIVA for Rhino) using different
assessment criteria, SDA, DFmean, and DFmin, for residential and office rooms. The validated
software Energy Plus was used for overheating simulations. Once the calculations were
completed, different daylight criteria were compared. The effect of the window airing on
overheating levels was analyzed, and the combined fulfillment of daylight and
overheating was analyzed relative to the room parameters.

A parametric model of a generic residential/office room was created in Grasshopper
environment that runs within the Rhinoceros 3D computer-aided design (CAD)
application. The model generated two geometrical models (one for daylight and another
for thermal indoor climate simulations) using different room parameters (Figure 5).
The building typology used is a common typology in Tallinn (TUT nZEB Research Group,
2017). The building has five floors and a total height of 17 m, with the ground floor
occupied by commercial facilities and four regular floors with 2.8 m floor-to-ceiling
distance. The test room is located in the middle of the second and third floors to obtain
an average obstruction by the surrounding buildings. The surrounding buildings are
modeled as a continuous facade of the same height of the test building (17 m) and
located at 45 m from the center of the test room toward four cardinal directions with a
typical high-density city center setting and a sparse new development setting in Tallinn.

Orientation Room Room WWR (%) Shading
width (m) depth (m) size (m)

Figure 5. Diagram of room parameter combinations.

The room size parameters and number of orientations were selected to obtain a
representative sample of typical residential living rooms and office rooms in Estonia.
The small 3.5 m x 3.5 m rooms represent a single-employee office of approximately 12 m2.
Intermediate rooms represent living rooms and medium-size offices with an area of
20-40 m?. The larger rooms with a size of 6.5 m x 7.5 m represent large offices of ~50 m?.
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The window sizes used in this study represent typical floor and regular sill (0.9 m from
the floor) windows used in residential and office buildings in Estonia (TUT nZEB Research
Group, 2017). The window height can be 1.5 m or 2.4 m while the distance from the
upper frame to the slab level is 0.37 m. The maximum width for a single glazed area is
1.5 m. WWRs values were calculated considering a frame width of 5 cm for each window
(without dividers).

The different shading systems considered in the model are illustrated in Figure 6. Thus,
no shading system was considered for rooms facing north (N) because direct sunlight is
not relevant for that orientation. However, for south (S), southeast (SE), and southwest
(SW) orientations, fixed horizontal shading was used. Apart from horizontal shading,
fixed vertical shadings were used in the east (E), northeast (NE), northwest (NW), and
west (W) orientations. The reason for the different layout of shading devices for south,
southeast, and southwest (horizontal) orientations and all the others (vertical and
horizontal) is that horizontal shadings perform well for southerly orientations, and
vertical shadings perform well for easterly and westerly orientations due to the low sun
angle. In this study, the horizontal shadings for southerly orientations were extended on
the side to increase protection from direct sunlight and also when the sun is not
perpendicular to the fagade; the vertical shadings for easterly and westerly orientations
were added the horizontal overhang to increase protection, creating a “crate” system
that is also recommended in the literature (Dekay and Brown, 2001; Haglund, 2010).
The selected sizes for the shading device depths of 0.6 m and 0.9 m correspond to the
recommended optimal sizes of shading in relation to window height (maximum 0.4 h,
where h is the height of the window) (TUT nZEB Research Group, 2017). The source of
the fixed shading device is the facade plane.

Figure 6. Modeled 3.5 m x 3.5 m rooms S, SE, and E oriented for the daylight analysis (shading size of
0.6 m).

The Radiance parameters used for the sDA and DF simulations were chosen following
the recommendation made by Reinhart (llluminating Engineering Society and The Daylight
Metric Committee, 2013). The minimum DA illuminance threshold was defined according
to the requirements of the Estonian standard EVS 894:2008/A2:2015, which are 300 lux
and 500 lux for residential and office rooms, respectively. The weather data for sDA
simulations were obtained from the Tallinn-Harku meteorological station for the year
2014 (described in section 2.4). The occupancy schedule used for climate-based daylight
assessment in office rooms is from 08:00 to 18:00 during weekdays as required by the
method LM-83-12 (Illuminating Engineering Society and The Daylight Metric Committee,
2013). For residential rooms, an “always occupied” schedule was used because
residential buildings are assumed to be occupied all day throughout the week.
CIE overcast sky conditions were considered for DF calculations by DIVA (DAYSIM).

31



The daylight analysis grid is located at 0.8 m height from the floor and the spacing
between the grid points is 0.5 m (llluminating Engineering Society and The Daylight
Metric Committee, 2013). DIVA is a Grasshopper plug-in for Rhinoceros that uses the
validated software DAYSIM (Radiance-based software) for daylight calculations (Jakubiec
and Reinhart, 2011; Reinhart and Pierre-Felix, 2009; Reinhart and Herkel, 2000).
Specifically, DIVA components “daylight factor” and “annual daylight” were used to
assess the daylight intensity according to the criteria of interest presented in section 2.2.

In parametric analysis, three different daylight assessment criteria were considered
(DFmean, DFmin, and sDA). The DFmean criterion requires a minimum mean DF of 1.5% and
2.0% for residential and office rooms, respectively. IES LM-83-12 defines a minimum sDA
of 55% (for a DA threshold of 300 lux for all types of buildings). Thus, at least 55% of the
area is lit with at least 300 lux in 50% of the occupied hours. For office rooms, a DA
threshold of 500 lux was considered instead of 300 lux, as recommended by the
European lighting standard EN12464-1 (European Committee for Standardization, 2011).
For both, residential and office test rooms, interior finishing materials had standard
diffuse reflectance values, commonly used for daylight simulations when real building
material data are not available (De Luca et al., 2018a; Dogan and Park, 2019; Reinhart,
2018). The reflectance of the opaque surfaces in the model is shown in Table 3.
Moreover, triple glazed windows with 18 mm gap (CalumenLive, 2021) were considered
because of their reliability in terms of cost and energy performance within the Estonian
context (Pikas et al., 2015; Thalfeldt et al., 2017, 2013).

Table 3. Reflectance values for opaque surfaces recommended by the European standard EN17037
for daylight simulations (European comission, 2018).

Surface Reflectance (-)
Interior walls 0.5
Floor 0.2
Ceiling 0.7
External floor 0.2
External facade 0.3

The Grasshopper plug-in ArchSIM (Dogan, 2014) was used to define the model for
thermal calculations at residential rooms described in section 2.7. The.idf file generated
by ArchSIM was edited and set up all the desired parameters such as the number of
warming days, frame width, or boundary conditions of each surface. The edited the.idf
file was used as input to the validated software Energy Plus version 8.4 (U.S. Department
of Energy, 2015). After simulations, a DH metric value was calculated for each room
combination using the hourly mean air temperature (Th) during the warm season
(section 2.3).
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2.2.2 Parametric studies to develop daylight and overheating prediction formulas
The aim of this case study is to achieve the following objective: to develop prediction
formulas that help architects and practitioners to estimate overheating risk levels
and daylight provision for different climate conditions and regulations (Paper Ill).
A simulation-based methodology with the single-zone approach was used for the
assessment of daylighting and overheating in residential buildings. The only differences
between this parametric model and the one described in section 2.8.2 are the following:

- Surrounding buildings were considered at a distance of 17 m from the floor level of
the test room, using a continuous facade and varied height to model different mean
obstruction angles (6s) from 0° to 35.0° (Figure 7);

- The visible transmittance of the glazing system was varied from 45% to 80% and the
g-values, which are associated to different glazing systems commonly considered within
the Estonian context (Simson et al., 2017b; Thalfeldt et al., 2013), were varied from 0.24
to 0.61 (with U-values from 0.21 to 1.4 W/m?:K) (Figure 7).

- No shading system was considered in the parametric model because one of the main
principles of the coupled method to be used during early stage design is to maximize
daylight provision and quantify the potential overheating risk while minimizing design
costs related to unnecessary shading system.

- Only minDF-based daylight assessment criterion (section 2.2) was considered in this
case study and DH-based overheating assessment criterion (section 2.3);
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Figure 7. Diagram of room parameter combinations and representation of the obstruction angle &
for a generic room. Window-to-wall ratio=WWR. An obstruction angle is considered null (8 = 0°)
when the roof of the surrounding building/external obstruction is at the same level or below the
floor level of the test room. The total number of room combinations is 5120 and 40960 for daylight
and thermal simulations, respectively.
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The European standard EN 17037:2018 proposed two methods for the daylight
assessment. For this parametric analysis, only the minDF-based criterion (DFmin) was
considered. Thus, the fulfillment of minimum daylight provision according to the static
method defined by the EN 17037 consists in the simultaneous fulfillment of two
conditions. The first condition (Cd1) is fulfilled if the minimum DF value for the first half
of the reference plane closer to the window (minDF1) is higher than a target value
(minDF1t), which depends on each EU country (1.5%—-2.8%) (e.g. minDF1 >2.2% for
Estonia, minDF1 >1.8% for Spain, etc.). The second condition (Cd2) is fulfilled when the
minimum DF value for at least the 95% of the entire the reference plane (minDF2t)
should be higher than a target value, which depends on each EU country (0.5%—0.9%)
(e.g. minDF2 20.7% for Estonia, minDF2 20.6% for Spain, etc.) (Figure 8).
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Figure 8. Minimum thresholds for different European countries defined by the European standard
EN 17037 for target DF for the first half of the reference plane closer to the window (minDF1) and
minimum target DF for at least the 95% of the reference plane (minDF2).

The coupled method based on the developed prediction formulas were combined in
order to choose design decisions that help to achieve a good balance between daylight
provision and overheating risk protection in a new residential building in Estonia. These
design decisions consist of the selection of window’s size and thermal properties for each
designed bedroom and kitchen-living rooms. On one hand, a good level of daylight
provision is achieved when the minimum requirement according to the minDF-based
method defined by the European standard EN 17037 is fulfilled. On the other hand,
the maximum overheating risk level is based on the DH-metric, which has the potential
to be adopted by EU countries as overheating metric in the future. It was considered the
design of a multi-store building located in a middle-density urban area of Tallinn, Estonia
(Latitude: 59.39°, Longitude: 24.67°) (Figure 9). The building has a length of 82 m and a
width of 17 m. The number of floors is 10 floors where the first floor is habilitated for
commercial, building access, and parking uses. There are 12 apartments of 94.5 m?
(13.5 m width x 7 m depth) per floor and the floor height is 3 m where 2.8 m is the room
height. Each apartment has one 4 x 6 m bedroom and one 6 x 6 m open kitchen-living
room. The mean obstruction angles are between 0° (higher floors) and 20° (lower floors).
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Figure 9. Top view (a) and perspective view (b) of the building (E-W) and surrounding environment
used in the case study in Tallinn, Estonia.

2.2.3 Climate conditions

The room combinations from both parametric models analyzed in this thesis are within
the Estonian context, specifically the capital of Estonia: Tallinn (Latitude: 59.4370° N,
Longitude: 24.7536° E), which is located at the north coast of the country. Tallinn has a
warm humid continental climate (Dfb) according to Ko&ppen-Geiger classification
(CLIMATE-DATA.ORG, 2021). The average annual temperature is +6.4°C and the average
temperature during the warm season is +16.2°C (Estonian Weather Service, 2021a).
The wettest months are July and August (average precipitation of 82—85 mm), while the
driest months are from March to May with an average precipitation of 35-37 mm
(Estonian Weather Service, 2021b). The average number of sun hours is 1922.7 during
the year, where December is the darkest month with 20.7 sun hours and July is the most
sunlit month with 312.1 sun hours (Estonian Weather Service, 2021c).

For the thermal calculations conducted in this thesis, climate conditions related to the
year 2014 were considered (Figure 10) for thermal and daylight dynamic calculations.
The warm season of the year 2014 reached higher outdoor temperatures than the typical
climate of the Estonian region (TRY). The TRY is built from selected monthly weather
data from 1970-2000. Therefore, TRY temperature profile is smoother than 2014
temperature profile (Figure 10a).
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Figure 10. Dry bulb temperature (a) and solar radiation profiles (b) for different weather data sets.
SP = set point.
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2.2.4 Assessment criterion for overheating risk

Estonia has specific overheating requirements that must be met if there is no mechanical
space cooling system in a new or a renovated building. Window airing is not permitted
in overheating simulations of non-residential buildings. Installation of openable windows
is not regulated by these requirements. In this thesis, overheating risk in residential
buildings with natural ventilation (window airing technique) is analyzed. Overheating
requirements in Estonia are based on the metric degree-hour (DH) (°C-h) (Eq. (7)), which
represents the accumulation of the hourly indoor mean air temperature (Th) excess
(related to a temperature set point of 27 °C) during a specific period of the warm season
(June 1-August 31). The use of simulation-based methodology is recommended to assess
summer thermal comfort in Estonian residential buildings (Hamburg and Kalamees,
2019). Thus, the expression to calculate the DH metric from simulated Th values of a
residential room during the warm season is the following:

DH = $)_y(Ty, — 27) (°C - h) (7)

Where N is the number of occupied hours (from June 1 to August 31). According to
the Estonian regulations, DH threshold must not exceed 150 °C-h (maxDHesr) in residential
buildings (Estonian Government, 2012).

2.2.5 Thermal model for overheating simulations

The validated software Energy Plus was used for thermal indoor energy simulations
required by cases studies explained in sections 2.8.2, 2.8.4, and 2.8.5 (U.S. Department
of Energy, 2015). The hourly mean air temperature (Tn) was the variable of interest
to assess the overheating risk in terms of the DH metric (section 2.3). Construction
materials for the walls, slab, and floor are shown in Table 4. Slab floor and interior walls
consist of 250 mm layer of concrete. The external wall is composed of three layers of
concrete and expanded polystyrene, with a thermal transmittance of 0.128 W/(mZK).
Moreover, triple glazed windows with 18 mm gap (CalumenLive, 2021) was considered
for section 3.2.1 because of their reliability in terms of cost and energy performance
within the Estonian context (Pikas et al., 2015; Thalfeldt et al., 2017, 2013). Windows
were modeled using a simplified model, which has been proved to be more conservative
than the detailed model for overheating risk calculations (Thalfeldt et al., 2016). Window
simplified model is based on constant properties: solar/visible transmittance, U-value, and
internal/external emissivity values. These optical and thermal properties were not included
as independent variables of the parametric model (section 3.2.2), mainly because
architects and designers are used to follow recommendations about cost-optimal window
constructions for different climate contexts (Saadatian et al., 2021b, 2021a; Simko and
Moore, 2021).

Slab floor and interior walls were considered as adiabatic surfaces (Abel Sepulveda
etal., 2020). However, it was considered heat transfer through the exterior wall and solar
exposure. Required usage profiles for internal gains in residential buildings by Estonian
regulations can be seen in Figure 11. For a multi-apartment building, the number of
square meters per person is 28.3 (Estonian Government, 2015) and the mean level of
activity is 1.2 MET (Table 5).

The consideration of infiltration is mandatory by Estonian regulations. The infiltration
air flow rate (qi) is calculated using Eq. (8):
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qi =

— dso
3.6x

(8)

Where A is the area of the building envelope in m?, gso is the average air leakage rate
of the building envelope determined by means of an air leakage test at a pressure
difference of 50 Pa, which characterizes the air tightness of the building envelope,
was set to 3 m3/(h-m?) according to the same regulation, and x is the building factor set
to 20 since the typical building in Tallinn has four stories (Estonian Government, 2015).

Table 4. Thermal and optical properties of the building envelope.

Thermal Visual /Solar
transmittance |gvalue | Transmittance | Exterior/Interior
Element Construction (W/(m2K)) (-) (-) emissivity (-)
Concrete 150 mm
Expanded
Polystyrene
280 mm
External wall| Concrete 50 mm 0.128 - - 0.9/0.9
Floor slabs,
Internal Walls| Concrete 250 mm 3.59 - - 0.9/0.9
Window
frame Aluminium 50 mm 0.5 - - 0.9/0.9
Window
(CalumenlLive,
2021)
(sections
3.2.1.2 and
3.2.1.3) Triple glazing 0.5 0.37 0.63/0.27 0.9/0.9
Window Variable [0.21,0.5,1.1, [0.24, | [56, 63, 56, 78] 0.9/0.9
constructions 1.4] 0.37,
(section 0.52,
3.2.2) 0.61]
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Figure 11. Usage profiles of occupancy, lighting, and equipment for residential buildings in Estonia
(Estonian Government, 2015).

Table 5. Internal gain parameters for Estonian residential buildings.

People density 0.0353 p/m?
Metabolic Rate 1.2 MET
Equipment power density 3 W/m?
Lighting power density 8 W/m?
Dimming Control OFF
Target llluminance 300 lux

HVAC settings used in the thermal model are displayed in Table 6. Mechanical
ventilation was also considered: minimum fresh air of 14.15 L/s per person and minimum
fresh air of 0.5 L/s per area (m?). Airing position of the window was set to 10% as defined
by Simson et al. (Simson et al., 2017a). With a set point of 25 °C and an openable area of
10% for the window, low heating energy is needed during the warm season due to the
occasional low exterior temperatures in Tallinn. The heating system must be switched
ON with a set point of 21 °C for residential buildings (Table 5).

Table 6. HVAC settings for residential buildings in Estonia.

Heating system (SP) ON (21 °C)

Cooling system (SP) OFF (-)

Window airing (SP) ON (25 °C)
Mechanical ventilation Always ON

Minimum Fresh Air per Person 14.15 (L/s/p)
Minimum Fresh Air Area 0.5 (L/s/m?)

Heat recovery temperature efficiency 80%
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2.3 Benchmark of methods for annual glare assessment

In this section, the test room (section 2.3.1), daylight calculation methods and Radiance
parameters (section 2.3.2), selected fenestration systems (2.3.3), and their optical
characterization (section 2.3.4) are explained in detail (Paper 1V). All these
methodological decisions are the basis of the different analyses (Table 7) (section 3.3)
that support the efficient assessment methods for glare protection according to the
EN7037. These glare assessment methods constitute the third phase of the innovative
workflow proposed in this thesis.

Table 7. Summary of all the analyses conducted for the development of efficient glare assessment
methods. Sec. = section, DCM = daylight calculation method, rA = relative deviation, Glaz = solar-control
double glazing unit, TSs = time steps, and aA=absolute deviation. The time steps are for February 5,
Freiburg, Germany. VA = Viewing angle refers to the angle between viewing direction and window
plane.

Sec. TSs VA CFSs Radiance material DCM  Metrics Output
3.3.1 11:00 - T100, T5, BRTDfunc 3pm  rAE, (%) Optimal
T3, T1 Radiance
S5pm
parameters
rtrace
3.3.2 11:.00 45° T5, T3, BRTDfunc, 3pm DGP (-) Suitable
T1 material
16:00 t45a, t45, t39a, 5pm Ey (lux) )
representations
139, t384, t38,
rtrace
t37a, t37, Klemsa
3.3.3 Annual 0° T1/T3/T5 BRTDfunc 5pm CPU Fastest daylight
time calculation
rtrace
method
3.3.4 Annual 45° Glaz+T1 Klemsa S5pm CPU Optimal time
ti h t li
Glaz +T3 rtrace ime (h) s eptsatmp ne
aAfDGPt stratesy
Glaz +T5
(%)

2.3.1 Test room

This part of the study considers a south-oriented test room with two different viewing
directions, parallel to the window plane and 45° towards the window (Figure 12). Glare
protection criterion was considered according to EN 17037: the annual percentage of
discomfort glare hours (fDGPt) should be lower than 5% for a shading device to protect
against glare. Glare hours are considered as the occupied hours with an associated DGP
above a threshold DGPt: 0.35, 0.40, and 0.45 for high, medium, and minimum level of
glare protection, respectively (European comission, 2018). All the opaque surfaces were
modeled with the Plastic material primitive in Radiance with reflectance values
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recommended by the European standard EN17037 (Table 3). The room is located in
Freiburg, Germany (latitude: 48 °N). The day of study for the static analyses is February
5 because of the low solar altitude, which is critical for daylight glare. No exterior obstacle
is considered in this case study. It was assumed clear sky conditions for all the simulations
(CIE clear sky with the presence of the sun) as is recommended by the EN 17037 for the
verification of the glare protection capabilities of shadings for a critical situation
(European comission, 2018). In fact, typical weather files might hide a glare risk if, for a
particular situation with a critical sun position, the weather file indicates a cloudy sky.
Therefore, clear skies should be considered in the simulation for annual glare analyses.
This represents a worst-case scenario which is suitable for choosing a glare protection
device.

Top view
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Front view

view position
(1.5,0.8,1.2) window 2.65m
(3.0m) x(1.5m)
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Figure 12. Geometrical information for the south-oriented office room, occupant’s position and
viewing directions.

2.3.2 Daylight calculation methods and Radiance parameters

It was used the Radiance software v5.4.a for illuminance calculations and renderings
(“Radiance 5.4a (2020-09-06),” n.d.). Specifically, the chosen daylight methods were the
classic ray-tracing-based daylight method rtrace (Ward, n.d.) and matrix-based methods
3pm and 5pm (Lee et al., 2018a). A BSDF Klems data set in .xml format (transmission
matrix) is required in 3pm and 3pmD simulations while CFS in cds phase and rtrace
method can be modeled with different Radiance materials explained in sections 2.2 and
2.3. One of the difficulties in applying these methods is the selection of Radiance
parameters for the simulation. It was studied the sensitivity of ambient bounces (ab
parameter) and ambient divisions (ad parameter) when using the daylight methods
rtrace and 3pm (Ward, n.d.). In addition, it was analyzed the sensitivity to the ad
parameter and the number of Reinhart sky-patch subdivisions (MF parameter) in 5pm
calculations (Inanici and Hashemloo, 2017b). The parameters ab and ad determine the
accuracy of the calculation for indirect light from the sky. The MF parameter is related to
the accuracy of the sun positions and sky modelling in the direct sun coefficient
calculation (cds) within the 5pm simulation. Additional Radiance parameters used for the
calculations in this investigation can be seen in Table 8. These Radiance parameters are
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recommended in several Radiance tutorials (McNeil, 2014, 2013) and previous
investigations (Brembilla et al., 2019; Reinhart and Herkel, 2000). It was used 25 cores of
a Linux machine cluster of 56 CPUs to run all the simulations (Processor Intel(R) Xeon(R)
CPU E5-2697 v3 @ 2.60GHz).

Table 8. Radiance parameters used for glare simulations by rtrace and 5pm. cds refer to the direct
coefficient sun simulation. 3pmD refers to 3pm simulation of the 5pm considering only the direct
component of the solar radiation.

Radiance parameters

Sky generation: +s (CIE clear sky) -m 1 (MF=1)

3pm Daylight matrix: -n 25 -c 1500 -ab 4 -ad 1024 -lw 9.76e-4

View matrix: -n 25 -c 10 -ab 10 -ad 65536 -lw 1.53e-5 -pj 0.7 -x 900 -y 900

Sky generation: +s (CIE clear sky) -m 1 (MF=1) -d (direct component of the sun)

3pmD Daylight matrix: -n 25 -c 1500 -ab 0 -ad 1024 -lw 9.76e-4

5pm View matrix: -n 25 -c 10 -ab 1 -ad 65536 -lw 1.53e-5 -pj 0.7 -x 900 -y 900

Sky generation: MF=3 (1297 sky subdivisions) (Subramaniam, 2017)

cds Daylight coefficient matrix: -n 25 -ab 1 -ad 1024 -pj 0.7 -dc 1 -dt 0 -dj 0 -x 900
-y 900 MF=3

rtrace -n 25 -lw 1/ad -aa 0.1 -as 1000 -x 900 -y 900

(The selection of -ad and —ab parameters is justified in section 3.3)

2.3.3 Selection of fenestration systems

In this case study, synthetic fabrics with different optical properties were considered.
This allows us to parametrize important characteristic of shading devices such as the
specular/diffuse split and the cut-off angle (minimum incident angle for which a CFS
completely blocks specular transmission), which are used in the EN 17037 for
classification. Fabrics are in general anisotropic depending on the weaving direction.
However, for the purposes of this analysis, fabrics are modeled with the Radiance
primitive BRTDfunc as being isotropic (due to random or uniform microgeometry (Ward
et al., 2021)) with a main view-through component. The BRTDfunc material considers
separate specular and diffuse components and a cut-off angle. This approach is a modified
version of the analytical Roos model for fabrics defined by Wienold et al. (Wienold et al.,
2017). BSDF of these synthetic fabrics are then generated for the analysis.

The accuracy of the simulations with different BSDF representations is assessed as
compared with the simulation results using the original material definition (i.e.,
the BRTDfunc model is considered the “gold standard” in this particular study). One set
of fabrics are considered, Table 9 shows the main optical properties for three synthetic
fabrics (normal-normal transmittances: 5%, 3%, and 1%) and a representation of a
window hollow (no glazing nor shading) named T100 (100% transmission). The cut-off
angle of fabrics T5, T3, and T1 was set to 70°. The diffuse reflectance was set to 60%
related to a light grey colored fabric.
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Table 9. Optical properties for BRTDfunc model for 4 synthetic fabrics (modeled by Roos parameters
p=4.0, g =2.9 (Karlsson and Roos, 2000)). T, is the normal-normal transmittance, T is the normal-
diffuse transmittance, and pnais is the normal-diffuse reflectance.

Name Thn Thdif Pndif Cut-off angle
(-) O] O] )
T100 1.0 0 0 90
T5 0.05 0.15 0.60 70
T3 0.03 0.15 0.60 70
T1 0.01 0.15 0.60 70

2.3.4 Optical characterization of complex fenestration systems

For the optical characterization of fabrics considered for glare calculations (case study
explained in section 2.8.6), BSDF data sets were generated using direct functional
sampling (Ward, 2013; Ward et al, 2021), as an alternative to the virtual
goniophotometer approach (McNeil, 2015; McNeil et al., 2013) and implemented in the
Radiance genBSDF program. Direct functional sampling consists of applying the
mathematical function that represents the optical behaviour of the material (e.g.,
the BRTDfunc), sampling rays for each incident and outgoing projected solid angle as
required by the BSDF format (e.g. tensor tree generation 7 or Klems). By default, complete
sampling consists of 1024 rays per solid angle. However, an adaptive sampling
mechanism is in place to reduce the sampling time. Tensor-tree BSDFs were generated
using the bsdf2ttree program, where the incident and scattered ray pairs are sampled
over each solid angle depending on the tensor-tree resolution. A subtended apex angle
of 0.533° (the solid angle of the solar disk) is assumed for direct-direct transmission.
Rays scattered beyond this solid angle are allocated to the direct-diffuse transmission.
Figure 13 shows that, with an adaptive sampling algorithm, increasing the resolution of
the tensor tree decreases the RMSE of direct-hemispherical transmissivity between the
BSDF and the analytical function.

The following angular resolutions were analyzed: Klems basis, t37, t38, and t39.
Although only isotropic materials are considered in this study, an anisotropic tensor-tree
t45 was included in the comparison. For a generic tensor tree -t3/-t4 k, k refers to
generation of 22k directions per hemisphere (Lee et al., 2018a). BSDF datasets were
modeled with BSDF and aBSDF materials in Radiance. The aBSDF material definition
includes a peak extraction algorithm, which separates the transmission peaks, associated
with the view-through component of the transmission, from the rest of the BSDF dataset
(Ward et al., 2021). Proxy geometry of fabrics were not considered because the storage
of their tiny geometry leads to very large computational consuming simulations.
Therefore, these material definitions were assigned directly to a polygon surface that
represents the window.
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Figure 13. Direct-direct transmittance depending on the angle of incidence for four different
isotropic tensor-tree BSDF generated with the Radiance program bsdf2ttree. The angular resolution
(x) of the isotropic tensor-tree (-t3 x) BSDFs are 6 (a), 7 (b), 8 (c), and 9 (d).
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3 Results and discussion

In this section, all the results are presented, analyzed, and discussed. The structure of
this section is the following:

- Section 3.1 (Paper I): an example of use of the first phase of the innovative workflow
proposed in this thesis is presented. In other words, the building orientation, volume,
and windows location are defined by the multi-objective optimization workflow for
building envelope presented in section 2.1 that is used for the case study presented in
section 2.1.1;

- Section 3.2: Firstly, the rules of thumb for the fulfillment of daylight provision for
different assessment criteria (section 3.2.1.1), overheating for different ventilation
strategies (section 3.2.1.2), and combined fulfilment of daylight and overheating
(section 3.2.1.3) are explained (Paper Il). Secondly, the prediction formulas are
developed for daylight provision (section 3.2.2.1) and overheating risk (section 3.2.2.2)
(Paper Ill). In addition, an example of use of both prediction formulas is presented and
validated in section 3.2.3 (Paper lll). The use of either rules of thumb or prediction
formulas to help architects and designer to make decision to room-level (e.g. room sizing,
window sizing, etc.) constitute the second phase of the innovative workflow proposed in
this thesis;

- Section 3.3 (Paper IV): convenient sensitivity analyses to support the recommendation
of efficient glare assessment methods, which constitute the third phase of the innovative
workflow proposed in this thesis, are developed in this section. As mentioned, for a
suitable assessment of DGP-based glare protection metric, it is necessary to calculate
properly vertical illuminance and luminance of the field of view. Thus, recommended
Radiance parameter for static illuminance simulations are presented and justified in
section 3.3.1. Comparison analysis of daylight calculation methods and material models
for static glare calculation is presented in section 2.3.2. A criterion to choose daylight
calculation method for dynamic glare calculations depending on the required
computational time is developed and validated in section 3.3.3. Finally, an evaluation of
different sampling strategies for annual glare assessment in terms of computational time
and accuracy is presented in section 3.3.

3.1 First phase: defining building orientation, volume, and windows
location considering solar access

The values of the objective variables for different criteria (Table 2) used in case study
explained in section 2.8.2 can be seen in Figure 14. In these case, five different group of
criteria give 5 different optimal solutions:

e The first optimal solution is generated by the 100% volume-weighted
criterion (C1),

e The second optimal solution is a 100% SA-based criterion (C2),

e The third optimal solution is generated by a group of criteria based on
different trade-off considerations (C3, C5, C7, and C11),
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e The fourth optimal solution is generated by a group of criteria based on
different trade-off between volume and SA (C4, C8, and C9),

e The fifth optimal solution is generated by a group of criteria based on
different trade-off between SA and mISR (C6 and C10).

0.0~

Objective variables (-)
= o = =
= — o> -]
2] .

Figure 14. Objective variables values for different criteria in case study explained in section 2.8.2.

The design parameters and the performance indicators for each optimal solution
are shown in Table 9. In general, SM 2and 4 are not recommended for any criteria.
The maximization of the building volume (V. = 0.24) is possible byorienting west a floor
plan with 5 divisions and consideringSM 5 to generate the SE (Figure 15a). Nevertheless,
the combination of the SM 1 or 3 with 3 divisions of the floor plan and NW orientation,
achieve a low volume fitting with the SE volume V,.= 0.18) but high performance in terms
of SA(W,.= 0.87) and mISR (190.14 W/m?) (Figure 15e). Moreover, the south orientation
combined with a low numberof divisions of the floor plan (3 and 4) are associated to high
W, (between 0.84 and 0.97) when SM 1 is considered (Figure 15b and 15d). The only
difference between the fifth and the thirdoptimal solution is the number of divisions of
the floor plan (4 and 3, respectively). This increment from 4 to 3 divisionsof the floor plan
generates a self-shadowing phenomenon: the3% of the whole facade pass to do not fulfill
the SA requirement because V.. increases a 5% (Figure 15c and 15e).

Table 9. Design parameters and performance indicators using different criteria (Table 2) for Tallinn
case (section 2.8.2).

Criteria nFPd Ori. SM Vr Wr mISR
c1 5 w 5 024 0.66 197.39
Cc2 3 S 1,3 0.19 092 197.7

C3,C11,C5,C7 4 NW 1,3 0.23 0.84 188.78

C4,C8,C9 4 S 1 023 0.89 197.89

C6,C10 3 NW 1,3 0.18 0.87 190.14
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Finally, the third (Figure 14c) and fourth solutions show goodtrade-off performance.
Nevertheless, since the deviations in terms of mISR are around 10 W/m?, the fourth
optimal solution is the best one (Figure 14d): south-oriented building whose floor plan
is divided by 4 sections (SM 1 used for the SE generation) achieve a V. of 0.23 and the
89% of the facade is fulfilling the SA requirements with a mean incidentsolar radiation
of almost 198 W/m?.

\

—

Figure 15. Optimal combinations in Tallinn case.

As seen in this section 3.1, different SEs might fulfill the same SA requirements for a
case study. This fact provide flexibility in the early design stages of the architectural
design process. In general, considering a large number of possible floor plan divisions,
the volumes of the new building can fit better the SE volume. Moreover, the consideration
of sorting methods based on larger solar altitudes and sun vectors outside the plot
achieve larger SE volume than those based on incident solar radiation. The maximum
relative difference in terms of SE volume is almost 50%. Indeed, this difference can be
due to the length of the analysis period.

A suitable choice of the design parameters is critical to optimize the new building
envelope. If the preferred criteria to design the new residential building is the volume
ratio and the SA of the facades, the use of criteria based on trade-off criteria between
volume and SA for Tallinn are suitable ones. The optimized building envelope for the case
study is shown in Figure 16. The optimal number of floor plan divisions are four and the
total floor area is 11617 m?2. South-oriented floor plan allows good performance
between volume and SA of the new buildings (Figure 16): volume ratio higher than 20%
and ratio of the facade that fulfill the SA requirements of 89%. This workflow is specially
suitable when the SA regulations are strict. First decisions as building orientation,
windows location, building footprint, and buildable volumes characterize the solar access
of the existing and new buildings. Other requirements related to daylight provision,
overheating, energy consumption or glare protection could be fulfilled with a suitable
design of interior layout and facade.
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Figure 16. Optimized building envelopes for Tallinn case. Windows in yellow fulfill the SA
requirements and the red window has the maximum mean incident solar radiation.

3.2 Second phase: window sizing considering daylight provision and
overheating risk

Once the building orientation, volume, location of the windows are defined by the
architect or designer by applying the first phase (section 3.1) of the innovative workflow
proposed in this thesis, the use of either rules of thumb or prediction formulas to help
architects and designer to make decision to room-level (e.g. room sizing, window
sizing, etc.) constitute the second phase of the novel workflow proposed in this thesis.
Therefore, this section is split into two sections:

- In section 3.2.1 (Paper Il), the rules of thumb for the fulfiliment of daylight provision for
different assessment criteria (section 3.2.1.1), overheating for different ventilation
strategies (section 3.2.1.2) and combined fulfillment of daylight and overheating (section
3.2.1.3) are explained.

- In section 3.2.2 (Paper lll), the prediction formulas are developed for daylight provision
(section 3.2.2.1) and overheating risk (section 3.2.2.2). In addition, an example of use of
both prediction formulas is presented and validated in section 3.2.3. Simplified method
based on rules of thumb for window sizing

3.2.1 Simplified method based on daylight and overheating rules of thumb for
window sizing

3.2.1.1 Rules of thumb for daylight provision at residential and office rooms

According to the results (Figure 17), all the tested room variations that fulfilled the
minimum DF of 2.2% for the first half of the reference plane closer to the window also
fulfilled the minimum DF of 0.7% for at least 95% of the reference plane. Hence,
the minimum DF of 2.2% for the first half of the grid is taken as the critical requirement
that ensures the fulfillment of the European standard EN 17037:2018. The percentage of
the simulated rooms (3520 combinations) associated with different daylight fulfillment
cases is displayed in Figure 17. There is no room that reaches sDA higher than 55% and a
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mean DF lower than 1.5 or 2.0 for residential or office use, respectively. In 29% and 32%
of the residential and office cases, respectively, the Estonian DF requirement is met, but
not the sDA. Nevertheless, there is a 70% agreement between sDA and DFmean for both
types of buildings. For residential rooms, the agreement between DFmean and DFmin is
58%. There is no room that reaches a minimum DF higher than 2.2% and a mean DF lower
than 1.5 or 2.0% for residential or office rooms, respectively. For office rooms, the
agreement between DFmean and DFmin is approximately 70%, likely due to the stricter
DFmean requirement for office use (2.0%) than for residential rooms (1.5%).

Residential Residential
mean DF vs sDA mean DF vs min DF
100 100
< 80 =~ 80
P =
g :
g 60 E 60
E E
- 40 - 40
@ o
E E
g 20 £ 20
z z
0 0
Agreement mean DF > 1.5% Agreement mean DF > 1.5%
sDA < 55% min DF <2.2%
Office Office
mean DF vs SDA mean DF vs min DF
100 100
< 9
S 80 < 80
g g
2 60 g 60
=l -
s k]
- 40 o 40
2 2
E 20 E 20
= =
Z z
0 0
Agreement mean DF = 2.0% Agreement mean DF > 2.0%
sDA <55% min DF < 2.2%

Figure 17. Agreement analysis between different the daylight criteria used (section 2.2).

The minimum WWR (minWWR) to fulfill the daylight requirement for different criteria
(DFmean, DFmin, and sDA) and office room parameters are presented in Table 10. The IES
LM-83-12 is one of the most conservative testing criteria. The NE, NW, and W-oriented
office rooms with depths of at least 3.5 m do not fulfill sSDA >55% when shading is used.
However, the maximum recommended room depth is 5.5 m when no shading is used
(minWWR of 0.86 for S orientation). For shading sizes of 0.6 m or 0.9 m installed in the
S- and SE-oriented rooms, the maximum recommended room depth is 4.5 m (minWWR
of 0.86). As expected, the shading size is related to the increase in minWWR required for
any room combination.
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Table 10. Minimum WWR to fulfill the daylight requirements (for DFmean, DFmin, and sDA) defined

in section 2.2.1 for office rooms.

Office room depth (m) 3.5 45 5.5 6.5 7.5
DFmean | S,SE,E,NE,N,NW,W,SW | 0.27 | 0.27 | 0.4 0.4 0.4
DFmin | S,SE,E,NE,N,NW,W,SW | 0.4 0.4 | 0.86 - -
S 0.4 0.4 | 0.86 - -
Om
SE,E,SW 04 | 0.54 - - -
sDA
NE,W 0.4 | 0.86 - - -
N, NW 0.54 - - - -
S,SE,SW 0.4 0.4 | 0.54 | 0.54 | 0.86
DFmean E,NW,W 04 | 0.54 | 0.86 - -
NE 0.4 | 0.54 | 0.86 | 0.86 -
S 0.4 | 0.54 - - -
E DFmin SE,SW 04 | 086 | - - -
9 0.6 m
a E,NE,NW,W 0.54 | - - - =
[
T S,SE 04 | 086 | - - -
L
wv
E 0.86 - - - -
sDA
NE,NW,W - = - - -
SW 0.54 | 0.86 - - -
S,SE,SW 0.4 | 0.54 | 0.86 | 0.86 -
DFmean
E,NE,NW,W 0.54 | 0.86 - - -
S,SE,SW 0.54 | 0.86 - - -
DFmin
0.9m E,NE,NW,W 0.86 - - - -
S,SE 0.54 | 0.86 - - -
sDA E,NE,NW,W - - - - -
SW 0.54 - - - -

As shown in Table 11, the fulfillment in terms of different daylight requirements in
residential rooms is less restrictive than in office rooms: the maximum depth of the office
rooms is equal to or less than that of the residential rooms for sDA/DFmean criteria,
when the room orientation or shading size is considered, because of the stricter daylight

requirements for office rooms.
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Table 11. Minimum WWR to fulfill the daylight requirements (for criteria DFmean, DFmin, and sDA)
defined in section 2.2.1 for residential rooms.

Residential room depth (m) 3.5 4.5 5.5 6.5 7.5
DFmean S,SE,E,NE,N,NW,W,SW | 0.27 | 0.27 | 0.27 0.4 0.4
DFmin S,SE,E,NE,N,NW,W,SW 0.4 0.4 0.86 - -
S,wW 0.27 0.4 0.4 0.86 -
Om
E,SE,NW,SW 0.27 0.4 0.54 | 0.86 -
sDA
NE 0.4 0.4 0.54 - -
N 0.4 0.4 0.86 - -
DFmean S,SE,SW 027 | 04 | 04 | 04 | 054
E,NE,NW,W 0.4 0.4 0.4 0.54 | 0.86
S 0.4 0.54 - - -
DFmin SE,SW 0.4 0.86 - - -
E,NE,NW,W 0.54 - = - -
— 0.6 m
§_ S 0.4 0.4 0.86 - =
(V]
N
“n SE 0.4 0.4 0.64 - -
&
E sDA E,W 04 | 054 | 086 | - :
&
NE,NW 0.4 0.86 - - -
SW 0.4 0.4 0.54 - -
S,SE,SW 0.4 0.4 0.4 0.54 | 0.86
DFmean
E 0.4 0.54 | 0.64 | 0.86 -
NE,NW,W 0.4 0.4 0.64 | 0.86 -
S,SE,SW 0.54 | 0.86 - - -
DFmin
09m E,NE,NW,W 0.86 - - - -
S,SE,SW 0.4 0.54 | 0.86 - -
E 0.54 | 0.86 - - -
sDA
NE,NW 0.54 - - - -
W 0.4 0.86 - - -
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Considering the IES LM-83-12 method for living rooms, the following results are
obtained:

- Without shading, the maximum recommended room depth is 5.5 m with minimum
WWRs varying from 0.40 to 0.86 depending on the orientation.

- With a shading size of 0.6 m, the maximum recommended room depth is 4.5 m for NE
and NW orientations but 5.5 m for the other orientations (minWWR from 0.54 to 0.86).

- With a shading size of 0.9 m, the maximum recommended room depth depends
also on the orientation: 3.5 m for NE, NW (minWWR = 0.54); 4.5 m for E and W
(minWWR =0.86), and 5.5 m for S, SE and SW (minWWR = 0.86).

When DFmean criterion is considered, the maximum room depth is 7.5 m when no
shading is used. However, the maximum depth is 5.5 m for rooms without shading when
DFmin is considered. For DFmin criterion, the maximum recommended depths are 3.5 m
(E, NE, NW, and W), 4.5 m (S, SE, and SW) when the shading size is 0.6 m (minWWR
between 0.40 and 0.86), and 0.9 m (W, E, NE, NW orientations with minWWR = 0.64).
Finally, the maximum room depth does not significantly change when DFmean criterion is
considered: 7.5 m for shading size <0.6 m (minWWR between 0.40 and 0.86) and 6.5 m
for E,NE,NW,W-oriented living rooms with shading size of 0.9 m (minWWR = 0.86).

In summary, approximately 30% of the simulated residential and office rooms fulfill
DFmean but not the sDA criterion. As shown by previous investigation, the criterion based
on sDA is more conservative than the Estonian DF-based criterion for educational
buildings (De Luca et al., 2019a). DFmin and sDA can be considered equivalent criteria to
assess the daylight provision for the most combinations while DFmean criterion can be
used for a less conservative room design. The results showed that a suitable combination
of shading size and room depth depending on the room orientation considering
climate-based daylight assessment criteria is key during the early design stages of
building design. The increment of the shading size allows the design of rooms with higher
WWR but lower depth, and vice versa, to ensure the fulfillment of the daylight
requirements. In general, considering the same room dimension, orientation, and shading
size, higher WWRs can be chosen for residential than for office rooms due to the stricter
daylight requirements for any daylight criteria. These results are valid for glazing systems
whose visual transmittance is approximately 63%. In addition, the presented rules of
thumb are based on the facade level, which can be used for each window-side room of
multi-apartment buildings located in new urban areas in Estonia. Nevertheless, further
daylight assessment should be conducted considering high-density urban areas.

3.2.1.2 Rules of thumb for protection against overheating risk in residential buildings
The percentage of the residential rooms with and without window airing that fulfill
the overheating requirement is shown in Figure 18. The first ventilation case (MV) is
based on infiltration and mechanical ventilation. The second ventilation case (NV) is
based on infiltration, mechanical ventilation, and window airing. Logically, all the rooms
that fulfill the DH requirement when mechanical ventilation is used are not overheated
when window airing is added. On average, 40.7% of the S, E, W, SE, SW-oriented
rooms are overheated using any ventilation type. However, less than 10% of the N, NE
and NW-oriented rooms are unconditionally overheated. The average percentage of
rooms that fulfill the DH requirement for any ventilation case depends strongly on the
orientation: 46% for N, NE, NW; 20% for S, E, and 11% for W, SE, and SW. Finally, 47% of
the rooms achieve a DH lower than 150 °C-h when window airing is included.
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Figure 18. Percentage of the residential rooms per orientation related to all the overheating
fulfillment cases for different ventilation strategies: MV = Infiltration and mechanical ventilation,
NV = Window airing technique.

As known, one of the limiting function of the daylight provision in residential rooms is
the overheating risk that depends strongly on the level of direct solar exposure through
the windows during the warm season (Simson et al., 2017a). The results of this study
showed that the effect of ventilation on the overheating fulfillment depends strongly on
the room orientation. Thus, in at least 25% (and up to 51%) of S, E, W, SE, SW-oriented
room combinations, fulfillment of the overheating requirement does not depend on the
ventilation system. Thus, only a maximum of 10% of N, NE, NW-oriented room
combinations are overheated even when window airing is added to the mechanical
ventilation system. Nevertheless, at least 39% of the combination rooms become
“not overheated” when window airing is added to the mechanical ventilation system.
These results might be conservative for retrofit decisions because a simplified model
(Thalfeldt et al., 2016) was used to characterize the optical and thermal performance of
the windows, which are more suitable for early design stages of the building design.
In general, the use of fixed shading increases the glazed areas without increasing the risk
of overheating in residential rooms. There are other actions on WWR and g-value
(Voll et al., 2016b) that can improve the protection against overheating depending on
the orientation of the room and ventilation strategy used (De Luca et al., 2018a).

The critical WWR*g-value (defined by Simson et al. (Simson et al., 2017a) as a relevant
design parameter when overheating is considered for mechanically ventilated rooms) is
shown for different orientations and shading sizes in Figure 19. For N, NE, and NW
orientations, maximum WWR*g-value is between 0.05 (without shading) and 0.15 (NE).
Since no shading was considered for N-oriented rooms, maximum WWR*g-value was set
manually as a conservative estimate to the same limit as in the case without shading
(0.08). Maximum WWR*g-value is 0.05 for the other orientations (for shading sizes of
0.6-0.9 m). The most restrictive orientations for mechanically ventilated rooms are W,
SE, and SW. No W-oriented-room fulfills the DH requirements when only infiltration and
mechanical ventilation are considered. Nevertheless, if a shading size of 0.9 m is used in
SE and SW-oriented rooms, maximum WWR*g-value is 0.05.
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Figure 19. Maximum WWR*g-value to avoid overheating according to the Estonian regulations for
different orientations and shading sizes considering infiltration and mechanical ventilation.

The critical WWR*g-value for mechanically and naturally ventilated rooms is shown
for different orientations and shading sizes in Figure 20. For N, NE, and NW orientations,
maximum WWR*g-value is from 0.10 (without shading) to 0.32; whereas it is between
0.05 and 0.21 for the other orientations. The most restrictive orientations for mechanically
and naturally ventilated rooms are W, SE, and SW whose maximum WWR*g-values are
between 0.05 and 0.16. Apart from E and S orientations, the use of shading has the
highest impact on SW and SE orientations when natural ventilation is added: maximum
WWR-g-value ranges from 0.05 without shading to 0.15 with a shading size of 0.9 m.
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Figure 20. Maximum WWR*g-value to avoid overheating according to the Estonian regulations for
different orientations and shading sizes considering infiltration, mechanical ventilation, and window
airing.

According to these results, the use of windows with lower g-values for the most
problematic facade orientations is recommended; i.e., S, SE, E, W, and SW as a previous
study on nZEB Danish single-family houses suggested (Vanhoutteghem et al., 2015).
The presented results can vary depending on the set point considered for the window
airing strategy and openable area ratio. In this study, a set point of 25 °C (previous research
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used 27 °C (Thalfeldt et al., 2016)) was used for the window airing control with a 10% of
openable area. A new methodology based on the multi-zone approach using different
set points for window airing would help to understand how the overheating levels in
residential rooms change.

3.2.1.3 Rules of thumb for the combined fulfilment between daylight and overheating
prevention requirements in residential buildings

The level of combined fulfillment depending on the room dimension, orientation, and
shading size is shown in Figure 21. On the one hand, N orientations allow a higher
flexibility for the design of residential rooms. On the other hand, most of the S, SE, W,
and SW-oriented rooms cannot meet both requirements when no shading is used. Most
room combinations can fulfill the DFmean criterion. Nevertheless, for high (6.5 m) or low
(3.5-4.5 m) room depths and no shading, the combined fulfillment is compromised
because of poor daylight or high overheating levels, respectively. The increment of the
shading size allows the combined fulfillment of rooms with depths <5.5 m and different
orientations such as S, SE, E, W, and SW.
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When window airing is added, most of the NE, N, and NW-oriented residential rooms
with room depths lower than 5.5 m are considered good room designs because they
fulfill both daylighting and overheating requirements for any daylight criteria considered.
Nevertheless, as discovered in a previous research, in deep S-oriented rooms, either
summer indoor comfort or daylight provision is compromised with the use of shading
(Vanhoutteghem et al., 2015). Moreover, the combined fulfillment in most of the SE, W,
and SW-oriented rooms with depths >6.5 m and fixed shading depends on the daylight
criteria (DFmean, DFmin, and sDA). The use of fixed shading allows the combined fulfillment
in S-oriented rooms but decreases the maximum depth for N orientations. This result
highlights the importance of a careful envelope design to achieve combined fulfillment
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for any daylight assessment criterion. The use of switchable shading devices combined
with window airing strategies can improve the flexibility of the building design in early
design stages. However, its investment costs may be higher than fixed shading.

3.2.2 Detailed method based on daylight and overheating prediction formulas
for window sizing

3.2.2.1 Prediction of daylight provision
The aim of this section is to propose a formula for the estimation of the daylight provision
of side-lit rooms (Paper lll). This prediction formula could help designers and
practitioners not only to fulfill the minDF-based daylight requirements but also to
understand the impact of the design parameters such as visible transmittance of the
glazing system (Tvis), room depth (rd), room width (rw), and WWR on daylight provision.
The percentage of all the room combinations of the parametric model for different
fulfillment conditions between Cd1 and Cd2 can be seen in Figure 22. According to the
results, there is no room combination that fulfills Cd2 and not Cd1 for any Tvis considered
between 45% and 80%. Thus, for the parametric model based on side-lite rooms, Cd1
represent a more restrictive requirement than Cd2. From this point of the paper,
the prediction of daylight provision is focused on the estimation of minDF1 (for Cd1)
instead of minDF2 (for Cd2). The calculation of minDF1 speed up twice daylight
simulations because only the half of the grid points is needed. From this point of the
manuscript, the variable minDF1 is referred as minDF.
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Figure 22. Percentage of the rooms combinations of the parametric model that fulfills different
combinations of conditions defined by the European standard EN 17037 (Cd1 and Cd2) for Tvis = 80%.
The first condition (Cd1) is fulfilled if minDF1 is higher than a target value (Figure 8). The second
condition (Cd2) is fulfilled when minDF2 is higher than a target value (Figure 8).

In general, minDF related to any room combination could depend on the design

parameters such as Tvis, 8, WWR, rw, and rd. Thus, the general prediction formula can
be written as follows:

minDF (Tvis, 8, WWR,rw,rd) = f(Tvis, 8, WWR,rw,rd) (8)

Eg. (8) might be expressed as the product of one polynomial function (p1(Tvis)) and the
minDF related to Tvis = 45% for each room combination:

minDF = p1(Tvis) - minDF (45,6, WWR,rw, rd) (9)

55



The linear correlation between minDF and minDF45 for each Tvis value is higher than
0.996 in terms of R? (Figure 23a). Moreover, the dependency of the slopes from linear
fitting functions (dotted lines from Figure 23a) with Tvis values is strongly linear (R?= 1)
(Figure 23b). Therefore, Eq. (9) can be rewritten as follows:

minDF = (a - Tvis + b) - minDF (45,0, WWR,rw, rd) (10)
minDF = (0.0264275 - Tvis — 0.19129264) - minDF (45,6, WWR,rw, rd) (11)

Where a and b are the fitting coefficients related to the dotted line shown in Figure 23b.
According to Figure 23c, the agreement between simulated and predicted minDF values
is 0.997 and 0.060 in terms of R? and RMSE, respectively.
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Figure 23. Linear dependency between minimum daylight factor of the half of the reference plane
closest to the window (minDF) for different Tvis values and minDF for Tvis = 45% (a). Linear
dependency between the slopes from linear fitting functions (a) and different Tvis values and minDF
for Tvis = 45% (b). Agreement between minDF from simulations and prediction formula (Eq. (9)) (c).

Eq. (8) might be expressed as the product of two polynomial functions ((a * Tvis — b)
and p2(6)) and the minDF related to Tvis = 45% and 6 = 0° for each room combination:

minDF = (a- Tvis + b) - p2(6) - minDF (45,0, WWR, rw, rd) (12)

The linear correlation between minDF and minDF for Tvis = 45% and 6 = 0° for each 6
value is higher than 0.960 in terms of R? (Figure 24a). Moreover, the depency of the
slopes from linear fitting functions (dotted lines from Figure 24a) with Tvis values is
strongly linear (R?2=0.968) (Figure 24b). Therefore, Eq. (10) can be rewritten as follows:

minDF = (a-Tvis+ b) - (c- 0 + d) - minDF (45,0, WWR, rw,rd) (23)
minDF = (a - Tvis + b) - (—0.0208 - 8 + 1.0772) - minDF (45,0, WWR,rw, rd) (14)

Where c and d are the fitting coefficients related to the dotted lines shown in Figure 24b.
According to Figure 24c, the agreement between simulated and predicted minDF values
is 0.914 and 0.379 in terms of R? and RMSE, respectively.
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Figure 24. Linear dependency between minimum daylight factor of the half of the reference plane
closest to the window (minDF) for different 0 values and minDF for Tvis =45% and 6 = 0° (a). Linear
dependency between the slopes from linear fitting functions (a) and different Tvis values and minDF
for Tvis = 45% (b). Agreement between simulated and predicted minDF values (Eq. (14)) (c).

In addition, the combination of design parameters WWR, rw, and rd can be expressed
as the window-to-floor ratio (WFR):

Window area _ WWR=+External facade area _ WWR-thtw _ WWR-th

WFR = Floor area Floor area rwrd rd (15)
Where rh is the room height. Thus, Eq. (13) can be written as follows:
minDF = (a-Tvis + b) - (c- 0 + d) - minDF (45,0, WFR) (16)

The linear correlation between minDF and WFR for Tvis = 45% and 6 = 0° is 0.902 in
terms of R? (Figure 25a). Therefore, Eq. (12) can be rewritten as follows:

minDF = (a-Tvis+b)-(c-0+d)-(e-WFR+f) (17)
minDF = (a-Tvis +b) - (c -0 + d) - (0.0532 - WFR — 0.2637) (18)

Where e and f are the fitting coefficients related to the dotted lines displayed in Figure
25a. According to Figure 25b, the agreement between simulated and predicted minDF
values is 0.910 and 0.310 in terms of R and RMSE, respectively.
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Figure 25. Linear dependency between minimum daylight factor of the half of the reference plane
closest to the window (minDF) for and window-to-floor ratio (WFR) (for Tvis = 45% and 68 = 0°) (a).
Agreement between simulated and predicted minDF values (Eq. (18)) (b).
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The minDF relative deviation in terms of (Root mean square error (RMSE)/minDF1t
or target minDF) for different European countries can be seen in Figure 26. Although
the RMSE/minDF1t tends to be higher in countries with lower target minDFs
(e.g. Cyprus: 1.7%, Malta: 1.8%, Greece: 1.5%, Portugal: 1.6%, etc.) than countries with
higher daylight requirements such as Denmark (2.1%), Estonia (2.2%), Norway (2.4%),
Sweden (2.5%), or Iceland (2.8%). The relative RMSE for any European country is up to
0.21.
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Figure 26. Relative deviation (Root mean square error/minDF1t) of the prediction of minDF with
respect to simulated minDF values (5120 room combinations) for linear polynomial fitting strategy.
RMSE is 0.31 (Figure 25b) and the target minDF value (minDF1t) depends on each EU country
according to the European standard EN 17037 (1.5%—2.8%).

As explained, a, b, ¢, d, e, and f are the fitting coefficients, whose values depend on
the reflectance values of the interior/exterior scene and room typology. Meaning that
each combination of reflectance values and room typology, a calibration of the minDF
formula is needed. Each new calibration would require at least 6 minDF simulations.
The calibration would have three steps, as shown in this section 3.4.1. Despite the
substantial computational time savings (6 instead of 5120 minDF simulations),
the accuracy of the prediction formula could be compromised. A minDF relative deviation
of 0.21 could be acceptable when the number of minDF simulations is very large and
the computational speed is a primary aspect within the design process. The proposed
minDF prediction formula Eq. (18) can be used for parametric analyses that consider
the following design parameter ranges: Tvis = 45-80%, 6 = 0-35°, rw = 3.5-6.5 m,
rd = 3.5-7.5 m, and WWR=13.4-85.7%. Outside these ranges because the accuracy of
the prediction formula might vary. By using the minDF prediction formula (Eq. (18)),
the designer can assess calculate the minimum WWR for each room i (minWWR;) that
ensures a minDF1t: considering Eq. (15), Eqg. (17) can be rewritten as follows:

minWWR; = (L) . (e _ r) (19)

erh; (a-Tvis+b)-(c-6;+d) -

Where the minDFc is the target minDF for European country C (e.g. minDFc = 2.2% for
Estonia) according to the European standard EN17037. For instance, for Tvis = 63%,
6; = 15.8°, and minDFc = 2.2% (Estonian context), the minWWR values calculated with
Eq. (19) for different room depths (3.5, 4.5, 5.5, 6.5, and 7.5 m) are the following:
53.0%, 68.1%, 83.3%, 98.4%, and 113.6%. Since WWR values above 90% are not
technically viable in practice, the maximum room depth is 5.5 m (with minWWR = 83.3%)
to ensure minDF = 2.2% according to the predicted values, which agrees with the rule of
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thumb proposed in previous investigation within the Estonian context: maximum room
depth of 5.5 m with a minWWR of 86% (De Luca et al., 2018a). An example of use of the
minWWR formula (Eq. (19)) to a case study is presented in section 3.7.

3.2.2.2 Prediction of overheating risk

The aim of this section is to propose a formula for the estimation of the overheating risk
of side-lit rooms in terms of the DH metric. The DH prediction formula could be used by
architects and designers to facilitate and speed up assessment of the potential
overheating risk of a determined room design or for room/window sizing during early
design stages, without the need of complex and time-consuming simulations. Among
5120 simulated room combinations for each orientation, the critical orientations are
the south orientations as can be seen in Figure 27. In the first part of this analysis,
S orientation was considered since its mean DH value is the highest, leading to high
relative deviations in terms of RMSE/ maxDHest (with maxDHest = 150 °C-h).
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Figure 27. Mean DH value (among 5120 room combinations) for different room orientations.

In general, DH related to any room combination with a certain orientation (Ori) (e.g.
Ori = S) could depend on the design parameters such as g (g-value), 8, and WFR. Thus,
the general prediction formula can be written as follows:

DHOTi = f(gv o, WFR) (20)

According to Figure 28, DH,,;(g,8, WFR) can be expressed linearly with
DHy,i(go, 6, WFR) with go=0.24 (-) for each room combination:

DHy,i(g, 6, WFR) = A(g) - DHy,i(g0,0, WFR) + B(g) (22)

The linear correlation between DH,,;(g, 6, WFR) and DH,,;(g, 6, WFR) for each
g-value is higher than 0.844 in terms of R? (Figure 28a). Moreover, the dependency of
the slopes from linear fitting functions (dotted lines from Figure 28a) with g-values is
strongly linear (R>= 0.969-0.977) (Figure 28c and 28d). Therefore, Eq. (21) can be rewritten
as follows:
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DHy,i(g, 6, WFR) = A(g) - DHy,i(g0, 6, WFR) + B(g) (22)
DHyyi(g 6, WFR) = (a1g + a;) - DHoi(go, 6, WFR) + (byg + by) (23)
DHy,i(g,6,WFR) = (1.4- g + 0.7) - DHy,;(go, 0, WFR) + (341.1 - g — 86.0) (24)

Where A(g) and B(g) are the fitting coefficients related to the dotted lines displayed in
Figure 28a. According to Figure 28b (Eq. (24)), the agreement between simulated and
predicted DHs values is 0.924 and 0.215 in terms of R and RMSE/DHmayx, respectively.
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Figure 28. Linear dependency between degree-hours (DH) for south oriented rooms for different
g-values (g) (DHg(g, 0, WFR)) and DHs for go= 0.24 (-) (DHs(go, 8, WFR)) (a). Linear dependency
between A(c) and B(d) coefficients and different g-values. Agreement between DHg(g,0, WFR)
from simulations and prediction formula (b) (Eq. (24)).

At the same time, DHy,;(go,0,WFR) can be correlated linearly with
DHyi(go, 09, WFR) with 8,=0° for each room combination:

DHoyi(80,0,WFR) = C(6) - DHori(go, 00, WFR) + D (6) (25)

The linear correlation between DH,.; (g0, 0, WFR) and DH,;(go, 89, WFR) for each
0 value is higher than 0.972 in terms of R? (Figure 29a). Moreover, the depency of the
slopes from linear fitting functions (dotted lines from Figure 28a) with @ is strongly linear
(R?=0.922-0.961) (Figure 29b). Therefore, Eq. (25) can be rewritten as follows:
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DHy,i(g80,0, WFR) = C(0) - DHp,i(go, 09, WFR) + D(0) (26)
DHori(80, 0, WFR) = (10 + ¢3) - DHori(go, 60, WFR) + (d16 + d3) (27)
DHoyi(g0, 6, WFR) = (—0.006 - § + 1) - DHori(go, 8o, WFR) + (—0.384-6 — 0.4)  (28)

Where C(0) and D(0) are the fitting coefficients associated to the dotted lines shown in
Figure 29a. Thus, Eq. (22) can be expressed as follows:

DHo,(g,6,WFR) = A(g) - (C(6) - DHoyri(go, 00, WFR) + D(6)) + B(9) (29)

According to Figure 29b (predicted values calculated with Eq. (28)), the agreement
between simulated and predicted DHs values is 0.945 and 0.183 in terms of R? and
RMSE/DHmax, respectively.

Finally, DHy,; (g0, 89, WFR) can be expressed as a parabolic function with WFR as
independent variable for each room combination according to Figure 30a (Eq. (29) and
Eq. (31)). The dependency is strongly parabolic (R>= 0.984) (Figure 30a):

DHOTi(goJ 90, WFR) =e WFRZ + ey WEFR + €3 (30)
DHoyi(go, 6o, WFR) = —0.058 - WFR? + 8.771 - WFR — 6.817 (31)

Moreover, Eq. (29) can be rewritten as follows:

DHy,;(g,8, WFR) = A(g) - [C(8) - (e; - WFR? + e, - WFR + e3) + D(8)] + B(g) (32)

Where ey, e2, and ez are the fitting coefficients associated to lines displayed in Figure 30a.
According to Figure 30b (predicted values calculated with Eqg. (32)), the agreement
between simulated and predicted DHs values is 0.952 and 0.172 in terms of R? and
RMSE/DHmax, respectively. For the rest of room orientations, the RMSE/DHmax is below
0.20 (Table 12).
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dependency between C (c) and D (d) coefficients and different 8 values. Agreement between
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Figure 30. Linear dependency between degree-hours (DH) for south oriented rooms
(DHs(go, 00, WFR)) and window-to-floor ratio (WFR) (a). go = 0.24 (-) and 6, = 0°. Agreement
between DHg(go, 8, WFR) from simulations and prediction formula (b) (Eq. (31)).

As explained in this section 3.2, the 11 fitting coefficients (a1, az, b1, bs, c1, ¢z, d1, d2,
e1, e2, and es3) for the DH prediction formula (Eq. (32)) depend mainly on the room
orientation (Table 6), room typology, natural ventilation control, HVAC settings, and
opaque constructions materials. Meaning that each combination of natural ventilation
control, room typology, HVAC settings, and opaque constructions materials, a calibration
of the DH formula is needed. Each new calibration would require at least 11 minDF
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simulations. The calibration would have three steps, as shown in this section 3.2. Despite
the substantial computational time savings (11 instead of 5120 DH simulations for each
orientation), the accuracy of the prediction formula could be compromised. A DH relative
deviation of 0.20 could be acceptable when the number of DH simulations is very
large and the computational speed is the main design criterion. The proposed minDF
prediction formula Eq. (18) can be used for parametric analyses that consider the
following design parameter ranges: g-value = 0.27-0.61 (-), 8 = 0-35°, rw = 3.5-6.5 m,
rd = 3.5-7.5 m, and WWR = 13.4-85.7%. An example of use of the DH formula (Eq. (32))
for window sizing is presented in section 3.7.

Table 12. Fitting coefficients and relative deviation in terms of DH RMSE/maxDH (-) for different
room orientations and fitting strategy explained in this section 3.2 (Eq. (32)). RMSE = Root Mean
Square Error and maxDH = 150 °C-h according to the Estonian regulation.

N NE E SE S SW w NW
al 9.632 5.943 2.928 2.003 1.422 1.771 2.666 4.409
a2 -1.255 -0.308 0.361 0.548 0.682 0.598 0.394 0.000
bl 35.214 90.872  239.231 347.875 341.146 309.132 208.895 86.555
b2 -9.763 -24.273  -61.272  -87.680 -86.024 -77.670 -53.236  -22.904
cl -0.027 -0.031 -0.025 -0.012 -0.006 -0.014 -0.027 -0.031
c2 0.811 0.978 1.083 1.046 1.005 1.060 1.067 0.928
di 0.003 0.007 -0.207 -0.525 -0.384 -0.624 -0.236 0.051
d2 -0.222 -0.821 -1.967 0.215 -0.411 -0.441 -5.783 -2.907
el 0.021 0.032 -0.018 -0.060 -0.058 -0.074 -0.062 0.004
e2 -0.684 -0.381 5.115 8.792 8.771 10.086 8.930 2.792
e3 4.659 -1.021  -46.563 -65.734 -68.171 -70.123  -61.321 -27.913
RMSE/maxDH 0.088 0.159 0.195 0.183 0.172 0.179 0.190 0.156

()

Moreover, the consideration of a maxDH lower than 150 °C-h by local regulations
would lower the accuracy of the DH prediction formula and higher polynomial fitting
order might be needed to maintain an acceptable relative deviation. For a different
climate, not only maxDH (defined by local regulations) would be different, but also the
warm season considered typical HVAC settings, ventilation strategies, and envelope
optical/thermal properties. Theoretically, all these aspects could influence on the
accuracy of the prediction of the DH metric.

According to minDF (Eq. (18)) and DH (Eq. (32)) prediction formulas, for g-value = 0.37,
Tvis = 63%, and 6; = 15.8°, the maximum room depth to fulfill both requirements is 5.5 m
(Table 13). This is only possible for N, NE, and NW room orientations according to the
predictions. This fact is supported also by rules of thumb for side-lit rooms without
shading recommended in a previous investigation within the Estonian context (Abel
Sepulveda et al., 2020).
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Table 13. Predicted degree-hours (DH) (Eq. (32)) and minDF (Eq. (18)) values for room combinations
that fulfil minDF 22.2% and DH <150 °C-h. The visible transmittance of the glazing (Tvis) is 63% and
the g-value 0.37. The mean obstruction angle (6) is 15.8°.

Room rd(m)] WWR (%) DH(°Ch) minDF (%)

orientation

NE 3.5 53.6 44.9 2.228
64.3 65.1 2.731

85.7 118.1 3.737

4.5 85.7 70.1 2.842

5.5 85.7 46.5 2.272

N 3.5 53.6 14.5 2.228
64.3 24 2.731

85.7 50.9 3.737

4.5 85.7 26.5 2.842

5.5 85.7 15.3 2.272

NW 3.5 53.6 76.5 2.228
64.3 95.8 2.731

85.7 135.4 3.737

4.5 85.7 100 2.842

5.5 85.7 78.2 2.272

3.2.3 Example of designing windows properties and dimensions using
prediction formulas to balance daylight and overheating protection

For a certain room i, when minWFR = maxWFR (equivalent to minWWR = maxWWR)
there is an unique combination of g-value and Tvis values that ensure the combined
fulfillment between daylight provision and overheating protection. For a certain Tvis
value and room i, there is a maximum g-value (gpqx,;) (EQ. (33) from the combination of
Eqg. (18) and Eq. (32)).

_ maxDH—ay[(c10;+¢;) (e WFR? +e,-WFR+e3)+(d,-0;+d;)]—b, 33
Imax,i = R 0. (.- 2 Rk .0: ( )
ay'[(c1-0;+c3) (e WFR?+e,"WFR+e3) +(d4-0;+d;)]+by

If the window have a g-value lower or equal to g4y, the room i will not be
overheated (DH <maxDH). On the contrary, if the g-value is higher than g, ;, there
room i will be overheated. For a Tvis range from 50% to 80%, the g,,q, values for each
room i can be seen in Figure 31. For SE oriented rooms, the g,,., value is much lower
than for NW oriented rooms, this is because SE oriented rooms are more prone to
overheating and therefore windows with low g-value are needed (Simson et al., 2017a).
In addition, for rooms with NW orientation, depending on the Tvis considered the g,,4x
values goes from 0.4 to 0.7 for Tvis values from 50% to 80%, respectively. In fact, for a
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certain room i when Tvis increases, minWWR decreases because there is no need for
larger window sizes if the glazing system is more transparent. Thus, this leads to a
decrease of maxWWR (considering during the design: minWWR = maxWWR), which
allows a selection of a higher g-value. In summary, Figure 31 shows that highly
transparent glazing systems with low g-values are preferred design solutions to achieve
a good-balance between daylight provision and overheating protection.
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Figure 31. Maximum g-value (g;q) for each room residential building located in Tallinn, Estonia
(Tvis = 50-80%) to achieve a good balance between daylight provision and overheating protection

(minWFR=maxWFR) (Eq. (33)). Room ID range 1-108 and 109-215 refers to SE and NW oriented
rooms, respectively.

Specifically, the selection of windows constructions with TVis of 80% and g-value of
0.27 could achieve both performances in SE oriented rooms. For NW oriented room,
a Tvis of 60% and g-value of 0.5 could achieve both performances. The minWWR for each
room is shown in Fig 16. The minWWR values are between 40-60% and 52-72% for SE
and NW oriented rooms, respectively. Thus, these minWWR differences for each room
orientation are due to slight variations of room depth (rd;) and obstruction level (6;).
In summary, from these two analyses (Figure 31 and 32), the window construction
could be selected depending on the room orientation (Tvis and g-values) and window
size. Apart from the selection of the window’s g-value and Tvis, it is also possible
to consider as design solution such different room depths (Sayin and Celebi, 2020) or
orientation/typology of the building floor plan (Sepulveda and De luca, 2020). However,
the presented prediction formulas cannot be used in parametric analyses regarding
the set point for the window airing operation (Simson, 2019) or nighttime ventilation
(Voll et al., 2016b) since these design parameters were not considered as independent
variables.
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Figure 32. Minimum window-to-wall ratio (minWWR) for each room of the residential building
located in Tallinn, Estonia (Tvis = 80% for SE rooms and Tvis = 60% for NW rooms) to reach sufficient

daylight provision according to the EN 17037 (Eq. (18)). Room ID range 1-108 and 109-215 refers
to SE and NW oriented rooms, respectively.

According to the case study, the prediction accuracy in terms of relative RMSE is 0.130
and 0.199 for minDF and DH values, respectively (Figure 33). For SE rooms, the deviations
are lower than for NW rooms because of the lower g-value selected (0.27 against 0.50).
In fact, the fitting accuracy decreases with the g-value, as can be seen in Figure 33b.
Moreover, DH deviations are higher than initially calculated (0.156 from Table 13) because
the case study only contains SE/NW oriented rooms (216 combinations), while for the
calculation of 0.156 a wide range of room configurations was used (5120 combinations).

A relative RMSE of 0.20 might not be acceptable for pure assessment purposes in
existing buildings. Thus, the use of the coupled method might be justified during early
design stages, when the number of simulations is very large and the accuracy is not the
main priority. However, the coupled method is opposite to a “black box” approach, which
is typical of machine learning-based multi-objective optimization approaches. Although
the prediction of daylight and thermal performances can be very accurate (R? ~0.99) but
the training of the prediction models require much large datasets for each variable
(~100) (Wang et al., 2021). The coupled method can be represented graphically, which
can be attractive for architects and designers, since these type of user-friendly 2D
methods are key to process and communicate to the designer (Kleindienst and Andersen,
2012).
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Figure 33. Comparison between simulated and predicted minDF (a) and DH (b) values for each room.
Room ID range 1-108 and 109-215 refers to SE (Tvis = 80% and g-value = 0.27) and NW (Tvis = 60%
and g-value = 0.5) oriented rooms, respectively. The minDF and DH values were calculated for rooms
with minWWR obtained with Eq. (18) and Eq.(32), respectively. RMSE = Root mean square error,
minDFc = 2.2%, and maxDH = 150°C:h.

Firstly, the main advantage of using the prediction formulas is the minimization of the
time-consuming design iterations to achieve the combined fulfillment of daylight and
overheating performances in new buildings. Secondly, by using the graphical coupled
method, designers and architects can understand the impact of their design decisions on
the combined fulfillment of daylight and overheating requirements without conducting
simulations. Therefore, the proposed method based on Eq. (18) and Eq. (32), can help
architects and designers to make fast performance-driven decisions regarding window
sizing process during early design stages.

3.3 Third phase: defining shading optical properties to provide
sufficient glare protection according to the EN17037

Once building and facade level decisions are made the architect/designer by conducting
the first and second phase of the innovative workflow proposed in this thesis, the shading
selection (interior roller shade) could be conducted efficiently by applying the third phase
of the workflow. The third phase is based on the selection of certain daylight model
decisions in order to speedup annual glare simulations without compromising accuracy
(Paper IV). In this section, all the necessary sensitivity analyses to support the
recommendation of efficient glare assessment methods, which constitute the third
phase of the innovative workflow proposed in this thesis, are developed in this section.
As mentioned, for a suitable assessment of DGP-based glare protection metric, it is
necessary to calculate properly vertical illuminance and luminance distribution of the
field of view. Therefore, this section is split into four sections: recommended Radiance
parameter for static illuminance simulations are presented and justified in section 3.3.1,
comparison analysis of daylight calculation methods and material models for static glare
calculation is presented in section 2.3.2, a criterion to choose daylight calculation
method for dynamic glare calculations depending on the required computational time is
developed and validated in section 3.3.3, and an evaluation of different sampling
strategies for annual glare assessment in terms of computational time and accuracy is
developed in section 3.3.4.
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3.3.1 Setting Radiance parameters for illuminance calculations

This static analysis aims to investigate the influence of Radiance parameters and the
openness factor (fabrics T100, T5, T3, and T1) on vertical illuminance at eye level
calculated by different methods (3pm, 5pm, and rtrace). The analyzed time instant for
this sensitivity analysis is 11:00 on February 5. At this time, the solar disk is in the field of
view. It was assumed an acceptable relative deviation in terms of vertical iluminance of
15%. In Figure 34, the vertical illuminance at eye level calculated with the 3-phase
method for different ad and ab parameters is shown. The minimum values of the ad and
ab parameters to have an acceptable vertical illuminance are 5000 and 3, respectively.

The vertical illuminance at eye level calculated with the 5pm for different Radiance
parameters can be seen in Figure 35. The Radiance parameters chosen for this sensitivity
analysis are ad and MF in the direct sun coefficient simulation (cds). The ab and ad
parameters for the 3-phase method were set to 10 and 65536, respectively (McNeil,
2013) to minimize the uncertainty from 3pm and 3pmD calculations. The minimum
values of ad and MF parameters for the cds phase in order to have acceptable vertical
illuminance calculated by the 5pm are 500 and 3, respectively.

Figure 36 shows the vertical illuminance at eye level calculated with the rtrace method
for different ad and ab parameters. The minimum values of ad and ab parameters to
have acceptable vertical illuminance are ad 500 and ab 4, respectively. Previous
investigation regarding complex 3D textiles used an ab parameter of 5 for the time-point
DGP calculations (Mainini et al., 2019). In summary, the ad parameter does not have
significant influence on illuminance calculations when an analytical BRTDfunc model is
applied to characterize the optical behaviour of fabrics. However, the ab and MF
parameters have relevant influence on the results, with 3 and 4 being the minimum
recommended ab parameters when using the 3pm and rtrace method, respectively.
The minimum MF parameter for 5pm simulations is 3.
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Figure 34. Relative deviation (with respect to the consecutive previous ab value: 2 relative to 1, 3
relative to 2, etc.) of vertical illuminance at eye level (Ev) calculated with the 3-phase method (11:00
February 5) for different ad, ab parameters, and fabrics T100 (upper left), T5 (upper right), T3
(bottom left), and T1 (bottom right).
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Figure 35. Relative deviation (with respect to the consecutive previous ab value: 2 relative to 1, 3
relative to 2, etc.) of vertical illuminance at eye level (Ev) calculated with the 5-phase method (11:00
February 5) for different ad, ab parameters, and fabrics T100 (upper left), T5 (upper right), T3
(bottom left), and T1 (bottom right).
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Figure 36. Relative deviation (with respect to the consecutive previous ab value: 2 relative to 1, 3
relative to 2, etc.) of vertical illuminance at eye level (Ev) calculated with the rtrace method (11:00
February 5) for different ad, ab parameters, and fabrics T100 (upper left), T5 (upper right), T3
(bottom left), and T1 (bottom right).
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3.3.2 Selecting methods and material models for static DGP calculations

The aim of this static analysis is to study the influence of different Radiance materials,
angular resolutions to represent the BSDF data, and daylight calculation methods on
vertical illuminance, DGP, and luminance maps. Two time steps were considered:
February 5 at 11:00, when the solar disk is in the field of view, and 16:00, when the solar
disk is not in the field of view (but a bright patch from direct solar transmission onto the
east-oriented wall is present). In this study, one viewing direction is selected: 45° towards
the window. This analysis focused on three isotropic fabrics: T5, T3, and T1 (section
2.3.3), which were modeled using different Radiance materials (BRTDfunc, BSDF, and
aBSDF) and angular resolutions (Klems basis and tensor tree). Four BSDF datasets were
generated considering tensor tree formalisms (resolutions -t3 7, -t3 8, -t3 9, and -t4 5 by
using the BSDF2ttree method (section 2.3.4). Two Radiance materials were used: aBSDF
(with peak extraction algorithm) and BSDF (without peak extraction algorithm) materials.
An additional BSDF dataset using the Klems angular description (145x145 patches) was
generated and modeled with aBSDF material (with peak extraction). Radiance
parameters for the simulations are indicated in Table 8. Here, the ambient bounces and
ambient divisions were set to ab = 4 and ad = 500, respectively, according to Figure 36.
However, this ad value leads to an underestimation of the illuminance when tensor-tree
BSDF formats without peak extraction are used with rtrace. In order to get acceptable
results in this case, the ad parameter has to be increased to ad = 1e6 (Ward et al., 2021).
This leads to 51 times more CPU time when using tensor-tree BSDF formats without peak
extraction in the DGP calculation. On the other hand, it was demonstrated that the
results of the 5pm do not improve in a conclusive fashion when either the ad or the MF
parameters are increased. The luminance maps for fabrics T5, T3, and T1 are displayed
in Figure 37. In general, the rtrace and 5pm methods show good agreement in terms of
vertical illuminance, DGP values, and luminance distributions.

O 0 [(cd/m®)

4061 lux 3167 lux 1710 lux 1598 lux 1458 lux

RTRACE

T1 DGP=0.561 TS DGP=0.259

1726 lux

5PM

TS DGP=0.739 : DGP=0.678 § Tl DGP=0.571 LS DGP=0.260 § T3 DGP=0.255 DGP-0.248

Figure 37. Luminance maps, vertical illuminances, and DGP at 11:00 (first three columns) and at
16:00 (last three columns) on February 5, in Freiburg, Germany, generated by the 5pm (upper row)
and rtrace (bottom row) methods when using isotropic fabrics with different openness factor (5%,
3%, and 1%) defined with an analytical BRTDfunc model.

The results of the comparison are shown in Figure 38 and Figure 39. The comparison
is very different, depending on whether the solar disk is in the field of view or not.
If the solar disk is not within the field of view, all analyzed cases predict a similar DGP,
which ranges between 0.24 and 0.26. The difference in vertical illuminance calculated by
the different methods ranges between 200 lux and 400 lux. The lowest value of vertical
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illuminance is obtained with the 3pm, which scatters the light into large solid angles
(Klems patches), sometimes leading to discrepancies for point-in-space calculations.
It is, however, known that the 3pm calculates the average illuminance over a plane
reliably and is therefore suitable for daylighting calculations.

For the time step in which the solar disk is in the field of view, the discrepancies among
the different methods are significant. The reference values for the comparison are those
calculated by directly applying the BRTDfunc material in the ray-tracing calculation,
because this material is the one used to generate the BSDF. The material definitions and
BSDF resolutions that get closer to the reference value are t45a and Klemsa, both
applying the peak extraction algorithm. A tensor-tree format without peak extraction
must have a resolution of exponent 9 (2°) to reach a DGP value within +0.05 of the one
calculated for the reference case (by using ad = 1e6). The peak extraction algorithm
combined with the tensor-tree format does not improve the comparison.

It can be concluded that the choice of the optical representation of the fenestration
has a critical impact on the DGP calculation. As reported in the literature (Lee et al.,
2018a, 2018b), the 3pm is not suitable for DGP calculations when the solar disk is in the
field of view. However, due to its simplicity and low computational requirements,
the Klems BSDF with peak extraction (aBSDF Radiance material) might offer an efficient
representation of anisotropic fabrics with a main view-through component for glare
calculations.
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Figure 38. Vertical illuminance at eye level (left column) and DGP values (right column) at 11:00
(February 5) for different daylight methods, Radiance materials, and fabrics (T5 (first row), T3
(second row), and T1 (third row)). The suffix a refers to the Radiance material aBSDF. The number
of ambient divisions (ad parameter) is 1024, 500, and 1e6 for 5pm, rtrace (BRTDfunc and aBSDF
material), and rtrace (BSDF material). Discontinuous line refers to the reference value (BRTDfunc

material).
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16:00 (sun not visible)

O3pm Mrtrace @ 5pm

2500
0.8
2000 -~
) RENRRNNEFS N RN NN - o6
TS 51500 804
o FERERNNONE
500 0
ReSREEEn 52 EE2S28%8S% ¢ 2
ET "o a 0= E5 Ex T e a¥Ya™cEE
o ™ " B ]
£ 2 = g
=4 =4
m /m
2500 I
2000 0.8
5 Zo6
=1 RIR R Tl °F B l I :
T3 <150 5 o4
4} Q
. “HINNNErrnrnm
500 0
O @wn I Fw I ogo® o ] = el 2 @
EETERE500EE ESEE2E5C0 L8
a g M a 2o
= » “
g %
2500 1
2000 0.8
» 1
206
T1 = 1500 - - fogep-or o -- R
Z g(m
o “ IIrnrnrnen
500 0
U @ v @O 0 8~ @ W o o % o @ 0o © M~ o !
feTgog2oo g F2¥gogogo g ¢
2 = a 2 o
= ¥ = 4
-4 -4
23] m

Figure 39. Vertical illuminance at eye level (left column) and DGP values (right column) at 16:00
(February 5) for different daylight methods, Radiance materials, and fabrics (T5 (first row), T3
(second row), and T1 (third row)). The suffix a refers to the Radiance material aBSDF. The number
of ambient divisions (ad parameter) is 1024, 500, and 1e6 for 5pm, rtrace (BRTDfunc and aBSDF
material), and rtrace (BSDF material). Discontinuous line refers to the reference value (BRTDfunc

material).
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3.3.3 Choice of the fastest method for dynamic glare assessment
For annual simulations, the number of time steps, scenes and CFSs affect the CPU time,
which can be decisive in determining the most suitable daylight calculation method.
Typically, the number of time steps in annual glare simulations is referred to daytime
hours (4380). The number of different scenes depends on the number of view positions
and directions to assess glare risk as well as the different geometrical models
(geometrical variations of the 3D model that represent the interior/exterior scenes).
As mentioned in section 1.6, the 5pm reuses information referring to the scene.
Nevertheless, a direct simulation based on the DC (phase cds) must be conducted for
every window state, which may compromise the use of the 5pm when the number of
different facade states or scenes is large. Moreover, the rtrace method does not reuse
information for the scene or the sky, being slower than the 5pm for annual DGP
calculations without a sampling strategy. Annual glare analyses with different Radiance
parameters and sampling strategies could justify the use of one or the other method.
The first objective of this section is to define the CPU time required by any annual
glare assessment when using the rtrace and 5pm methods. This time analysis is based on
formulas that represent the coding structure of the required Radiance commands to run
the rtrace method and 5pm simulations (Subramaniam, 2017). The second objective is
to propose a criterion based on CPU time for the selection of the daylight method
depending on the annual glare analysis of interest. The independent variables that define
any annual glare analysis are the number of scenes (n), number of time steps (h), and
the number of CFSs considered (c). Thus, the CPU time required by the 3pm can be
expressed as follows:

T3pm = tsh +n(ty + tgche) (34)

Where:

ty = CPU time required to create a sky vector (S) (the same for illuminance calculations
and rendering generation),

ty = CPU time required to create the view (V) and daylight (D) matrices (for
illuminance calculations and rendering generation),

ts.= CPU time required for the multiplication of the matrices V, T, D, and S (for
illuminance calculations and rendering generation).

The CPU time required by the 5pm for the direct 3pm (3pmD) is the following:

Tapmp = tsph + n(typ + tacphc) (35)

Where:

tsp = CPU time required to create a sky vector (Sp) with the exclusive contribution of
the sun (the same for illuminance calculations and rendering generation),

typ = CPU time required to create the octree (black plastic material), view with ab=1
(Vp), and daylight with ab=0 (Do) matrices (for illuminance calculations and rendering
generation),

tqep= CPU time required for the multiplication of the matrices Vb, T, Dp, and Sp (for
illuminance calculations and rendering generation),

The CPU time required by the cds phase of the 5pm is the following:

Teas = tsph + n(tyr + teasC + tacphe) (36)
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Where:

tsr = CPU time required to create a sky vector (Scas) with only the contribution of the
sun and selected Reinhart sky subdivisions (MF) (the same for illuminance calculations
and rendering generation),

tyr = CPU time required to create the suns (the same for illuminance calculations and
rendering generation) and material map generation (for rendering),

t.as= CPU time required to create the octree (black plastic material) and sun
coefficient matrix Ces (for illuminance calculations and rendering generation),

tges= CPU time required for the multiplication of the matrixes Ceds and Scas (for
illuminance calculations and rendering generation).

The computational time required by arithmetic operations of all results from the
previous phases (3pm, 3pmD, and cds) can be expressed as:

Ty = tonhc (37)
Where:
to = CPU time required by the arithmetic combination of the results from the phases
3pm, 3pmD, and cds (for illuminance calculations and rendering generation).

Finally, the CPU time required by the 5pm is the sum of all the previously defined CPU
times:

Tspm = T3pm T T3pmp + Teas T Tm (38)
In addition, the CPU time required by the rtrace method is the following:

Trtrace = LcNAC (39)
Where:
t. = CPU time required by the sky and octree generation (common for illuminance
calculations and rendering) and the commands rtrace (for illuminance calculations and
rendering generation) and command evalglare (for DGP calculations).

Combining equations (38) and (39), it can be expressed mathematically whether the
rtrace method is faster than the 5pm for the same generic daylight glare analysis:

Trtrace < TSpm (40)
tcnhc < T3pm + T3me + Teds + Tm (41)
tenhe < Tsh + Tyn + Tgenhe + togsne (42)

In order to speed up the glare calculations, it was proposed to analyse fewer time
steps when using rtrace than when using the 5pm. Furthermore, equation (42) can be
rewritten as follows:

tenhe < TgH + Tyn + TyenHe + teggne (43)

where h and H are the time steps for rtrace and for the 5pm, respectively. The maximum
number of time steps when using rtrace (Eq. (44)) (k) depends on time parameters
(te, Ts, Ty, Tyer and tq4s ), the number of scenes (n), number of CFSs (c), and the number
of time steps considered when using the 5pm (H).
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_ (Ty+tease)n+ (Ts+Tacnc)H (44)
tenc

hmax

For an initial annual glare evaluation (considering clear sky conditions), only one

window state is considered (¢ = 1) and the most problematic viewpoint/direction is

analyzed (n = 1). This initial annual glare assessment is key to identify time steps with a

risk of daylight glare. In practice, these time steps could be analyzed when comparing

different shading devices that could provide a desired degree of glare protection. Thus,
hmax can be expressed as follows:

hmax — (TM':ZCds) + (Tst;rdc) H (45)

The value of the time parameters depends on the Radiance parameters and the
machine used to run the glare simulations. It was used 25 cores of a Linux machine cluster
of 56 CPUs to run all the simulations (Processor Intel(R) Xeon(R) CPU E5-2697 v3 @
2.60GHz). The Radiance parameters used for each phase of the 5pm are shown in
Table 8. In practice, at least an initial static calculation using rtrace and 5pm is necessary
in order to calculate all the time parameters that can be seen in Table 14.

Table 14. Values of all time parameters for rtrace and 5pm calculations when using —n 25 (Eq. (45)).

Parameter Value
(seconds)

ts 0.1

3pm ty 8453.2
tac 6.0
tsp 0.05

3pmD tup 520.2
taco 5.5
S5pm [ 0.1
tur 1.0

cds teds 22125
tacr 3.0
Arith. comb to 6.1

rtrace ab=[1, 2, 3, 4, 5] te [7.0,32.4, 60, 72.6,77.6]

The graphical representation of Eq. (45) can be seen in Figure 40. The fastest method
to assess glare risk in terms of DGP, depending on the combination of h and H, can be
determined from Figure 40. Thus, the 5pm is faster than the rtrace method for all the
points above the line which represents h,,,,. By contrast, for all the combinations of h
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and H below the line, the rtrace method is faster than the 5pm for the annual glare
analysis of interest.

A typical annual simulation of 4380 time steps with 5pm delivers results 7 times
faster than the rtrace method with ab 5 (from Eq. (38) and (39)). On the other hand,
a single-hour 5pm simulation (without precalculated matrices) requires the same CPU
time as 174 hours simulated with the rtrace method. For ab 2, the feasible range of h,, 4,
is between 522 and 2097 hours when a single scene and CFS are considered.
Nevertheless, the range of h,,,, is between 174 and 699 hours for ab 5. Thus, there is
high potential to speed up annual glare simulations by selecting adequate sampling
strategies. A simple criterion based on CPU time was defined for the selection of the
fastest method to be used in annual glare assessments. In addition, the proposed
expressions Eq. (34), Eq. (38), and Eq. (39) can be used as prediction formulas to
approximate CPU time required by daylight calculation methods such as 3pm, 5pm, and
rtrace, respectively.

hmax (-ab 2)
- = —hmax (-ab 3)
——hmax (-ab 5)
A Typical annual simulation
5000

A

4000

3000
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1000

0

Number of time steps for rtrace (h)

0 1000 2000 3000 4000 5000
Number of time steps for 5SPM (H)

Figure 40. Maximum number of time steps to run with rtrace method depending on the number of
time steps chosen to run the 5pm (for one scene and one window state).

In cases in which many annual simulations are required, it might be advisable to
calculate in advance the computational cost of alternative sampling strategies.
The formulation presented in section 3.2, in particular Eq. (38) and Eq. (39), can be used
for this purpose. The computational cost of the SV5 sampling strategy (DGP calculated
for the daily visible sun hours once every 5 days) is calculated by the 5pm and rtrace
methods for the T1 fabric and a viewing direction 45° towards the window (Table 15).
The required CPU time by the 5pm to solve for 168 hours/year is 9.8 hours against
3.6 hours when using rtrace (-ab 4). The predicted CPU time shows good agreement with
actual CPU times. For the calculation of 168 DGP values, one window state, and one
scene, the rtrace method with ab 4 is faster than the 5pm according to Figure 41.
The graph also shows, on one hand that rtrace method than the 5pm for a SD7 sampling
strategy (298 DGP values). On the other hand, the 5pm is faster than rtrace for a SD1
sampling strategy (2190 DGP values).
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Table 15. CPU times for different daylight methods, fabric T1, viewing direction 45° towards to the
window, and sampling strategy SV5 (168 hours/year).

S5pm rtrace (-ab 4)

Predicted 9.6 3.4

CPU time (h)

Real 9.8 3.6

CPU time (h)

- = = hmax (-ab 3) hmax (-ab 4)
e SV5 A SD7
+ SDI
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Number of time steps for rtrace (h)

Figure 41. Maximum number of time steps to run with the rtrace method depending on the number
of time steps chosen to run using the 5pm for different sampling strategies (for one scene and one
window state). SDK and SVK are sampling strategies based on selected daytime and “sun visible”
hours each K days of the semi-annual period, respectively.

3.3.4 Sampling strategies to speedup annual glare calculations

The aim of this analysis is to propose efficient sampling strategies for annual glare
assessment under clear sky conditions. The annual glare protection was quantified with
the annual glare metric fDGPt defined by the European standard EN 17037 (maximum
fDGPt = 5%). In this case, the CFS was defined as a combination of a solar-control double
glazing unit (DGUSC) “ipasol neutral 50/27” (tnh = 49%) (INTERPANE Glasgesellschaft
mbH, 2018) and an isotropic fabric T1 as the interior shading system. Fabrics T1, T3,
and T5 were selected to cover a range of fabrics with openness factor between 1% and
5% for accuracy comparisons. However, only T1 was analyzed in terms of CPU time since
time parameters are similar in both cases (Table 14). The chosen viewing direction of the
room occupant is 45° towards the window plane (critical scenario). As demonstrated in
section 3.3.4, it is necessary to define the number of time steps of the simulation in order
to establish the most computationally efficient method to run an annual glare
assessment. The analyzed sampling strategies are shown in Table 16. Since only sunny
skies should be considered in the glare evaluation, the simulation of only half of the year
(from winter to summer solstice) already provides all sun positions in the sky and reduces
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the computational time by half. Another sampling strategy consists of simulating only
the time steps where the solar disk is in the field of view (“visible” sun hours). Thus, the
number of hours of “visible” sun hours depends strongly on the scene elements such as
viewing position/direction, window size, room orientation, etc. This strategy assumes
that no diffuse and/or specular reflection of the sun on any surface of the scene or the
shading device will cause glare when this is not in the field of view, which is a reasonable
assumption in many cases.

The maximum number of time steps is associated with the sampling strategy SD1
(2190) daylighting hours for a half-year simulation), which is the sampling strategy
proposed by the EN 17037 standard for clear skies. The required CPU time is 21.3 h
(Eg. 38) and 66.9 h (Eq. (39)) when using the 5pm and the rtrace method (ab = 4),
respectively. Therefore, the 5pm was chosen to run the annual glare analyses using the
different sampling strategies defined in Table 16. The Radiance parameters used in the
simulations can be seen in Table 8. In addition, an aBSDF Radiance material with Klems
angular resolution and peak extraction was used to model the CFS for the direct sun
coefficient calculation (phase cds).

Table 16. Sampling strategies and their associated number of time steps. SDn/SVn represents the
sum of daily daytime/visible sun time steps each n days during the first semimanual period.

(Sampling strategy) December 21- June 21

Number of time

steps Daytime Visible sun

1 | (sp1)2190 | (Svi) 820

3| (sp3)703 | (sv3)276

Day steps 5 (SD5) 420 (SV5) 168

7 | (sp7)298 | (sv7)119

9 | (sSD9) 227 (SV9) 94

11| (SD11)180 | (Svi1)77

The time steps considered by each sampling strategy can be seen in Figure 42. In this
analysis, the frequency of DGP calculation (day steps) was varied from 1 (daily) to 11
(once every 11 days). The first step is to compare the required computational time for
each sampling strategy (Figure 43). The CPU time can vary from 21 hours to
approximately 9 hours depending on the sampling strategy used. For a day step of 1,
the consideration of visible sun (SV1) instead of daytime hours decreases the CPU time
by 35% compared to strategy SD1.
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Figure 42. Time steps considered by each sampling strategy. The horizontal axis represents the days
of the first half of the year and the vertical axis represents the hours per day. SDn (upper row)/SVn
(bottom row) represents the sum of daily daytime/visible sun time steps each n days during the first
semimanual period.
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Figure 43. Required CPU time for the 5pm depending on the sampling strategy.

Once analyzed the sampling strategies in terms of CPU time, it is necessary to compare
these sampling strategies in terms of accuracy. Sampling strategy SD1 was set as the
reference sampling strategy because it has the maximum number of time steps within
the sampling strategies presented. Figure 44 shows the absolute deviation of the fDGPt
value for each sampling strategy from that for strategy SD1 when using T1, T3, and T5.
Sampling strategies based on daytime hours (SD1, SD3, SD5, SD7, SD9, and SD11) can
produce a maximum absolute fDGPt deviation up to 1.2%, 2.4%, and 2.5%, when using
T1, T3, and T5, respectively. Consideration of only the “sun visible” hours (SV1, SV3, SV5,
SV7, SV9, and SV11) leads to a maximum absolute fDGPt deviation up to 1.7%, 3%, and
3.5%, when using T1, T3, and T5, respectively.

A good trade-off between accuracy and CPU time depends on the shading device and
the number of hours of visible sun for a certain view position and direction. From the
cases analyzed, a sampling strategy SD7 can be safely applied assuming an absolute f0.45
(fDGPt with DGPt = 0.45) deviation of less than 1% (CPU reduction of 57% by using with
the rtrace method (-ab 4) with respect SD1 with the 5pm). If a f0.45 deviation of 2% was
acceptable, e.g. for comparing design alternatives, a sampling strategy SV5 would be
appropriate (CPU time reduction of 76%). There are also other approaches to reduce the
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simulation time of annual glare simulations based on GPU technology (Jones, 2019) or
the novel Raytraverse method (Wasilewski et al., 2021) which should be further
investigated.
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Figure 44. Absolute deviations in terms of the annual glare metric defined by EN17037 (fDGPt) for
different sampling strategies and isotropic fabrics: T1 (a), T3 (b), and T5 (c). The sampling strategy
SD1 (daytime hours each day during the semi-annual period) was set as the benchmark for the
deviation calculation.
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4 Conclusions

This thesis presents an innovative workflow to help architects to design buildings with
adequate levels of solar access, daylight provision, and protection against overheating
and daylight glare. This proposed workflow consists of three design phases. During the
first phase, the proposed multi-objective workflow is recommended to help architects
and designers to make decisions to building level to ensure adequate solar access levels
according to the Estonian standard. In the second phase, rules of thumb and prediction
formulas are used to facade level to ensure a good balance between daylight provision
and overheating protection. Finally, in the third phase, efficient shading system selection
is recommended to ensure a certain glare protection level according to the European
standard EN17037:2018.

The first objective of this thesis is to propose an easy-to-use multi-objective
optimization workflow based on solar access to help architects and designers to design
buildings orientation, massing, and envelope efficiently. The second objective is to
propose rules of thumb obtained from analyzing the effect of different daylight
assessment criteria on the combined fulfillment of daylighting and overheating
protection requirements and its implications for the design of residential and office
rooms in Estonia. The third objective is to develop daylight and overheating prediction
formulas that can help architects and designers to efficiently select window type during
early design stages. The fourth objective of this thesis is to propose efficient assessment
methods to assess glare protection defined by the European standard EN17037.

The main research outcomes are as follows:

1. Regarding the window sizing process, within the context of the European
standard EN17037, the fulfillment of a target minimum DF of the half of the
reference plane closer to the window side (minDF) in side-lit rectangular rooms
implies the fulfillment of a target minimum DF in at least 95% of the reference
plane (Paper ll);

2. The definition of a prediction formula based on polynomial fitting for the
estimation of minDF based on visible transmittance of the glazing, room depth,
window-to-wall ratio (WWR), and obstruction angle parameters is viable in
terms of computation time with a relative accuracy of 0.21 for any European
country. Moreover, the definition of an overheating risk prediction formula
based on polynomial fitting for the estimation of the Degree-hour (DH) metric,
which is used by the Estonian regulation, based on g-value, window-to-floor
ratio (WFR), and obstruction angle parameters is viable in terms of computation
time with a relative accuracy of 0.21 for the design of residential buildings within
the Estonian context (Paper Ill);

3. Regarding shading selection process, for the particular case of fabrics with a
view-through specular component without light-redirecting effects, the
combination of a low-resolution BSDF, such as the Klems format, and a peak
extraction algorithm, such as the one offered by Radiance’s aBSDF material,
provide a suitable representation for glare analysis using the 5pm or rtrace
methods. Furthermore, for fabrics in which rotational invariance can be
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assumed, a representation based on the Radiance BRTDfunc material can be
useful, because it only requires the normal-normal transmittance, the
normal-diffuse transmittance and the cut-off angle of the fabric (Paper IV).

The potential applications of the results for architects and designers are as follows:

1. We recommend the use of the multi-objective optimization method
presented in this thesis in the early design stages of residential buildings in
cold climates. How to exploit the SA requirements to optimize the building
performance using different multi-objective criteria is investigated. This
workflow is especially suitable when the SA regulations are strict, such as the
Estonian context. First decisions as building orientation, windows location,
building footprint, and buildable volumes are critical, since they characterize
the solar access of the existing and new buildings. Other requirements
related to daylight provision, overheating, energy consumption, or glare
protection could be fulfilled with a suitable design of interior layout and
facade (Paper I);

2. The proposed coupled method based on minDF and DH prediction formulas
has big potential to help designers to consider a performance-driven criterion
based on daylight provision and overheating risk requirements during early
design stages design. Thus, they could create interior floor and window sizing
plans efficiently. Combining the prediction formulas, the window’s size and
properties (g-value and visible transmittance) that ensure the combined
fulfillment of minDF-based and DH-based requirements can be calculated
and represented graphically. By using this design approach, designers can
save considerable time required by daylight and energy simulations because
there is no need to conduct time-consuming iterative design processes based
on simulations to design well daylit and not overheated buildings (Paper Il1);

3. When evaluating glare protection of different shading device, a suitable
sampling strategy for annual glare risk assessments can make a time
step-based ray-tracing method (the rtrace method in this paper) more
computationally efficient than the alternative five-phase method. For cases
in which no diffuse and/or specular reflections of the sun from any surface of
the scene or the shading device will cause glare when this is not in the field
of view, a sampling strategy that takes into account only the hours when the
solar disk is in the field of view can reduce the computational time
considerably. This strategy can be combined with semi-annual evaluations
(for clear skies) and a suitable sampling strategy (e.g. one day per week) to
further reduce the computational time. The sensitivity analysis of Radiance
parameters for the rtrace method presented in the study can help to
optimize the computational cost of simulations. Thus, by using this
methodology, designers could efficiently compare several CFSs in terms of
annual glare protection performance during early design stages of the
building design process (Paper IV).
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The main potential applications of the results for regulation makers are as follows:

1. The Estonian daylight standard EVS 894:2008/A2:2015 has limited reliability in
properly predicting the daylight potentials of building interiors. In many cases,
it overestimates daylight availability for different orientations. Therefore, it is
necessary to increase the awareness about the need to promote a new and
more efficient daylight regulation in Estonia. This will be done considering the
new European standard EN 17037 also analyzed in this study, since there is a
strong disagreement between the Estonian standard and the European
Standard EN 17037 in assessing the daylight for residential and office buildings.
This aspect should be considered in the development of the guidelines for the
new daylight regulation, establishing minDF-based requirements proposed in
the EN 17037. Hence, this research will contribute to the development of the
compulsory building daylight regulation (Paper Il);

2. Evidence strengthens the findings of the existing literature about the conflicting
requirements of overheating in building regulations and the Estonian daylight
standard. Considering the new European standard, the requirements will not
change significantly. However, if the daylight regulation incorporates the results
of the dynamic daylight analysis presented in this thesis, the conflicts will
increase because larger glazed areas will be necessary to fulfill the daylight
requirement. Nevertheless, several cases that fulfill both requirements will
increase when passive measures such as window airing or fixed shading are
adopted. This suggests, firstly, the synergistic formulation of daylighting and
overheating protection requirements in new building regulations to make it
easier for designers to fulfill both daylight and overheating protection
requirements. Secondly, this suggests the promotion of the use of building
design features such as efficient materials and passive measures to reduce
overheating while ensuring appropriate daylight levels (Paper Il);

3. The author recommends to regulation makers the consideration of the coupled
method based on prediction formulas proposed in this thesis. European
countries might adopt DH-based overheating protection requirements with
climate-dependent thresholds as benchmark to assess overheating risk in
buildings. Furthermore, the achievement of the combined fulfillment between
DF-based daylight provision requirements according to the European standard
EN17037 and DH-based overheating protection requirements in buildings
would be much simpler and affordable (At least, no daylight simulations are
needed during the design process within the European framework, thanks to
the work in this thesis) during the early design stages (Paper Ill);

4.1 Future work

Regarding the mutlti-objective optimization method in the early design stages of the
design of residential buildings in cold climates part of the first phase of the workflow,
different criteria are considered and the entire possible building envelope are evaluated
and the maximum fitness value searched. This brute-force approach could not be
affordable in terms of computational time when the number of design alternatives are
very large (e.g. more than 200). Future work is to apply optimization algorithms such as
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genetic algorithm in large optimization design cases. Additionally, this method will be
implemented in a Grasshopper tool for Rhinoceros to help architects and designers to
choose between possible building design strategies.

For the development of the rules of thumb part of the second phase (simplified
method) of the workflow, the effect of different daylight assessment criteria on the
combined fulfillment of daylighting and overheating requirements and its implications
for the design of residential and office rooms in Estonia, are recommended for a specific
cost-optimal (within the Estonian context) triple glazed system (Tvis = 0.63, g-value = 0.37)
and fixed shading type. In addition, the control algorithm for the window airing system
was based on a basic set point (25 °C) between the heating set point (21 °C) and the
overheating limit (27 °C) (defined in the Estonian regulation), with the window airing
position of 10%. The rules of thumb used in this study might have lacked some special
cases in terms of combined fulfillment that deserve further study from an architectural
point of view. Furthermore, different assumptions in terms of window airing control and
complex fenestration systems (glazing and shading system) have different impacts on
daylight provision and risk of overheating. Therefore, future research should conduct
sensitivity analyses for different window airing controls, glazing systems, and switchable
shading devices. Another future path could be the development of prediction models to
estimate the daylight provision and risk of overheating in Estonian buildings. Finally, this
study can help architects, designers, and engineers understand the good practices not
only in early design stages of the design of the buildings but also in the retrofitting stage
to achieve satisfactory levels of indoor comfort in buildings.

The coupled method based on prediction formulas, which is part of the detailed
method used in the second phase of the workflow, was applied to a single case study
located in a cold climate. Moreover, an accuracy of 0.21 for minDF and DH predictions
might not be acceptable for some design criteria. It was studied side-lit room typology
specific to Estonia. Thus, the viability of the proposed coupled method based on
prediction formulas should be further quantified for different climates, construction
materials, and room typologies (e.g. rooms with multiple orientations). The accuracy of
DH predictions was quantified for a specific combination of HVAC settings recommended
for the Estonian context by local regulations and previous investigations. Settings such
as the natural ventilation strategy (e.g. openable area and temperature set point),
infiltration rates, construction materials, or occupancy profiles are influenced in practice
by specific local regulations of each European country. Therefore, further investigations
should study the validity of approaches based on DH prediction formula in different
climate and regulation contexts. Finally, this coupled method will be implemented as an
interactive tool such as a Grasshopper plug-in for Rhinoceros 3D that could be used not
only by architects and designers as a design tool but also for educational purposes. This
interactive tool could be included in a general framework to optimize the design of
residential buildings within the Estonian context.

Regarding efficient annual glare assessment based on the selection of optimal
Radiance parameters, in practice, this decision depends on the trade-off between
illuminance/DGP accuracy and CPU time. A lower ab parameter can be very valuable in
early design stages of the building design process when glare risk in multiple indoor
spaces with several fabrics must be assessed. Moreover, for daylight glare assessment
considering building occupants positions different from those closer to the window,
optimal ab parameters might vary from those recommended in this thesis and therefore,
must be further studied. There are also other approaches apart from annual glare
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assessment methods based on the selection of optimal Radiance parameters, daylight
calculation methods, CFS modelling techniques, and sampling strategies to reduce the
simulation time of annual glare simulations based GPU technology (Jones, 2019) or the
novel Raytraverse method (Wasilewski et al., 2021) which should be further investigated.
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Abstract

A novel workflow for early design stages to ensure daylight
and summer thermal comfort in buildings

Human-centric design has become one of the central criteria in architectural design.
Indoor comfort in buildings has a critical impact on occupants’ health and cognitive
performance. Designers have to consider multiple building performances such as indoor
comfort during early design stages of design process. The achievement of a good level of
indoor comfort in buildings typically includes a balance between visual comfort and
protection against overheating, which can be challenging for architects and designers.
There is a lack of integrated methods and studies that help designers to understand the
impact of their design decisions during early design stages at different levels: building
(orientation, shape, volume, and interior floor plan), facade (windows location, windows
size, and windows construction), and shading level (shadings type, and optical/thermal
properties of the shadings) on building overall performance consisted partially on solar
access, daylight provision, glare protection, and overheating risk. This thesis presents a
general workflow to help architects to design buildings with adequate levels of solar
access, daylight provision according to the two standards in force in Estonia and low
overheating risk according to Estonian regulations. In addition, this thesis presents
methods to speed up the early design stages design process of office buildings with
adequate levels of solar access, daylight provision, and glare protection according to the
European standard EN17037:2018.

A single-room simulation-based methodology was applied to assess the daylighting
and overheating performance in side-lit rooms within the Estonian context. In the first
part of this thesis, the aim is to investigate the effect of different daylight assessment
criteria on the combined fulfillment of daylighting and overheating requirements and its
implications for the design of residential and office rooms in Estonia (Paper Il). Moreover,
it was developed daylight and overheating prediction formulas that can help architects
and designers to conduct efficient window sizing process during early design stages
(Paper Ill). Finally, glare calculation methods in terms of accuracy and computational
time were benchmarked (Paper IV). In the second part of this thesis, the methods
developed from the first part of the thesis were applied to cases studies. In first place, it
was used a proposed easy-to-use multi-objective optimization workflow to help
architects and designers to design building envelope efficiently in Tallinn, Estonia (Paper
1). The second step consists of using daylight and overheating prediction formulas to
select window’s size and properties to achieve a good balance between daylight
provision and overheating risk protection in a new residential building (Paper Il1). In third
place, it was used efficient assessment methods based on sampling strategies and
optimized modeling decisions such as the selection of Radiance parameters or optical
model of complex fenestration systems to assess glare protection according to the
European standard EN17037 (Paper IV).

Within the current situation in Estonia, the results show that 30% of the combinations
fulfill the mean DF requirement but not the sDA requirement. Moreover, there is an
agreement between the Estonian standard EVS 894:2008/A2:2015 and European
standard EN 17037:2018 for only 54% of room combinations. The addition of window
airing increases the maximum window-to-wall ratio by 50% in residential rooms.
Regarding the definition of the building envelope, multi-objective criteria based on
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volume and solar access achieve the best trade-off solutions with volume ratios higher
than 20% and ratio of the windows that fulfill the solar access requirements higher than
57%. Regarding the window sizing process using the minDF and DH-based prediction
formulas, the minimum window-to-wall ratio (minWWR) to fulfill minDF-based
requirements and maximum g-value to fulfill at the same time DH-based requirements
for any room design can be calculated or represented graphically. The prediction
accuracy in terms of relative RMSE is up to 0.20 for minDF and DH values (Paper Ill).
For efficient annual glare assessment, based on semi-annual and five days per week
simulations for visible sun positions; sampling strategies can decrease the CPU time for
annual glare simulations up to 86% when considering clear sky conditions. The most
suitable method for DGP simulations depends strongly on the Radiance parameters and
the chosen sampling strategy (Paper IV).

The results suggest a synergistic formulation of daylighting and overheating
requirements in new building regulations to make the combined fulfillment easier for the
designers (Paper Il). By using these methods, designers can minimize the number of
design iterations during early design stages, as well as the required computational time
required by daylight and energy simulations (Paper | and IlI). The proposed coupled
method based on minDF and DH prediction formulas has big potential to help architects
and designers to achieve the combined fulfillment between daylight provision and
overheating protection during early design stages within the Estonian context. A suitable
sampling strategy for annual glare risk assessments can make a time step-based
ray-tracing method more computationally efficient than the alternative matrix-based
methods (Paper IV). For cases in which no diffuse and/or specular reflections of the sun
from any surface of the scene or the shading device will cause glare when this is not in
the field of view, a sampling strategy that takes into account only the hours when the
solar disk is in the field of view can reduce the computational time considerably. This
strategy can be combined with semi-annual evaluations (for clear skies) and a suitable
sampling strategy (e.g. one day per week) to further reduce the computational time.
The sensitivity analysis of Radiance parameters for the rtrace method presented in the
study can help to optimize the computational cost of simulations. Thus, by using this
methodology, designers could efficiently compare several complex fenestration systems
in terms of annual glare protection performance during early design stages of the
building design process.
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Lihikokkuvote

Uudne toovoog projekteerimise algfaasis, et tagada
paevavalgus ja suvine soojusmugavus hoonetes

Inimkesksest disainist on saanud arhitektuurse disaini Uks keskseid kriteeriume.
Sisemugavusel hoonetes on kriitiline m&ju elanike tervisele ja kognitiivsele jGudlusele.
Disainerid peavad projekteerimisprotsessi varases projekteerimisetapis arvestama
mitmete hoone joudlusega, nditeks siseruumide mugavusega. Hoonete siseruumide
mugavuse hea taseme saavutamine hdlmab tavaliselt tasakaalu visuaalse mugavuse ja
Glekuumenemise eest kaitsmise vahel, mis vdib olla arhitektidele ja disaineritele
keeruline. Puuduvad integreeritud meetodid ja uuringud, mis aitaksid disaineritel mdista
oma projekteerimisotsuste moju projekteerimise algfaasis erinevatel tasanditel: hoone
(suund, kuju, maht ja sisemine korruseplaan), fassaad (akende asukoht, akende suurus,
ja akende ehitus) ning varjutuse tase (varjundite tllp ja varjundite
optilised/soojusomadused) hoone ildises toimimises koosnes osaliselt piikesevalguse
juurdepdaasust, paevavalguse tagamisest, pimestamise kaitsest ja lilekuumenemisriskist.
Kaesolevas 16putoos esitatakse lldine to6voog, mis aitab arhitektidel projekteerida
hooneid, millel on piisav paikese ligipaasu tase, pdevavalguse tagamine vastavalt kahele
Eestis kehtivale standardile ja madal ilekuumenemisoht vastavalt Eesti eeskirjadele.
Lisaks  tutvustatakse kdesolevas 10putdds meetodeid, kuidas kiirendada
projekteerimisprotsessi varajastes etappides bliroohoonete projekteerimisprotsessi, kus
on piisav padikesevalguse, pdevavalguse tagamise ja pimestamise kaitse vastavalt
Euroopa standardile EN17037:2018.

Kulgvalgustusega ruumide pdevavalguse ja lUlekuumenemise nditajate hindamiseks
Eesti kontekstis kasutati (ihetoalist simulatsioonipGhist metoodikat. Kdesoleva 16put66
esimeses o0sas on eesmargiks uurida erinevate paevavalguse hindamiskriteeriumide
moju pdevavalguse ja llekuumenemise nGuete kombineeritud tditmisele ning selle
mdjusid Eesti elu- ja birooruumide projekteerimisele (t66 II). Lisaks too6tati valja
pdevavalguse ja (llekuumenemise ennustusvalemid, mis aitavad arhitektidel ja
disaineritel korraldada tGhusat akna suuruse maddramise protsessi varases
projekteerimisetapis (Paber Ill). Ldpuks vorreldi pimestamise arvutamise meetodeid
tdpsuse ja arvutusaja osas (IV paber). Kiesoleva I6putdd teises osas rakendati
juhtumiuuringutes 18putdd esimesest osast valja tootatud meetodeid. Esiteks kasutati
valja pakutud hdlpsasti kasutatavat mitme eesmargi optimeerimise té6voogu, et aidata
arhitektidel ja projekteerijatel t6husalt kavandada hoone vilispiirdeid Tallinnas (Paber ).
Teine samm seisneb pdevavalguse ja Ulekuumenemise ennustusvalemite kasutamises
akna suuruse ja omaduste valimiseks, et saavutada hea tasakaal paevavalguse tagamise
ja tilekuumenemisohu kaitse vahel uues elamus (Paber Ill). Kolmandaks kasutati tdhusaid
hindamismeetodeid, mis po&hinesid valimivotustrateegiatel ja optimeeritud
modelleerimisotsustel, nagu nditeks Radiance parameetrite vGi komplekssete
katteslisteemide optilise mudeli valimine, et hinnata pimestamise kaitset vastavalt
Euroopa standardile EN17037 (Paber IV).

Eesti praeguses olukorras naditavad tulemused, et 30% kombinatsioonidest tdidab
keskmise DF nouet, kuid mitte sDA nduet. Pealegi on Eesti standardi EVS
894:2008/A2:2015 ja Euroopa standardi EN 17037:2018 vahel kokkulepe vaid 54%
ruumikombinatsioonide kohta. Aknatuulutuse lisamine suurendab eluruumides
maksimaalset akna ja seina suhet 50%. Hoone vilispiirete defineerimisel saavutavad
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mahul ja paikese juurdepdasul pdhinevad mitmeeesmargilised kriteeriumid parimad
kompromisslahendused, mille mahusuhted on suuremad kui 20% ja pdikese juurdepdasu
nduetele vastavate akende osakaal Ule 57%. Seoses akna suuruse madramise
protsessiga, kasutades minDF- ja DH-pGhiseid ennustusvalemeid, minimaalne akna ja
seina suhe (MinNWWR), et tdita minDF-pOhiseid nGudeid ja maksimaalne g-vaartus, et
tdita samaaegselt DH-pShiseid nGudeid mis tahes ruumi jaoks. disaini saab arvutada voi
graafiliselt esitada. Suhtelise RMSE ennustustdpsus on minDF ja DH vaartuste puhul kuni
0,20 (Paber IIl). Tohusaks iga-aastaseks pimestamise hindamiseks, mis pohineb poolaasta
ja viis paeva nadalas toimuvatel simulatsioonidel ndhtavate paikesepositsioonide jaoks;
diskreetimisstrateegiad voivad selge taeva tingimusi arvestades vahendada iga-aastaste
pimestamise simulatsioonide protsessori aega kuni 86%. DGP simulatsioonide jaoks
sobivaim  meetod sGltub  tugevalt  kiirguse  parameetritest ja  valitud
proovivotustrateegiast (IV artikkel).

Tulemused viitavad paevavalguse ja Ulekuumenemise nduete slnergilisele
sonastusele uutes ehituseeskirjades, et muuta projekteerijate jaoks kombineeritud
taitmine lihntsamaks (Paber I1). Neid meetodeid kasutades saavad disainerid minimeerida
projekteerimise iteratsioonide arvu varajastes projekteerimisetappides ning
pdevavalguse ja energiasimulatsioonide jaoks vajalikku arvutusaega (Paber | ja Il).
Kavandataval minDF ja DH ennustusvalemitel pdhineval sidemeetodil on Eesti kontekstis
suur potentsiaal aidata arhitektidel ja disaineritel saavutada pdevavalguse tagamise
ja ulekuumenemiskaitse kombineeritud taitmine projekteerimise varases etapis.
Iga-aastaseks pimestamisriski hindamiseks sobiv proovivdtustrateegia vOib muuta
ajasammupdhise kiirjdlgimise meetodi arvutuslikult tdhusamaks kui alternatiivsed
maatriksipdhised meetodid (IV artikkel). Juhtudel, kui paikese hajutatud ja/v&i peegeldav
peegeldus stseeni Uheltki pinnalt vdi varjutusseadmest ei pdhjusta pimestamist, kui see
ei ole vaatevaljas, proovivotustrateegia, mis votab arvesse ainult tunde, mil paike
vaateviéljas olev ketas vOib arvutusaega markimisvaarselt vihendada. Seda strateegiat
saab kombineerida poolaasta hindamiste (selge taeva puhul) ja sobiva
proovivGtustrateegiaga (nt Uks pdev néadalas), et arvutusaega veelgi vdahendada.
Uuringus esitatud rtrace meetodi Radiance parameetrite tundlikkuse analtitis voib aidata
optimeerida simulatsioonide arvutuskulusid. Seega saavad disainerid seda metoodikat
kasutades tdhusalt vorrelda mitut keerulist katteslisteemi iga-aastase pimestamiskaitse
toimivuse osas hoone projekteerimisprotsessi varases projekteerimisetapis.
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Paper |

Sepulveda, A., & De Luca, F. (2020, May). A multi-objective optimization workflow based
on solar access and solar radiation for the design of building envelopes in cold climates.
In Proceedings of the 11th Annual Symposium on Simulation for Architecture and Urban
Design (pp. 1-8).
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ABSTRACT

This paper proposes a workflow based on multi-objective
optimization for the design of the building envelope. The
design variables of the workflow are the sorting method of
sun vectors to calculate the solar envelope, the building
orientation and the number of floor plan divisions. The
objectives are the maximization of the building volume, the
maximization of the ratio of the windows that fulfill the
solar access requirement and the minimization of the mean
incident solar radiation through the windows to reduce the
risk of overheating during the warm season. The workflow
has the potential to be adopted by designers being
integrated in the Grasshopper plug-in for Rhinoceros that is
a widely used design platform. The proposed workflow
shows a successful way to deal with complex multi
objective design goals. Multi-objective criteria based on
volume and solar access achieve the best trade-off solutions
with volume ratios higher than 20% and ratio of the
windows that fulfill the solar access requirements higher
than 57%.

Author Keywords
Solar envelope; environmental analysis; building envelope;
urban planning; building design; solar access; optimization

1 INTRODUCTION

Cities currently account for over 70% of global carbon
emissions and up to 40% of the total world energy
consumption. By 2030, the 80% of the world population
will live in cities [16]. These high levels of pollution have
irreversible repercussions on the climate change due to the
global warming effect. The main cause of the high carbon
emissions is the dependency of energy production on fossil
fuels. Project Horizon 2020 created by the European Union
proposes energy efficiency requirements for the nearly zero
energy buildings (nZEB). Additionally, it is well known
that indoor comfort in buildings is a key factor for human
well-being [15]. In terms of indoor comfort, it is not only
important the thermal but the visual comfort. The visual
comfort includes view out, glare protection, daylight
provision and solar access (SA) in buildings [11].

SA is one of the first criterion that architects might must
consider in the early stages of the building design. SA
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regulations influence building density and maximum
buildable volume. The solar envelope (SE) is a method
introduced by Knowles to calculate maximum volume new
buildings cannot exceed to guarantee required solar access
on neighboring facades [13]. The shape and the size of new
building envelope have crucial influence on energy
performance and indoor comfort levels. It is not only
important how the new building will influence the urban
environment but the other way around. The solar collection
envelope (SCE) is the minimum height of each considered
point of the buildable zone that fulfills the SA regulation [2]
[9]. Most of the SA regulations specify the minimum
quantity of sun hours per apartment during a specific period
[6] [12]. There is no specification in terms of quality of the
sunlight; hence, this allows flexibility to generate SEs even
for the same regulation and urban environment.

Essentially, two different approaches exist to calculate the
SE: calculating the maximum height to each grid point of
the plot (additive algorithm) or deleting grid volumes from
the theoretical buildable block (subtractive algorithm).
Subtractive algorithms have been proved to be high time-
consuming [21] but useful to use as building massing
technique [5]. On the other hand, the additive algorithm
defined by Knowles [16] and firstly implemented by
Capeluto [2] is the most used for the SE generation due to
its simplicity. In recent years, this additive algorithm is
implemented in several tools like LadyBug [14] and
DIVA4Rhino [20], both Grasshopper plug-ins for
Rhinoceros software. Nevertheless, these tools do not
calculate urban context-dependent SEs. Indeed, the urban
context has been taken into account by De Luca [8] and
Capeluto in different SE generation methods [1].

Recently, a novel method based on solar ordinances for
urban planning has been developed. The method uses
multiple criteria to generate the SE for different SA
regulations [6]. The lack of existence of tools that could
take into account the urban environment and different solar
ordinances to generate the SE, motivated researchers to
develop an open-source plug-in for Grasshopper called
“Solar Envelope Tools” (SET) [18] based on the previous
method mentioned [6]. Another previous research showed



how different pattern layouts influence in terms of total
floor area and SA performance of the building masses
located in urban areas in Tallinn [4]. However, the
performance of the building masses generated from each
pattern layout differ from the building envelope
performance. Moreover, De Luca, Nejur and Dogan
proposed a method for the assessment of optimal building
clusters for direct solar access in urban environments in
Estonia, preferred type of floor plan layout (interior and
exterior) and buildable floor area [7]. In fact, the method for
the optimization of building clusters gives detailed
information about the building envelope design.
Nevertheless, in both mentioned investigations, a unique SE
per urban environment was considered. These facts reduce
the flexibility of the architectural design process at building
envelope level and interior floor layout. Indeed, there is a
lack of research about potentialities of different SEs per
urban environment for the building envelope design.

The aim of this research is to study how SEs based on
different criteria influence the building envelope design for
a preferred floor plan and different objectives. The possible
objectives are: (1) maximization of total floor area, (2)
maximization of SA performance of the new building
envelope; and (3) minimization of incident solar radiation
in the warm season of the facade area that fulfill the
minimum sun hours according to the SA ordinance. Two
urban areas, one in Tallinn and another in Warsaw are
considered as cases study. The outputs of this workflow are
the optimal method to generate the SE with SET, the
number of floor plan divisions, orientation/size of the
building and zone of the fagade that fulfills the SA
requirements for a given multi-objective criteria. Implicitly,
this workflow also provides flexibility in the creation of the
interior floor plan of the building.

2 METHODOLOGY

In order to study how SEs generated by different criteria
influence the building envelope design and use this
information to optimize the performance of the new
building, the workflow shown in Figure 1 is defined. This
workflow has 4 main phases: SEs generation using SET,
building envelope generation (using in-built Grasshopper
components and Python functions), solar analysis of the
building envelope using SET and the assessment of the
building performance based on multi-objective criteria.

2.1 SEs generation with SET

The first step in the SE generation using SET is to extract
climate information about the location of the case study
(latitude, longitude, UTC and hourly direct normal solar
radiation for the annual period) using the component
“Location Data Reader”. After this, it is necessary to
calculate the sun vectors of the analysis period using the
component “Analysis Period” (SunVectGen). Using
SunVectGen, we can introduce a specific time step and
multiple analysis periods. When the selected time step is
different than 1 (hourly), SunVectGen uses a linear
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interpolation to calculate the direct normal solar radiation in
each time step.
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Figure 1. Workflow for the building performance assessment.

The main feature of SET is the possibility to filter and
select sun vectors that fulfill different conditions. The
filtering process consists of identifying the sun vectors of
the analysis period that are not blocked by the surrounding
buildings (Context) and fulfill the minimum defined solar
altitude (MinAltitude) and dead angle (DeadAngle). This
filtering process is run for every existing window
introduced as input. Once the filtered sun vectors are
identified, a sorting and selection process can be performed
taking into account the specific SA ordinances at hand and
sorting methods. The SA ordinance of each case study
determines the SA minimum requirements for the new
building. The sorting methods that can be selected through
the input SunVectSel, allows taking into account different
sun light quality criteria (Table 1). Consequently, the sorted
and selected sun vectors can be used to generate the SE
using the component “Solar Envelope Generator”
(SolEnvGen) which gives as output: (1) the points of the
final SE; (2) the SE points for each window. Additionally,
the sun vectors filtered and selected for each window can be
visualized using the component “Sun Path Generator”
(SunPathGen).

VectorsType Description
1 Larger solar altitude first
2 Larger solar incident radiation first
Sun vectors out the plot with large solar
altitude first, then vectors through the plot
3 . .
with large solar altitude first
Sun vectors out the plot with large solar
4 altitude first and then vectors through the
plot with larger incident solar radiation first
Sun vectors out the plot with large solar
5 altitude first and then vectors through the
plot close to the corners of the plot first.

Table 1. Available sorting methods in SunVectSel.

The workflow has been tested on two existing urban areas:
one located in Tallinn, Estonia (59°23'52.6"N 24°41'04.6"E)




(Figure 2) and another in Warsaw, Poland (52°16'42.6"N
20°55'14.5"E) (Figure 3). An identical plot 90x90 m in size
is considered to build a new residential building in both
locations. According to the Estonian Standard for daylight
in dwellings, a new building cannot decrease SA of existing
apartments more than 50% of actual sun light hours, and the
new apartments must have at least 2.5 hours per day of
direct sun light in at least one room. Both requirements
need to be fulfilled every day of the period from 22th April
to 22th August [12]. The SA requirements in Poland are
similar for existing and new residential buildings: each
apartment must have at least 3 hours of direct sun light on
21th March and 21th September between 07:00 to 17:00
[17].

;uc‘ i

Figure 2. Real (up) and virtual (down) urban environment for
Tallinn case study [19].

The choice of a suitable time step is essential for the accuracy
of the generated SE and the required computational time [6].
Thus, a time step of 2 and 30 are used for Tallinn and
Warsaw, respectively. The minimum angle between a sun ray
and the building facade (window dead angle) is set to 10
degrees for both urban areas [3]. The minimum sun altitude
is set to 12 and 10 degrees for Tallinn and Warsaw,
respectively [11]. All the available sorting methods are taken
into account for both urban areas. The distance between grid
points on the buildable plot is set to 9 meters in order to
achieve a good balance between SE accuracy and
computational time cost [7]. Finally, the maximum buildable
height was set 30 and 50 meters for Tallinn and Warsaw,
respectively.

2.2 Building envelope generation
Once the different SEs have been created, the new building
volumes can be generated extruding a selected floor plan.
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The following step is to generate optimal windows for the
new building facades. Nowadays, facades with high window
to wall ratios (WWRs) are a common solution at northern
latitudes due to the lack of sun hours during the winter and
the importance of the view to the outside. The component
used to select the sun vectors requires windows as simple
surface geometry, which are used for sun hours and radiation
analysis. The distance between window centroids is set to 3
m. The floor plan considered for the main cases study is a
linear floor plan typology defined by ASHRAE [10] with
different number of divisions (3, 4 and 5 divisions) (Figure
4). Moreover, different orientations (from south to south-
west every 45 degrees counterclockwise) are chosen in order
to study its effect on the building performance.

AW | =% - Rt

Figure 3. Real (up) and virtual (down) urban environment for
Warsaw case study [19].
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Figure 4. Different number of floor plan divisions (south oriented):
3,4 and 5 (from left to right).

2.3 Sun hours and radiation analysis

The third phase consists of sun light hours and incident solar
radiation analysis of the new building. The objective of this
part of the proposed workflow (Figure 1) is to study how the
urban environment affects the SA and solar radiation
received by the new building. In this analysis, surroundings
and new building must be provided as input in SunVectSel




component as urban context. Windows created in the
previous phase are also used. To use SunVectSel for this sun
hours and radiation analysis is necessary to define an
auxiliary plot different from the plot used for the main cases
study defined in the first phase of the workflow since we are
not interested in to generate any SE in this step. However,
the rest of the settings (dead angle, minimum solar altitude,
weather files, time steps, etc.) are the same of those defined
in the first phase of the workflow.

The outputs of this phase are the building performance
indicators calculated in relation to the visible sun positions
and the incident solar radiation for each time step and
window. These performance indicators are:

e Volume ratio (V) (-) as the relation between the total
volume of the new building and the volume of the SE,

e Window ratio (W) (-) as the relation between the number
of windows of the new building that fulfill the SA
requirements and the total number of windows,

o Mean incident solar radiation (mISR) (W/m?) as the mean
(for the analysis periods defined in section 2.1) incident
solar radiation received by the windows of the new
building that fulfill the SA requirements.

Thus, knowing V., W, and mISR for the new building we
can study how its volume is fitting the SE volume, which
ratio of the total facade area is fulfilling the SA
requirements and the level of solar radiation exposure of the
facade.

2.4 Building performance assessment

In this last phase of the workflow, the building
performance indicators are used to calculate the objective
variables, which are the variables of the proposed objective
linear function F (1) that represent the building
performance. Thus, it is possible to compare building
designs through the value F (fitness value). The objectives
of the evaluation formula (1) are: maximization of V' (OV)
(2); maximization of W,' (OW) (3); minimization of mISR
(OI) (4). The values of these objective variables are
between 0 to 1 (5) and they represent the level of
fulfillment of the building i within a set of n possible new
buildings (1, 2...., i,..., n).

F(Vr{,Wr{,mISR}) = aVr{ + BWr{ + ymISR; (1)

Vr{ =Vr;/max (Vr;) ?2)

Wr/ = Wr;/max (Wry) 3)

mISR; = 1 — mISR;/max (mISR;) @)
a+pf+y=1 5)

The coefficients a, p and y are the weight factors whose
values depends on the chosen criteria. For the main case
studies, different criteria were taken into account to
evaluate the fitness value of each building design (Table 2).
The fitness value is always between 0 and 1. Value 1 is
associated to an ideal building performance and that would

134

mean that the new building fulfill all the objectives
previously mentioned at the same time.

OV(@) OW@E) Ol

C1 1 0 0
2 0 1 0
C3 0 0 1
C4 0.5 0.5 0
Cs 0.5 0 0.5
C6 0 0.5 0.5
C7 0.3 03 0.3
C8 0.7 0.3

C9 0.3 0.7

C10 0 0.7 0.3
c11 0 0.3 0.7

Table 2. Coefficients of the objective function for different criteria.
OV=Volume maximization; OW=Solar access maximization;
OI=Solar incident radiation minimization.

The workflow is applied to two case studies (Warsaw and
Tallinn), different sorting methods (Table 2.1), one floor
plan typology with different number of divisions (3, 4 and
5) and 8 different orientations (from South to North-West
every 45 degrees). Moreover, these 240 cases are evaluated
according to 11 different multi-objective criteria (Table 2.4)
in order to evaluate which criteria offers the best trade-off
building performance in each case study.

3 RESULTS

In this section, the dependency between the design
parameters (sorting method (SM), number of floor plan
divisions, orientation and multi-objective criteria) and the
building performance indicators (., W, and mISR) are
analyzed.

3.1 SE volumes

The volumes of the SEs after considering different SMs can
be seen in Figure 5. In general, SMs 1, 3 and 5 allow larger
SE volumes than SMs 2 or 4. This fact was expected
because the sorting methods 1, 3 and 5 are based on the
selection of sun vectors with larger solar altitude and/or
whose projection are outside the plot. On the other hand,
SMs 2 and 4 take into account sun vectors with high
incident solar radiation which normally have lower sun
altitude for the surrounding fagade facing east and west,
limiting the SE volume.

In Warsaw case, the SE volume is between 136770 m® and
120793 m’. In Tallinn case, the maximum SE volume is
153975 m® (SM 3) and the minimum is 78510 m® (SM 4).
Furthermore, the SE volume is more sensitive to the SMs
used in Tallinn than in Warsaw case. This is due to the
combined effect of different aspects as surrounding urban
environment, plot orientation, latitude, solar radiation,



analysis period, time step, dead angle and minimum solar
altitude (Figure 6).

180000
N Warsaw Tallinn

160000

140000
E 120000
= 100000
£
E oo
< o000

40000

20000

i o - - -
SM 1 SM2 SM 3 SM 4 SM 5

Figure 5. Volume of the SEs using different sorting methods for the
cases study.
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Figure 6. Examples of the generated SEs for both cases study using
SM 1 (left) and SM 2 (right).

3.2 Warsaw case

The values of the objective variables for different criteria
used in Warsaw case are shown in Figure 7. Different
groups of criteria gives the same optimal solution. The first
optimal solution is generated by volume-weighted (C1, C5
and C8) and trade-off (C7) criteria. The second optimal
solution is obtained regarding SA and mISR-based criteria
(C2, C3, C6, €9, C10 and C11).The third optimal solution
is generated by the criterion C4 that is based on 50% V,. and
50% W,.. In addition, the mean incident solar radiation is
minimal in these three solutions (mISR'=1.0). The first
solution has maximum volume and the second one has
maximum SA. Moreover, the third solution is a trade-off
between both objectives.

The design parameters and the performance indicators for
each optimal solution can be seen in Table 3. South-West is
an optimal orientation in Warsaw case (Figure 8). The first
and the third solutions have 5 number of floor plan sections
while the second one has only 4 divisions. SM 2 is not
recommended for any criteria. The consideration of SMs 1,
3 and 5 allow the maximization of SA (W,=0.63) when the
floor plan has 4 divisions (Figure 8b). However, if the
number of divisions is increased to 5, the use of SM 5 allow
the maximization of the volume (1,=0.21) (Figure 8a).
Indeed, the use of SM 3 and 5 divisions for the floor plan
allow a good trade-off between volume (V,=0.2) and SA
(W,=0.58) (Figure 8c). The mean incident solar radiation

135

for all the solutions is around 100 W/m’. Furthermore, the
best trade-off solution can be either the first or the third one
since there is no much difference in absolute terms for the
volume and SA indicators (V. and W.).
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Figure 7. Objective variables values for different criteria in Warsaw
case.

Criteria nFPd Ori. SM Vr Wr mISR
C1,C5,C7,C8 5 SW 5 021 057 100.58
C2,C3,C6,C9,

C10,C11 4 SW 1,3,5 0.17 0.63  100.03

Cc4 5 SW 4 020 058  100.71

Table 3. Design parameters and performance indicators using
different criteria for Warsaw case.

Figure 8. Optimal combinations in Warsaw case.



3.3 Tallinn case

The values of the objective variables for different criteria
used in Tallinn case can be seen in Figure 9. In these case,
five different group of criteria give 5 different optimal
solutions:

e The first optimal solution is generated by the 100\%
volume-weighted criterion (C1),

e The second optimal solution is a 100\% SA-based
criterion (C2),

The third optimal solution is generated by a group of
criteria based on different trade-off considerations (C3,
Cs5,C7,Cl11),

The fourth optimal solution is generated by a group of
criteria based on different trade-off between volume and
SA (C4, C8, C9),

e The fifth optimal solution is generated by a group of
criteria based on different trade-off between SA and
mISR (C6, C10).
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Figure 9. Objective variables values for different criteria in Tallinn
case.

The design parameters and the performance indicators for
each optimal solution are shown in Table 4. In general, SM 2
and 4 are not recommended for any criteria. The
maximization of the building volume (1}.=0.24) is possible by
orienting west a floor plan with 5 divisions and considering
SM 5 to generate the SE (Figure 10a). Nevertheless, the
combination of the SM 1 or 3 with 3 divisions of the floor
plan and NW orientation, achieve a low volume fitting with
the SE volume V,=0.18) but high performance in terms of SA
(W,=0.87) and mISR (190.14 W/m?® (Figure 10e).
Moreover, the south orientation combined with a low number
of divisions of the floor plan (3 and 4) are associated to high
W, (between 0.84 and 0.97) when SM 1 is considered (Figure
10b 12d). The only difference between the fifth and the third
optimal solution is the number of divisions of the floor plan
(4 and 3, respectively). This increment from 4 to 3 divisions
of the floor plan generates a self-shadowing phenomenon: the
3% of the whole facade pass to do not fulfill the SA
requirement because V,. increases a 5% (Figure 10c 12¢).

Finally, the third (Figure 9¢) and fourth solutions show good
trade-off performance. Nevertheless, since the deviations in
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terms of mISR are around 10 W/m’, the fourth optimal
solution is the best one (Figure 9d): south-oriented building
whose floor plan is divided by 4 sections (SM 1 used for the
SE generation) achieve a . of 0.23 and the 89% of the
facade is fulfilling the SA requirements with a mean incident
solar radiation of almost 198 W/m®.

Criteria nFPd Ori. SM Vr Wr  mISR

C1 5 w 5 024 0.66 197.39

C2 3 S L3 019 092 1977
C3,C11,C5,C7 4 NW 13 023 084 188.78
C4,C8,C9 4 S 1 023 089 197.89
C6,C10 3 NwW 1,3 0.18 087 190.14

Table 4. Design parameters and performance indicators using
different criteria for Tallinn case.

__

Figure 10. Optimal combinations in Tallinn case.

4 CONCLUSION

Solar access is one of the key criteria for visual comfort that
can also affect the thermal comfort and energy efficiency in
buildings. There are different ordinances that define the
minimum SA requirements for new and existing residential
buildings. These requirements are related to the quantity not
the quality of direct sun light. Different SEs might fulfill
the same SA requirements for a case study. This fact
provide flexibility in the early stages of the architectural
design process. Previous research just only focused on one
SE per urban area.

The aim of this paper is to study the potentiality of different
SEs in building envelope design in cold climates. The
methodology consists of a workflow based on multi-



objective  optimization. The objectives used are:
maximizing the volume of the building, maximizing the
ratio of the facade that fulfills the SA requirements and
minimizing the solar radiation received by a portion of the
facade. Thus, this workflow is used to design a new
residential building in two locations with different SA
ordinances: Warsaw (Poland) and Tallinn (Estonia). The
same buildable plot and floor plan typology are used for
both case studies. Moreover, the design parameters used
are: the number of floor plan divisions, the orientation of
the new building, the sorting method of sun vectors for SE
generation and multi-objective  criteria. Case study
consolidates an insightful comparison of various
optimization criteria.

In general, considering a large number of possible floor
plan divisions, the volumes of the new building can fit
better SE volume. Moreover, the consideration of sorting
methods based on larger solar altitudes and sun vectors
outside the plot achieve larger SE volume than those based
on incident solar radiation. Moreover, the maximum
relative difference in terms of SE volume is almost 50%
and 12%, for Tallinn and Warsaw case, respectively.
Indeed, this difference can be due to the length of the
analysis periods.

Figure 11. Optimized building envelopes for Tallinn (down) and
Warsaw (up) cases. Windows in yellow fulfill the SA requirements
and the red window has the maximum mean incident solar radiation.

A suitable choice of the design parameters is critical to
optimize the new building envelope. If the preferred criteria
to design the new residential building is the volume ratio
and the SA of the facades, the use of criteria based on
volume-weight for Warsaw and trade-off criteria between
volume and SA for Tallinn are suitable ones. The optimized
building envelopes for both case studies is shown in Figure
11. The optimal number of floor plan divisions are five and
four for Warsaw and Tallinn cases, respectively. The total
floor area is 8930 m* and 11617 m* in Warsaw and Tallinn,
respectively. South-west (Warsaw) and south (Tallinn)
orientations allow good performance between volume and
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SA of the new buildings (Figure 11): volume ratio higher
than 20% and ratio of the facade that fulfill the SA
requirements of 57% and 89%, for Warsaw and Tallinn,
respectively.

This research presents a useful workflow to be used in the
carly stages of the design of residential buildings in cold
climates. How to take advantage of the SA requirements to
optimize the building performance using different multi-
objective criteria is investigated. This workflow is
especially suitable when the SA regulations are strict. First
decisions as building orientation, windows location,
building footprint and buildable volumes characterize the
solar access of the existing and new buildings. Other
requirements related to daylight provision, overheating,
energy consumption or glare protection could be fulfilled
with a suitable design of interior layout and facade. In this
paper, different criteria are considered and all the possible
building envelope are evaluated and the maximum fitness
value searched. Future work is to apply this workflow in a
larger optimization system (to evaluate different floor plan
typologies) based on genetic algorithm (GA). Additionally,
this method will be implemented in a Grasshopper tool for
Rhinoceros to help architects and designers to choose
between possible building design strategies.
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Keywords: Daylight and thermal comfort in cold climates have been proved crucial for the well-being of the building oc-
Daylighting cupants. In this study, the reliability of the daylight requirements defined by the Estonian standard based on the
Overheating

mean daylight factor (DF) was evaluated with respect to the minimum DF requirements defined by the European
standard method, EN 17037:2018 and IES LM-83-12, based on the spatial daylight autonomy (sDA) for office and
residential buildings. The effect of window airing on overheating and also on the combination of overheating and
daylighting was studied. Indoor comfort-based rules of thumb for the design of offices and residential rooms were
suggested. A simulation-based methodology was applied to assess the daylighting and overheating performance
in a single-window room considering different parameters. The results show that 30% of the combinations fulfill
the mean DF requirement but not the sDA requirement. Moreover, there is an agreement between the Estonian
standard EVS 894:2008/A2:2015 and European standard EN 17037:2018 for only 54% of room combinations.
The addition of window airing increases the maximum window-to-wall ratio by 50% in residential rooms. The
results suggest a synergistic formulation of daylighting and overheating requirements in new building regula-
tions to make the combined fulfillment easier for the designers.

Window airing
Building performance
Cold climate
Window

1. Introduction

The design of the building envelope is crucial in the early stages of
construction as well as in the retrofit solutions. The building envelope
has a key impact on energy efficiency and indoor comfort (visual and
thermal). One of the objectives of the European program Horizon 2020
is to improve the energy efficiency in buildings. The Energy Perfor-
mance of Buildings Directive 2010/31/EU (EPBD) aims to encourage the
member states to define specific requirements for new buildings (start-
ing from 2021) to become nearly zero-energy buildings (nZEBs) [1].

Visual comfort has beneficial effects on the well-being of building
residents [2]. The European Union recently presented the standard EN
17037:2018 that defines the requirements for visual comfort in build-
ings [3], which include the daylight provision [4]. Over the past 25
years, the influence of light on the human well-being has been investi-
gated [5]. The characteristics of daylight that make it essential for
human well-being include its intensity and color support for the circa-
dian cycle in humans [6]. Not all the holistic positive effects of daylight
can be reproduced artificially; thus, daylit rooms are preferred to those
with electric lighting [7]. There are several methods to evaluate the
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daylight intensity in buildings. One of the mostly used assessment
methods due to its simplicity is the daylight factor (DF). DF was created
in the United Kingdom for daylight assessment under overcast condi-
tions [8]. After 2006, some researchers have started investigating the
dynamic performance of daylight in buildings considering its occupants’
behavior and the surrounding climate during the year [9]. In some cases,
daylight autonomy (DA) is more applicable than DF [10]. The useful
daylight illuminance was proved to be a more informative and intuitive
metric for daylight assessment than DA [11]. The spatial daylight au-
tonomy (sDA) was approved by the Illuminating Engineering Society as
the daylight metric (IES LM-83-12) [12]. The sDA contains spatial and
temporal information about the daylight provision. Hence, annual
climate-based simulations are required to calculate this metric. Daylight
access (direct and diffuse) is highly valued by tenants according to a
recent study in the U.S. where tenants pay 5-6% more for spaces with
high daylight provision; hence, daylight should be considered in project
financing [13]. Nevertheless, not every European country has yet
defined a concept of adequate daylight and a suitable daylight metric
[14].

The creation of the open-source software Radiance [15] and
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developments in multi-core CPUs, parallel computation, GPUs, and the
Perez and CIE sky models improved the climate-based daylight simu-
lations in terms of time costs and accuracy [4]. Practitioners were able to
assess the dynamic daylight performance using Radiance-based tools
such as DIVA for Rhino [16] or Fener not only in the early stages but also
in retrofit solutions [17-19]. These tools can be used to assess additional
functions of interest such as visual glare protection [20], thermal indoor
comfort, energy performance (heating, cooling, and lighting), selection
of complex fenestration systems (CFSs), and the design of shading con-
trols [19]. A recent parametric study supported the use of external
shutters to reduce heat loss through windows in winter and improve the
indoor comfort in summer and explored the influence of the extra
insulation around the perimeter of a roof window on its thermal trans-
mittance [21]. The optimization of the indoor comfort in an office in
Singapore showed potential energy savings of 34.3%, 7.15%, and 5.5%
for lighting, lighting-cooling, and total energy, respectively [22]. Other
studies showed that the layout of the windows and shading for heating
and cooling led to the energy savings of 25%, 28%, and 45% in a test
office room located in Tallinn, Milan, and Cairo, respectively [23], using
an innovative method to generate the optimal shape of shading devices
[24]. Daylight has a significant positive influence on the energy effi-
ciency of buildings [25-28]. Daylight and solar heat gains in winter can
reduce the energy consumption when a suitable shading control is
considered [29]. Previous investigations emphasize the need to design
synergistically glazed areas and shading to provide adequate daylight in
building interiors and reduce energy consumption for lighting [30,31]
and for heating and cooling [32,33]. External shading is an efficient
solution to reduce glare risk for building occupants [34], and has the
advantage of not relying on occupant operation; occupants often leave
the operable internal shade closed and also use it when is not needed,
causing an avoidable electric light energy consumption [35].

Another aspect that affects the indoor thermal comfort is the over-
heating risk in buildings. In 2013, a study on thermal comfort in 1134
English dwellings demonstrated that the renovation plans should
include practical measures against overheating risk in residential
buildings [36]. The severity of the seasonal overheating risk in dwellings
is influenced by the urban surroundings, local architecture, occupant
behavior, and climate. A previous study suggested nighttime ventilation
and mechanical ventilation in combination with heat recovery from the
exhaust air in winter to decrease the overheating risk [37]. Moreover,
the use of window airing with nighttime ventilation at an educational
building located in Cyprus allowed the fulfillment of overheating re-
quirements [38]. However, using only night ventilation as a passive
cooling solution in educational buildings in southern Europe was found
to be insufficient against future overheating predictions (2050s-2090s)
[38]. Another study showed that fuzzy-based AC controls could not
avert the overheating problem of a sick building located in Italy; hence,
a major renovation was suggested [39].

In cold climates, buildings with high thermal resistance are common
to save heating energy in winter, and facades with high window-to-wall
ratios (WWRs) are designed to increase the daylight provision [40].
However, these measures can generate thermal discomfort during the
warm season. Estonia has specific overheating requirements that must
be met if there is no mechanical space cooling system in a new or a
renovated building. Overheating requirements in Estonia are based on
the metric degree-hour (DH) (°C-h), which represents the accumulation
of the hourly indoor temperature excess (related to a temperature set
point) during a specific period of warm season (June 1-August 31). The
maximum DH is 150 °C h and 100 °C h for residential and
non-residential buildings, respectively. The temperature set point is 27
°C and 25 °C for residential and non-residential buildings, respectively
[41,42]. Thus, the use of window airing, shading, and a suitable glazing
system for windows have been studied as the main passive solutions for
nZEB residential buildings in Estonia [43-45]. However, window airing
is not permitted in overheating simulations of non-residential buildings.
Installation of openable windows is not regulated by these requirements.
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Window shading elements can reduce the overheating of residential
premises depending on facade orientation and distance of neighboring
buildings, especially at northern latitudes; thus, a careful envelope
design is recommended [44]. Hamburg and Kalamees [46] determined
that experimental analysis of three apartments per building was not
sufficient to estimate the indoor comfort; hence, they supported the use
of simulation-based methodology to assess thermal comfort in Estonian
residential buildings. Another study developed in 2015 within nZEB
Danish single-family homes shows the difficulties to achieve a good
balance between daylight provision, energy consumption, and over-
heating risk: low g-values and high light transmittance values were
recommended for south-oriented rooms and high g-values for
north-facing windows to reduce the heating demand [47].

In Estonia, overheating is considered a limiting function of the
daylight provision. According to the Estonian standard EVS 894:2008/
A2:2015, the daylight requirements are expressed in terms of mean DF
and depend on the building type. Parametric model-based methodology
was applied to study the influence of different passive design solutions
and ventilation systems on fulfillment in terms of daylight (mean DF >
1.5%) and overheating (DH < 150 °C h) in living rooms [48]. Other
research focused on Estonian educational buildings; the fulfillment of
the minimum mean DF requirement according to the Estonian standard
EVS 894:2008/A2:2015 [49] and the minimum 55% sDA (at least 300
lux during 50% of occupied hours) were compared for a determined
number of room variations. Hence, criterion based on sDA was more
conservative than Estonian DF-based criterion for educational buildings
[50]. In addition, the metric annual spatial exposure (ASE) [12] has
been used to assess excessive possible discomfort for direct solar access;
however, in this study we use overheating in Estonia as a limiting
function of the daylight provision.

The European standard is based on the minimum DF and currently
valid in Estonia in parallel with the Estonian standard but no studies
have been conducted to evaluate its impact on the construction practice.
Previous studies showed disagreements between dynamic and static
daylight metrics in Estonia. Therefore, it is important to understand how
the European standard affects the design of the building envelope and
refurbishment plans. Moreover, it is necessary to quantify the
disagreement between the current Estonian regulations based on DF and
the sDA criterion without ignoring the overheating risk. The main aim of
this study is to investigate the effect of different daylight assessment
criteria on the combined fulfillment of daylighting and overheating re-
quirements and its implications for the design of residential and office
rooms in Estonia.

The objectives of this study can be summarized as follows:

1. To use the daylight assessment criteria based on sDA (IES LM-83-
12) and minimum DF (European standard EN 17037:2018) to evaluate
the actual Estonian standard EVS 894:2008/A2:2015 based on the mean
DF and propose indications for further modifications of the Estonian
regulation for residential and office buildings.

2. To investigate the overheating levels and the effect of window airing
on residential buildings.

3. To determine the influence of the room parameters such as
orientation, room width, room depth, window-to-wall ratio (WWR), and
shading size on the fulfillment of daylight provision and the overheating
levels in Estonian residential buildings.

2. Methodology

A simulation-based methodology with the single-zone approach was
used for the assessment of daylighting and overheating. A parametric
model of a generic residential/office room was created in Grasshopper
environment that runs within the Rhinoceros 3D computer-aided design
(CAD) application. The model generated two geometrical models (one
for daylight and another for thermal indoor climate simulations) using
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different room parameters (Fig. 1). The building typology used for this
research is a common typology in Tallinn [51]. The building has five
floors and a total height of 17 m, with the ground floor occupied by
commercial facilities and four regular floors with 2.8 m floor-to-ceiling
distance. The test room is located in the middle of the second and third
floors to obtain an average obstruction by the surrounding buildings.
The surrounding buildings are modeled as a continuous facade of the
same height of the test building (17 m) and located at 45 m from the
center of the test room toward four cardinal directions with a typical
high-density city center setting and a sparse new development setting in
Tallinn.

The room size parameters and number of orientations were selected
to obtain a representative sample of typical residential living rooms and
office rooms in Estonia. The small 3.5 m x 3.5 m rooms represent a
single-employee office of approximately 12 m?. Intermediate rooms
represent living rooms and medium-size offices with an area of 20-40
m? The larger rooms with a size of 6.5 m x 7.5 m represent large offices
of ~50 m%

The window sizes used in this study represent typical floor and
regular sill (0.9 m from the floor) windows used in residential and office
buildings in Estonia [51]. The window height can be 1.5 m or 2.4 m
while the distance from the upper frame to the slab level is 0.37 m. The
maximum width for a single glazed area is 1.5 m. WWRs values were
calculated considering a frame width of 5 cm for each window (without
dividers).

The different shading systems considered in the model are illustrated
in Fig. 2. Thus, no shading system was considered for rooms facing north
(N) because direct sunlight is not relevant for that orientation. However,
for south (S), southeast (SE), and southwest (SW) orientations, fixed
horizontal shading was used. Apart from horizontal shading, fixed ver-
tical shadings were used in the east (E), northeast (NE), northwest (NW),
and west (W) orientations. The reason for the different layout of shading
devices for south, southeast, and southwest (horizontal) orientations
and all the others (vertical and horizontal) is that horizontal shadings
perform well for southerly orientations, and vertical shadings perform
well for easterly and westerly orientations due to the low sun angle. In
this study, the horizontal shadings for southerly orientations were
extended on the side to increase protection from direct sunlight and also
when the sun is not perpendicular to the fagade; the vertical shadings for
easterly and westerly orientations were added the horizontal overhang
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to increase protection, creating a “crate” system that is also recom-
mended in the literature [52,53]. The selected sizes for the shading
device depths of 0.6 m and 0.9 m correspond to the recommended
optimal sizes of shading in relation to window height (maximum 0.4 h,
where h is the height of the window) [51]. The source of the fixed
shading device is the facade plane.

2.1. Model for daylight simulations

One of the outputs of the parametric model is the building geometry
for daylight simulations. Some examples of room variations are dis-
played in Fig. 2. This geometric information is required by DIVA for
Rhino [54] to run the daylight calculations. The daylight analysis grid is
located at 0.8 m height from the floor and the spacing between the grid
points is 0.5 m [12]. DIVA is a Grasshopper plug-in for Rhinoceros that
uses the validated software DAYSIM (Radiance-based software) for
daylight calculations [55-57]. Specifically, DIVA components “daylight
factor” and “annual daylight” were used to assess the daylight intensity
according to the criteria of interest presented in Table 1.

For both residential and office test rooms, interior finishing materials
had standard diffuse reflectance values, commonly used for daylight
simulations when real building material data are not available [48,58,
59]. The reflectance of the opaque surfaces in the model is shown in
Table 2. Moreover, triple glazed windows with 18 mm gap [60] were
considered because of their reliability in terms of cost and energy per-
formance within the Estonian context [40,61,62].

The minimum requirements for all the criteria (DFpean, DFmin, and
sDA) are shown in Table 1. The DFyean criterion requires a minimum
mean DF of 1.5% and 2.0% for residential and office rooms, respectively.
IES LM-83-12 defines a minimum sDA of 55% (for a daylight autonomy
(DA) threshold of 300 lux for all types of buildings). Thus, at least 55% of
the area is lit with at least 300 lux in 50% of the occupied hours. For this
study, a DA threshold of 500 lux was considered instead of 300 lux for
office rooms as recommended by the European lighting standard
EN12464-1. The European standard EN 17037:2018 specifies a target
DF for 50% of the reference plane (half of the room closer to the win-
dow), and a minimum target DF should be met for 95% of the entire
reference plane. According to Tables A3 and A4 in EN 17037:2018, the
target DF (DT) and the minimum DF for Estonia are 2.2% and 0.7%,
respectively.

Orientation Room Room WWR (%) Shading
width (m) depth (m) size (m)
(et
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Fig. 1. Diagram of room parameter combinations. This is a single-column fitting Figure.
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Fig. 2. Modeled 3.5 m x 3.5 m rooms S, SE, and E oriented for the daylight analysis (shading size of 0.6 m).

Table 1
Daylight requirements for each criteria [3,12,49].

Room type Reference condition Test condition
Residential mean DF > 1.5% sDA >55%

mean DF > 1.5% minimum DF > 2.2%
Office mean DF > 2% sDA >55%

mean DF > 2% minimum DF > 2.2%

Table 2

Reflectance of the opaque surfaces.
Surface Reflectance
Ground 20%
Exterior facade 30%
Interior walls 70%
Floor 20%
Ceiling 70%
Shading 30%

The Radiance parameters used for the sDA and DF simulations were
chosen following the recommendation made by Reinhart (Table 3) [12].
The minimum DA illuminance threshold was defined according to the
requirements of the Estonian standard EVS 894:2008/A2:2015, which
are 300 lux and 500 lux for residential and office rooms, respectively.
The weather data for sDA simulations were obtained from the
Tallinn-Harku meteorological station for the year 2014. The occupancy
schedule used for climate-based daylight assessment in office rooms is
from 08:00 to 18:00 during weekdays as required by the method
LM-83-12 [12]. For residential rooms, an “always occupied” schedule
was used because residential buildings are assumed to be occupied all
day throughout the week. CIE overcast sky conditions were considered
for DF calculations by DIVA (DAYSIM).

Table 3

Radiance parameters for sDA and DF simulations.
Ambient accuracy (-aa) 0.1
Ambient bounces (-ab) 5
Ambient divisions (-ad) 1500
Ambient resolution (-ar) 300
Ambient super-samples (-as) 20
Number of relays for secondary sources (-dr) 2
Direct sampling ratio (-ds) 0.2
Reflection limit (-Ir) 12
Minimum weight of a traced ray (-lw) 0.004
Direct certainty (-dc) 0.75
Secondary source presampling density (-dp) 2048
Direct threshold (-dt) 0.05
Medium sample distance (-ms) 0.063

Specular sampling threshold (-st) 0.01

2.2. Model for overheating calculations in residential buildings

The Grasshopper plug-in ArchSIM [63] was used to define the ther-
mal model for energy calculations at residential rooms. We used the.idf
file generated by ArchSIM and set up all the desired parameters such as
the number of warming days, frame width, or boundary conditions of
each surface. We used the edited the.idf file as input to the validated
software Energy Plus version 8.4 [64]. The variable of interest to assess
the overheating at the parametric rooms was the hourly mean air tem-
perature (T}). The expression to calculate the overheating (DH) of a
residential room during the warm season is the following:

DH = i(n,fm (°Ch) €))

h=1

where N is the number of occupied hours (from June 1 to August 31) for
which the main air temperature exceeded 27 °C. According to the
Estonian regulations [41], DH must not exceed 150 °Ch in residential
buildings. High thermal mass materials were used for the walls, slab, and
floor (Table 4). The material for the slab floor and interior walls is a 250
mm layer of concrete. The external wall has three layers of concrete and
expanded polystyrene (total thickness of 480 mm) with a thermal
transmittance of 0.128 W/(m?K). The g-value of the window is 0.37. The
simplified model was used to define the window because it has been
proved to be more conservative than the detailed model for overheating
calculations [65].

The interior walls, slab, and floor were considered as adiabatic sur-
faces. This condition might be conservative for thermal calculations
because, in reality, there is heat exchange between adjacent thermal
zones. Owing to the high thermal mass of the materials, a large number
of warming days is required to reach the stationary thermal conditions.
Heat transfer through the exterior wall and solar exposure was also
considered. The Estonian regulations define the usage profiles for in-
ternal gains (occupancy, lighting, and equipment) in residential build-
ings (Fig. 3). The maximum lighting usage rate is 0.2 with a power
density of 8 W/m? (Table 5). The occupancy level is never null and is the
highest from 23:00 to 6:00. The number of square meters per person for
a multi-apartment building is 28.3 [42] and the mean level of activity is
1.2 MET.

The consideration of infiltration is mandatory according to the
Estonian regulations. The infiltration air flow rate (q;) is calculated using
Eq. (2) (when the exhaust and supply air flow rate are the same):

. 450
qi= mf\ (2)
where A is the area of the building envelope in m?, qsy is the average air
leakage rate of the building envelope that was set to 3 m®/(h-m?) ac-
cording to the same regulation, and x is the building factor set to 20
because it is a four story building [42].
Mechanical ventilation was also considered, and two thresholds were
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Table 4
Thermal and optical properties of the building envelope.
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Element Construction Thermal transmittance (W/(mzK)) g value (-) Visual/Solar Exterior/Interior emissivity (—)
Transmittance (—)
External wall Concrete 150 mm 0.128 - - -
Expanded Polystyrene 280 mm
Concrete 50 mm
Floor slabs, Internal Walls Concrete 250 mm 3.59 - — -
Window [60] Triple glazing 0.5 0.37 0.63/0.27 0.9/0.9
3. Results
——Lighting ——Equipment ——Occupancy
In this section, we first compare different criteria for the assessment
1 of daylight provision in residential and office spaces. Next, we show the
08 effect of window airing as a cooling passive technique on overheating
3 2 levels in residential rooms. Finally, we determine the influence of win-
% 0.6 | I dow airing and daylight criteria on the fulfillment of the daylight pro-
= I 1 vision and overheating requirements in residential rooms.
@
s 0.4
]
@»
=02 :|£_|_ 3.1. Daylight provision
N

0 2 4 6 8 10 12 14 16 18 20 22 24
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Fig. 3. Usage profiles of occupancy lighting and equipment according to resi-
dential buildings in Estonia [42]. This Figure is a single column fitting one.

Table 5

Internal gain parameters.
People density 0.0353 p/m?
Metabolic Rate 1.2 MET
Equipment density 3 W/m?
Lighting power density 8 W/m?
Dimming Control OFF
Target Illuminance 300 lux

defined: fresh air of 14.15 L/s per person and minimum fresh air of 0.5
L/s per area (m?). The airing position of the window was set to 10% as
defined by Simson et al. [66]. With a set point of 25 °C and an openable
area of 10% for the window, low heating energy is needed during the
warm season due to the occasional low exterior temperatures in Tallinn.
The heating system must be switched on with a set point of 21 °C for
residential buildings (Table 6).

The first part of this methodology was to generate the room varia-
tions from the room parameters. The second step was to run the daylight
simulations (DIVA for Rhino) using different assessment criteria, sDA,
DFpean, and DFpy,, for residential and office rooms. Energy Plus was
used for overheating simulations. Once the calculations were completed,
different daylight criteria were compared. The effect of the window
airing on overheating levels was analyzed, and the combined fulfillment
of daylight and overheating was analyzed relative to the room
parameters.

Table 6

HVAC settings for residential buildings in Estonia.
Heating system (SP) ON (21 °C)
Cooling system (SP) OFF (-)
Window airing (SP) ON (25 °C)

Mechanical ventilation ON
Minimum Fresh Air per Person 14.15 (L/s/p)
Minimum Fresh Air Area 0.5 (L/s/mz)
Mechanical ventilation schedule Always ON
Heat recovery temperature efficiency 80%

According to our results, all the tested room variations that fulfilled
the minimum DF of 2.2% for the first half of the reference plane closer to
the window also fulfilled the minimum DF of 0.7% for at least 95% of the
reference plane. Hence, we take the minimum DF of 2.2% for the first
half of the grid as the critical requirement that ensures the fulfillment of
the European standard EN 17037:2018. The percentage of the simulated
rooms (3520 combinations) associated with different daylight fulfill-
ment cases is displayed in Fig. 4. There is no room that reaches sDA
higher than 55% and a mean DF lower than 1.5 or 2.0 for residential or
office use, respectively. In 29% and 32% of the residential and office
cases, respectively, the Estonian DF requirement is met, but not the sDA.
Nevertheless, there is a 70% agreement between sDA and DFyean for
both types of buildings. For residential rooms, the agreement between
DFmean and DF i, is 58%. There is no room that reaches a minimum DF
higher than 2.2% and a mean DF lower than 1.5 or 2.0% for residential
or office rooms, respectively. For office rooms, the agreement between
DFpnean and DFpiy is approximately 70%, likely due to the stricter DFpean
requirement for office use (2.0%) than for residential rooms (1.5%).

The minimum WWR (minWWR) to fulfill the daylight requirement
for different criteria (DFpean, DFmin, and sDA) and office room param-
eters are presented in Table 7. The IES LM-83-12 is one of the most
conservative testing criteria. The NE, NW, and W-oriented office rooms
with depths of at least 3.5 m do not fulfill SDA >55% when shading is
used. However, the maximum recommended room depth is 5.5 m when
no shading is used (minWWR of 0.86 for S orientation). For shading sizes
of 0.6 m or 0.9 m installed in the S- and SE-oriented rooms, the
maximum recommended room depth is 4.5 m (minWWR of 0.86). As
expected, the shading size is related to the increase in minWWR required
for any room combination.

As shown in Table 8, the fulfillment in terms of different daylight
requirements in residential rooms is less restrictive than in office rooms:
the maximum depth of the office rooms is equal to or less than that of the
residential rooms for SDA/DFyean criteria, when the room orientation or
shading size is considered, because of the stricter daylight requirements
for office rooms. Considering the IES LM-83-12 method for living rooms,
the following results are obtained.

- Without shading, the maximum recommended room depth is 5.5 m
with minimum WWRs varying from 0.40 to 0.86 depending on the
orientation.

- With a shading size of 0.6 m, the maximum recommended room
depth is 4.5 m for NE and NW orientations but 5.5 m for the other ori-
entations (minWWR from 0.54 to 0.86).



A. Sepiilveda et al. Building and Environment 180 (2020) 107036

Residential Residential
mean DF vs sDA mean DF vs min DF
100 100
~ 80 =~ 80
@ @
£ £
g 60 ] 60
s 5
- 40 - 40
2 2
E 20 E 20
z z
0 0
Agreement mean DF > 1.5% Agreement mean DF > 1.5%
sDA <55% min DF <2.2%
Office Office
mean DF vs SDA mean DF vs min DF
100 100
S S
< 80 < 80
@ >»
g g
g 60 g 60
< -
Z 40 S 40
2 2
E 2 E 20
z z
0 0
Agreement mean DF > 2.0% Agreement mean DF >2.0%
sDA <55% min DF <2.2%
Fig. 4. Agreement analysis between different the daylight criteria used (Table 1).
Table 7 Table 8
Minimum WWR to fulfill the daylight requirements (for DFyean, DFpmin, and sDA) Minimum WWR to fulfill the daylight requirements (for criteria DFyean, DFmin
defined in Table 1 for room parameters (office). and sDA) defined in Table 1 for room parameters (residential).
Office room depth (m) 3.5 4.5 5.5 6.5 7.5 Residential room depth (m) 3.5 4.5 5.5 6.5 7.5
Shading Om DFmean  S,SEE, 0.27 0.27 0.4 0.4 0.4 Shading 0Om DFmean S,SE,E, 0.27 0.27 0.27 0.4 0.4
size (m) NE,N, size (m) NE,N,
NW,W, NW,W,
SW SwW
DFpin S,SE,E, 0.4 0.4 0.86 - - DFpin S,SE,E, 0.4 0.4 0.86 - -
NE,N, NE,N,
NW,W, NW,W,
SW SwW
sDA s 04 04 086 - - sDA S,W 027 04 04 086 -
SEESW 04 054 - - - E,SE, 027 04 054 086 -
NE,W 04 086 - - - NW,SW
N, NW 054 - - - - NE 04 04 054 - -
0.6  DFpen SSESW 04 04 054 054 0.86 N 04 04 086 - -
m ENWW 04 054 086 - - 0.6  DFpen SSESW 027 04 04 04 054
NE 04 054 086 086 - m E,NE, 04 04 04 054 086
DFnmin S 0.4 054 - - - NW,W
SE,SW 0.4 0.86 - - - DFpmin S 0.4 0.54 - - -
E,NE, 0.54 - - - - SE,SW 0.4 0.86 - - -
NW,W E,NE, 054 - - - -
sDA S,SE 0.4 086 - - - NW,W
E 0.86 - - - - sDA S 0.4 0.4 0.86 - -
NE,NW, - - - - - SE 0.4 0.4 0.64 - -
w EW 0.4 0.54 0.86 - -
SW 0.54 0.86 - - - NE,NW 0.4 0.86 - - -
0.9 DFpmean S,SE,SW 0.4 0.54 0.86 0.86 - SwW 0.4 0.4 0.54 - -
m E,NE, 0.54 0.86 - - - 0.9 DFpean S,SE,SW 0.4 0.4 0.4 0.54 0.86
Nw,w m E 0.4 0.54 0.64 0.86 -
DFmin ~ SSESW 054 086 - - - NENW, 04 04 064 086 -
E,NE, 0.86 - - - - w
NW,W DFpin S,SE,SW 0.54 0.86 - - -
sDA S,SE 0.54 0.86 - - - E,NE, 0.86 - - - -
E,NE, - - - - - NW,W
NW,wW sDA S,SE,SW 0.4 0.54 086 - -
SW 0.54 - - - - E 0.54 0.86 - - -
NE,NW 0.54 - - - -
w 0.4 0.86 - - -
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- With a shading size of 0.9 m, the maximum recommended room
depth depends also on the orientation: 3.5 m for NE, NW (minWWR =
0.54); 4.5 m for E and W (minWWR = 0.86), and 5.5 m for S, SE and SW
(minWWR = 0.86).

When DFpean criterion is considered, the maximum room depth is
7.5 m when no shading is used. However, the maximum depth is 5.5 m
for rooms without shading when DF;, is considered. For DFyy;, crite-
rion, the maximum recommended depths are 3.5 m (E, NE, NW, W), 4.5
m (S, SE, SW) when the shading size is 0.6 m (minWWR between 0.40
and 0.86), and 0.9 m (W, E, NE, NW orientations with minWWR = 0.64).
Finally, the maximum room depth does not significantly change when
DFpean criterion is considered: 7.5 m for shading size <0.6 m (minWWR
between 0.40 and 0.86) and 6.5 m for E,NE,NW,W-oriented living rooms
with shading size of 0.9 m (minWWR = 0.86).

3.2. Overheating in residential rooms

The percentage of the residential rooms with and without window
airing that fulfill the overheating requirement is shown in Fig. 5. The
first ventilation case (MV) is based on infiltration and mechanical
ventilation. The second ventilation case (NV) is based on infiltration,
mechanical ventilation, and window airing. Logically, all the rooms that
fulfill the DH requirement when mechanical ventilation is used are not
overheated when window airing is added. On average, 40.7% of the S, E,
W, SE, SW-oriented rooms are overheated using any ventilation type.
However, less than 10% of the N, NE and NW-oriented rooms are un-
conditionally overheated. The average percentage of rooms that fulfill
the DH requirement for any ventilation case depends strongly on the
orientation: 46% for N, NE, NW; 20% for S, E, and 11% for W, SE, SW.
Finally, 47% of the rooms achieve a DH lower than 150 °Ch when
window airing is included.

The critical WWR*g-value (defined by Simson et al. [66] as a rele-
vant design parameter when overheating is considered for mechanically
ventilated rooms) is shown for different orientations and shading sizes in
Fig. 6. For N, NE, and NW orientations, maximum WWR*g-value is be-
tween 0.05 (without shading) and 0.15 (NE). Since no shading was
considered for N-oriented rooms, maximum WWR*g-value was set
manually as a conservative estimate to the same limit as in the case
without shading (0.08). Maximum WWR*g-value is 0.05 for the other
orientations (for shading sizes of 0.6-0.9 m). The most restrictive ori-
entations for mechanically ventilated rooms are W, SE, and SW. No
W-oriented-room fulfills the DH requirements when only infiltration and
mechanical ventilation are considered. Nevertheless, if a shading size of
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0.9 m is used in SE and SW-oriented rooms, maximum WWR*g-value is
0.05.

The critical WWR*g-value for mechanically and naturally ventilated
rooms is shown for different orientations and shading sizes in Fig. 7. For
N, NE, and NW orientations, maximum WWR*g-value is from 0.10
(without shading) to 0.32; whereas it is between 0.05 and 0.21 for the
other orientations. The most restrictive orientations for mechanically
and naturally ventilated rooms are W, SE, and SW whose maximum
WWR*g-values are between 0.05 and 0.16. Apart from E and S orien-
tations, the use of shading has the highest impact on SW and SE orien-
tations when natural ventilation is added: maximum WWR-g-value
ranges from 0.05 without shading to 0.15 with a shading size of 0.9 m.

3.3. Daylighting and overheating in residential rooms

Following the individual analysis of the daylight provision and
overheating, the combined fulfillment of both functions is analyzed
depending on the ventilation system, room parameters, and daylight
assessment criteria. As shown in Fig. 8, the average percentage (per
orientation) of rooms that fulfill both requirements when window airing
is added is 30% for DFpean and 5% for DFi,. When sDA criterion is
considered, the improvement in terms of percentage of rooms is one
third (approximately 10% of all the rooms).

The window airing and sDA criterion allow the increment of 34% of
the rooms that have insufficient daylight levels without overheating. If
we consider DFpean Or DFpip, this increment is 16% or 41%, respec-
tively. These differences can be explained by the strict requirements
associated with sDA and DFp,. If sDA criterion is considered, the per-
centage of the rooms that have sufficient daylight without overheating
increases by 10% in absolute value, whereas this increment is 27% and
5% for DFpean and DFpin, respectively. The effect of window airing on
the combined fulfillment for different room orientations is shown in
Fig. 9. Thus, the relative impact of the orientations is similar for sDA and
DFpean criteria but the number of rooms that achieve the combined
fulfillment is lower for any orientation when sDA is considered. The
increment is higher for N, NE, NW (between 36% and 48%) than the
other orientations when DF e,y is considered. The most restrictive ori-
entations for the combined fulfillment are W, SE, and SW with a
maximum increment of 14% for SE considering DFpean. If SDA criterion
is considered, the mean increment of the rooms that achieve the com-
bined fulfillment is between 13% and 31% for NW, NE, N; however, this
increment varies from 2% to 6% for the other orientations. Considering
DFp,in, the increment is 25%, 9%, and 5% for N, NE, NW orientations,

®DH(MV)<150 and DH(MV+NV)<150 ® DH(MV)>150 and DH(MV+NV)<150

DH(MV)>150 and DH(MV+NV)>150
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Fig. 5. Percentage of the residential rooms per orientation related to all the overheating fulfillment cases for different ventilation strategies: MV = Infiltration and

mechanical ventilation, NV=Window airing technique.
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Fig. 8. Percentage of the residential rooms that fulfill both daylight and overheating requirements for different ventilation strategies: MV
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The level of combined fulfillment depending on the room dimension,
orientation, and shading size is shown in Fig. 10. On the one hand, N
orientations allow a higher flexibility for the design of residential rooms.
On the other hand, most of the S, SE, W, and SW-oriented rooms cannot

meet both requirements when no shading is used. Most room combi-
nations can fulfill the DFean criterion. Nevertheless, for high (6.5 m) or
low (3.5-4.5) room depths and no shading, the combined fulfillment is
compromised because of poor daylight or high overheating levels,
respectively. The increment of the shading size allows the combined
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Fig. 9. Increment of the number of residential rooms with different orientations that fulfill daylight and overheating requirements when window airing is included.
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Fig. 10. Level of the combined fulfillment depending on the daylight criteria considered (3 = always, 0 = never, 1 = DFyeay is fulfilled, 2 = pair of criteria are
fulfilled and white cells with “- = not simulated) for different room (MV + NV) configurations where: w = room width (m) and d = room depth (m).

fulfillment of rooms with depths <5.5 m and different orientations such
as S, SE, E, W, SW.

4. Discussion

Daylight assessment criterion based on the Estonian standard EVS
894:2008/A2:2015 (DFpean) was compared with the European standard
EN 17037:2018 (DFy,) and IES LM-83-12 (sDA) for 3520 residential/
office rooms. Approximately 30% of the simulated residential and office
rooms fulfill DFeqn but not the sDA criterion. The criterion based on
sDA is more conservative than the Estonian DF-based criterion for
educational buildings [50]. Moreover, the agreement between the
fulfillment of DFp, and DFpean criteria is 58% of the total room

combinations. For residential and office rooms, DFy;, is more conser-
vative than DFpean due to the stricter requirements based on a target DF
of 2.2% for the first half of the reference plane compared to the
requirement defined by DFean (1.5% and 2.0% for residential and office
rooms, respectively). DFpi, and sDA can be considered equivalent
criteria to assess the daylight provision for the most combinations while
DFpean criterion can be used for a less conservative room design. The
results showed that a suitable combination of shading size and room
depth depending on the room orientation considering climate-based
daylight assessment criteria is key during the early stages of building
design. The use of sDA instead of DFpean can decrease the maximum
room depth from 2 m (S) to 1 m (N, NW) when no fixed shading is used
in office rooms. For residential rooms without shading, the decrease in
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the maximum room depth is less than for office rooms: 2 m for NE,
N-oriented rooms and 3 m for the other orientations. The increment of
the shading size allows the design of rooms with higher WWR but lower
depth, and vice versa, to ensure the fulfillment of the daylight re-
quirements. In general, considering the same room dimension, orien-
tation, and shading size, higher WWRs can be chosen for residential than
for office rooms due to the stricter daylight requirements for any
daylight criteria. These results are valid for glazing systems whose visual
transmittance is approximately 63%. In addition, the presented rules of
thumb are based on the room level, which can be used for each
window-side room of multi-apartment buildings located in new urban
areas in Estonia. Nevertheless, further daylight assessment should be
conducted considering high-density urban areas.

The limiting function of the daylight provision in residential rooms is
the overheating risk that depends strongly on the level of direct solar
exposure through the windows during the warm season [66]. The results
of this study showed that the effect of ventilation on the overheating
fulfillment depends strongly on the room orientation. Thus, in at least
25% (and up to 51%) of S, E, W, SE, SW-oriented room combinations,
fulfillment of the overheating requirement does not depend on the
ventilation system. Thus, only a maximum of 10% of N, NE,
NW-oriented room combinations are overheated even when window
airing is added to the mechanical ventilation system. Nevertheless, at
least 39% of the combination rooms become “not overheated” when
window airing is added to the mechanical ventilation system. These
results might be conservative for retrofit decisions because a simplified
model [65] was used to characterize the optical and thermal perfor-
mance of the windows, which are more suitable for early stages of the
building design. In general, the use of fixed shading increases the glazed
areas without increasing the risk of overheating in residential rooms.
There are other actions on WWR and g-value [44] that can improve the
protection against overheating depending on the orientation of the room
and ventilation strategy used [48]. On the one hand, when only infil-
tration and mechanical ventilation are considered, maximum
WWR*g-value is higher than 0.05 for NE, N, NW-oriented rooms when
shading size is between 0.6 m and 0.9 m. S, SE, E, SW, and W are the
most limited orientations with a maximum WWR*g-value of 0.05 (0 for
W orientation). On the other hand, when window airing is added, the
maximum WWR*g-value is between 0.10 and 0.32 for NE, N, and NW
orientations for any shading size. For other orientations (S, SE, E, W,
SW), maximum WWR*g-value is at least 0.05 without shading and up to
0.2 when shading size is 0.9 m. According to these results, we recom-
mend the use of windows with lower g-values for the most problematic
facade orientations; i.e., S, SE, E, W, and SW as a previous study on nZEB
Danish single-family houses suggested [47]. The presented results can
vary depending on the set point considered for the window airing
strategy and openable area ratio. In this study, a set point of 25 °C
(previous research used 27 °C [65]) was used for the window airing
control with a 10% of openable area. A new methodology based on the
multi-zone approach using different set points for window airing would
help to understand how the overheating levels in residential rooms
change.

When window airing is added, most of the NE, N, NW-oriented res-
idential rooms with room depths lower than 5.5 m are considered good
room designs because they fulfill both daylighting and overheating re-
quirements for any daylight criteria considered. Nevertheless, as
discovered in a previous research, in deep S-oriented rooms, either
summer indoor comfort or daylight provision is compromised with the
use of shading [47]. Moreover, the combined fulfillment in most of the
SE, W, and SW-oriented rooms with depths >6.5 m and fixed shading
depends on the daylight criteria (DFmean, DFmin and sDA). The use of
fixed shading allows the combined fulfillment in S-oriented rooms but
decreases the maximum depth for N orientations. This result highlights
the importance of a careful envelope design to achieve combined
fulfillment for any daylight assessment criterion. The use of switchable
shading devices combined with window airing strategies can improve
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the flexibility of the building design in early stages. However, the in-
vestment amount may be higher than when traditional fixed shading is
used.

5. Conclusions

This study evaluates the reliability of daylight assessment based on
the Estonian standard EVS 891:2008/A2 2015 and the new European
standard EN 17037:2018 through a more reliable dynamic daylight
assessment method, IES LM-83-12, in residential and office buildings,
and their relation with other building regulations such as the Estonian
Minimum Requirements for Energy Performance n°68 of 2014. We
investigated the relationship between the two daylight standards, which
are both in use because Estonia is in the European Union, to predict the
impact of the new standard on building regulations. The main outcomes
of the research and potential applications of the results are as follows:

1. The Estonian daylight standard has limited reliability in properly
predicting the daylight potentials of building interiors. In many cases, it
overestimates daylight availability for different orientations. The pre-
sent study will be presented to local authorities and regulatory bodies to
increase their awareness about the need to promote a new and more
efficient daylight regulation in Estonia. This will be done considering the
new European standard also analyzed in this study. Hence, this research
will contribute to the development of a compulsory building daylight
regulation.

2. There is a strong disagreement between the two standards in
assessing the daylight for residential and office buildings. This aspect
will be considered in the development of the guidelines for the new
daylight regulation.

3. Evidence strengthens the findings of the existing literature about
the conflicting requirements of overheating in building regulations and
the Estonian daylight standard. Considering the new European standard,
the requirements will not change significantly. However, if the daylight
regulation incorporates the results of the dynamic daylight analysis, the
conflicts will increase because larger glazed areas will be necessary to
fulfill the daylight requirement. Nevertheless, several cases that fulfill
both requirements will increase when passive measures such as window
airing are adopted. This suggests the a) synergistic formulation of
daylighting and overheating requirements in new building regulations
to make it easier for designers to fulfill both; b) promoting the use of
building design features such as efficient materials and passive measures
to reduce overheating while ensuring appropriate daylight levels.

This study focused only on a specific cost-optimal (within the Esto-
nian context) triple glazed system (Ty;s = 0.63, g-value = 0.37) and on
fixed shading. In addition, the control algorithm for the window airing
system was based on a basic set point (25 °C) between the heating set
point (21 °C) and the overheating limit (27 °C) (defined in the Estonian
regulation), with the window airing position of 10%. The rules of thumb
used in this study might have lacked some special cases in terms of
combined fulfillment that deserve further study from an architectural
point of view. Furthermore, different assumptions in terms of window
airing control and complex fenestration systems (glazing and shading
system) have different impacts on daylight provision and risk of over-
heating. Therefore, future research should conduct sensitivity analyses
for different window airing controls, glazing systems, and switchable
shading devices. Another future path could be the development of pre-
diction models to estimate the daylight provision and risk of overheating
in Estonian buildings. Finally, this study can help architects, designers,
and engineers understand the good practices not only in early stages of
the design of the buildings but also in the retrofitting stage to achieve
satisfactory levels of indoor comfort in buildings.
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1. Introduction

The 80% of the world population will live in urban areas by 2030 [1].
Even nowadays, the achievement of energy-efficient buildings and
human comfort is a challenge for architects and urban planners. Indoor
and outdoor comfort are the main components of human comfort. At the
same time, indoor comfort in buildings consists of two main compo-
nents: visual and thermal comfort. On one hand, visual comfort has a
critical impact on building users’ performance and well-being [2-4].
According to the European standard EN 17037 “Daylight in Buildings”,
the level of visual comfort depends on the level of direct sun exposure,

view out of building occupants, glare protection, and daylight provision
in indoor spaces [5]. In fact, daylight is the most preferred source of light
by building users [6], having even an added value within the real estate
market [7]. On the other hand, thermal discomfort caused by the
overheating phenomenon, produced by the excess of indoor tempera-
ture, can have negative effects on building users’ satisfaction and health
on the long-term [8-10].

1.1. Conflict between daylight and overheating performances in buildings

Future climate conditions affected by the global warming effect will
aggravate overheating risk in buildings. According to previous studies,
efficient strategies to reduce future overheating risk levels are based on
proper thermally insulated constructions, natural ventilation, and active
cooling strategies [11-13]. Moreover, the urban heat island effect
combined with the global warming effect will aggravate overheating
risk in buildings [14]. Specifically, residential buildings are prone to
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have overheating risk problems due to the lack of cooling or efficient
natural/mechanical ventilation strategies [15-18]. The assessment of
overheating risk in residential buildings has been widely investigated in
temperate climates [19-23]. A recent investigation showed that the
fulfillment of CIBSE TM59 [24] overheating requirements is extremely
difficult to satisfy in an energy-efficient flat located in London [25].

In practice, the building envelope design has a critical impact not
only on energy performance but also on the achievement of suitable
level of visual comfort [26-28]. A suitable use of complex fenestration
systems (glazing combined with shading systems) could balance visual
comfort and energy efficiency in different climates [29-31]. Moreover,
excessive direct sun exposure can lead to high levels of daylight provi-
sion and solar gains, increasing the indoor temperature and conse-
quently overheating risk. Previous studies propose rules of thumb to
help architects and designers to choose optimal design strategies and
renovation plans during the early design stages that achieve a combined
fulfillment of daylight and overheating requirements [18,32-34].

1.2. Background

Architects and designers can assess building performances such as
daylight provision, energy performance, and overheating risk by using
several methods to evaluate different design/retrofit decisions such as
room dimensions, window-to-wall ratio (WWR), building orientation,
type of shading device, shading size, window construction, or ventila-
tion strategy among others. Simulation-aided methodologies based on
daylight and energy simulations are necessary to assess multiple build-
ing performances [35-38]. Thus, a vast number of investigations
focused on the optimization of different building performances, used
optimization Grasshopper plug-ins within the software Rhinoceros 3D
[39-42]. Additionally, recent investigations included machine learning
technique to speedup multi-objective optimization of architectural
spaces [42-45].

Several methods to predict building performances such as prediction
formulas, graphical tools, and rules-of-thumbs have been proposed since
two decades ago. Regarding daylight provision, Reinhart and Lo Verso
proposed several formulas to estimate the average daylight factor (DF)
in a generic side-lit room depending on design parameters such as
obstruction angle, mean reflectance of the opaque surfaces, visual
transmittance of the glazing, total area of interior surfaces, and net
glazing area [46]. Lee et al. used complex regression models for the
estimation of climate-based daylight metrics such as spatial daylight
autonomy (sDA), useful daylight autonomy (UDI) among others
illuminance-based metrics [47]. Moreover, Loch et al. proposed rules of
thumb to achieve suitable visual comfort based on the climate-based
metrics SDA and annual sunlight exposure (ASE) in side-lit office
rooms with balconies located in Sao Paulo, Brazil [48]. Septilveda et al.
used a parametric approach to create rules of thumb for the combined
fulfillment of daylight provision according to different regulations and
standards and overheating requirements defined by Estonian regula-
tions [49].

Other researchers focused on the definition of formulas to estimate
the annual use of artificial lighting in commercial and office side-lit
rooms [50-52]. Moret et al. developed formulas to predict energy sav-
ings of lighting, cooling, and heating [53]. In addition, Lo Verso et al.
defined a set of mathematical models, which can be calibrated with 48
annual daylight/energy simulations, for the estimation of daylight
provision and energy demand for lighting [54]. Cammarano et al. pro-
posed a graphical tool to be calibrated with 48 cases for each considered
climate (each case consists in one annual daylight/energy simulation)
for the assessment of daylight and energy demanding in office rooms
with different architectural features [55,56]. Finally, two previous in-
vestigations developed rule of thumbs for the size of fixed shading to
fulfill daylight and overheating performances in Estonia [49,57].
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1.3. Originality and aims of this research

The application of simulation-based workflows requires high-level
expertise of different software and/or Grasshopper plug-ins in Rhinoc-
eros 3D. Secondly, the evaluation of different building performances is
normally a high computational-expensive process, even for coupled
daylight and energy simulations. On one hand, there is a lack of pre-
diction methods, which are easy to use by not simulation or optimization
experts, for the combined assessment of daylight provision and over-
heating risk. On the other hand, the European standard EN 17037 allows
the flexibility to fulfill daylight provision requirements in terms of the
static DF daylight metric, which does not depend on climate conditions,
being faster to calculate than other dynamic daylight metrics such as
daylight autonomy (DA), UDI, and sDA [58-60]. Finally, Brembilla et al.
highlighted the importance of coupling daylighting and overheating
assessments to evaluate different building design strategies that meet
both indoor visual and thermal comfort requirements in dwellings
defined by energy policies such as nearly zero energy buildings (NZEB)
regulations [61]. To this date, there is no coupled design method based
on easy-to-use prediction formulas that considers overheating and
daylight performances.

This paper aims to propose easy-to-use prediction formulas that can
be used by architects and designers during early stages of the design
process to achieve good balance between daylight and overheating
protection efficiently. The daylight requirements are based on the DF
metric according to static method defined by the European standard EN
17037 [5] and overheating risk requirements are based on the
degree-hour metric (DH) adopted by the Estonian regulation [62]. Thus,
the objectives of this paper can be summarized as follows:

e To develop a formula for the prediction of daylight assessment based
on the DF metric proposed by the European standard EN 17037;

To develop a formula for the prediction of overheating risk assess-
ment based on the DH metric used by the Estonian regulation;

To apply a coupled method based on DF and DH prediction formulas
to conduct a window sizing (optical/thermal properties included)
that allow the combined fulfillment of minimum daylight and
overheating requirements in a residential building located in Tallinn,
Estonia (59.47°N, 24.75°E).

2. Methodology

The workflow followed in this research consisted of the following
steps, presented also as flowchart in Fig. 1:

o Step 1: the creation of the parametric model for the generation of all
room combinations in the software Grasshopper for Rhinoceros 3D
(section 2.1);

Step 2: the definition of the daylight model in the Grasshopper plug-
in HoneyBee and the energy model in EnergyPlus;

Step 3: the comparison between the target and minimum DF-based
requirements defined by the European standard EN 17037 for all
European countries;

Step 4: the analysis of the correlation between minDF and DH and
design parameters such as window’s thermal/optical properties,
room orientation, room dimensions, WWR, and obstruction angle;
Step 5: the definition of minDF and DH prediction formulas using
polynomial fitting technique;

Step 6: the proposal and application of a coupled method based on
prediction formulas that can be used for the design of interior
building floor plan and window sizing to achieve the combined
fulfillment of minimum daylight provision requirements defined by
the EN 17037 and overheating protection requirements based on the
DH-metric.
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Fig. 1. Workflow followed in the research. The number in brackets refers to the section in which the step is presented and discussed.

2.1. Parametric model plug-in for Rhinoceros software. The parametric model generated two
geometrical models (one for daylight and another for thermal indoor

A simulation-based methodology with a single-zone approach was climate simulations) using the same room parameters with different 3D
used for the assessment of daylighting and overheating risk. A para- model geometrical constructions as required by the daylight and ther-

metric model of a generic residential room was created in Grasshopper mal simulations (Fig. 2).
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Fig. 2. Diagram of room parameter combinations and representation of the obstruction angle 6 for a generic room. Window-to-wall ratio = WWR. An obstruction
angle is considered null (6 = 0°) when the roof of the surrounding building/external obstruction is at the same level or below the floor level of the test room. The total
number of room combinations is 5120 and 40960 for daylight and thermal simulations, respectively.
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Table 1
Reflectance values for opaque surfaces recommended by
the European standard EN 17037 for daylight simulations

[51.
Surface Reflectance (-)
Interior walls 0.5
Floor 0.2
Ceiling 0.7
External floor 0.2
External facade 0.30

Since our case study (section 3.3) is located in Tallinn, Estonia, the
building typology used for this research was also used in previous
investigation within the Estonian context [49]. We modeled the sur-
rounding buildings at a distance of 17 m from the floor level of the test
room, using a continuous facade and varied height to simulate the mean
obstruction angle (0) from 0° to 35.0° (Fig. 2). The room size parameters
and number of orientations were selected to obtain a representative
sample of typical residential bedrooms and living rooms in Estonia.
Single bedrooms of approximately 12 m? are represented by the small
3.5 m x 3.5 m rooms. Intermediate rooms represent kitchen-living
rooms and medium-size bedrooms with an area of 20-40 m?. Large
kitchen-living rooms of ~50 m? were represented by 6.5 m x 7.5 m
rooms.

We set the maximum width for a single glazed area as 1.5 m. The
window height can be 1.5 m or 2.4 m while the room height was set to
2.8 m. Thus, considering all the room widths, window-to-wall-ratio
(WWR) varied from 13.4% to 85.7% with a regular sill height of 0.9
m (when window height is 1.5 m) [49]. For the calculation of the WWR
values, we considered a frame width of 5 cm for each individual win-
dow. The visible transmittance of the glazing system was varied from
45% to 80% and the g-values, which are associated to different glazing
systems commonly considered within the Estonian context [63,64],
were varied from 0.24 to 0.61 (with U-values from 0.21 to 1.4) (Fig. 2).
Finally, we did not consider shading system in our parametric model
because we aim to propose a coupled method to be used during early
stage design to maximize daylight provision and quantify the potential
overheating risk while minimizing design costs related to unnecessary
shading system.

2.2. Daylight model

All daylight simulations were conducted through the Grasshopper
plug-in Honeybee from Ladybug Tools based on the validated Radiance
daylight simulation software [65,66]. The daylight analysis grid was
located at 0.8 m height from the floor and the spacing between the grid
points and distance from the walls was set to 0.5 m [5,60]. Diffuse
reflectance values of opaque surfaces (Table 1) were set according to the
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recommended values by the European standard EN 17037 [5].

The fulfillment of minimum daylight provision according to the
static method defined by the EN 17037 consists in the simultaneous
fulfillment of two conditions. The first condition (Cd1) is fulfilled if the
minimum DF value for the first half of the reference plane closer to the
window (minDF1) is higher than a target value (minDF1t), which de-
pends on each EU country (1.5 %-2.8%) (e.g. minDF1>2.2% for
Estonia, minDF1>1.8% for Spain, etc.). The second condition (Cd2) is
fulfilled when the minimum DF value for at least the 95% of the entire
the reference plane (minDF2t) should be higher than a target value,
which depends on each EU country (0.5 %-0.9%) (e.g. minDF2>0.7%
for Estonia, minDF2>0.6% for Spain, etc.) (Fig. 3).

The Radiance parameters used for the DF simulations were chosen
following the recommendation made by Reinhart (Table 2) [60]. CIE
overcast sky conditions were considered for DF calculations since DF
metric does not depend on the room orientation [67].

2.3. Thermal model

The validated software Energy Plus was used for thermal indoor
energy simulations [69] through the validated EnergyPlus software
[69]. The hourly mean air temperature (Ty,) was the variable of interest
to assess the overheating risk in the rooms’ parametric variations. The
DH metric and its variations has been commonly used to quantify the
overheating risk in buildings located at different climates [70-75].
Specifically, the overheating risk of residential buildings in Estonia is
quantified in terms of the DH metric (Eq. (1)). Thus, the expression to
calculate the DH metric of a residential room during the warm season is
the following:

N

DH=>"(T,—27) ("C-h)

h=1

@™

where N is the number of occupied hours (from June 1 to August 31).
According to the Estonian regulations, DH threshold must not exceed
150 °C h (maxDHgsr) in residential buildings [76]. Construction mate-
rials for the walls, slab, and floor are shown in Table 3. Slab floor and
interior walls consist of 250 mm layer of concrete. The external wall is
composed of three layers of concrete and expanded polystyrene, with a
thermal transmittance of 0.128 W/(m?K). Moreover, we considered
different type of window construction studied within the Estonian
context (Table 3) [64]. Windows were modeled using a simplified
model, which has been proved to be more conservative than the detailed
model for overheating risk calculations [77]. Window simplified model
is based on constant properties: solar/visible transmittance, U-value,
and internal/external emissivity values. These optical and thermal
properties were included as independent variables in our parametric
model (Fig. 2) because they have big influence on daylight provision and
overheating risk in buildings.
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Fig. 3. Minimum thresholds for different European countries defined by the European standard EN 17037 for target DF for the first half of the reference plane closer
to the window (minDF1) and minimum target DF for at least the 95% of the reference plane (minDF2).
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Table 2
Radiance parameters used in Daylight Factor (DF) simulations [68].
Name Description Value
Ambient bounces The maximum number of diffuse bounces computed by the indirect calculation. A value of zero implies no indirect calculation. 5
(-ab)
Ambient divisions The error in the Monte Carlo calculation of indirect illuminance will be inversely proportional to the square root of this number. A value of zero 1500
(-ad) implies no indirect calculation.
Ambient resolution This value will approximately equal the error from indirect illuminance interpolation. A value of zero implies no interpolation. 300
(-ar)
Table 3

Thermal and optical properties of the building envelope.

Element Construction Thermal transmittance (W/ g values (-) Visible Exterior/Interior emissivity
(m2,}()) Transmittance (%) “)
External wall Concrete 150 mm 0.128 - - 0.9/0.9
Expanded Polystyrene 280
mm
Concrete 50 mm
Floor slabs, Internal Concrete 250 mm 3.59 - - 0.9/0.9
Walls
Window frame Aluminium 50 mm 0.5 - - 0.9/0.9
Window constructions Variable [0.21, 0.5, 1.1, 1.4] [0.24, 0.37, 0.52, [56,56,63,78] 0.9/0.9

0.61]

Slab floor and interior walls were considered as adiabatic surfaces
[49]. However, we considered heat transfer through the exterior wall
and solar exposure. Required usage profiles for internal gains in resi-
dential buildings by Estonian regulations can be seen in Fig. 4. For a
multi-apartment building, the number of square meters per person is
28.3 [81] and the mean level of activity is 1.2 MET (Table 4).

The consideration of infiltration is mandatory by Estonian regula-
tions. The infiltration air flow rate (q;) is calculated using Eq. (2):

. 4950

gi=z A (2)
where A is the area of the building envelope in m?, Qso is the average air
leakage rate of the building envelope determined by means of an air
leakage test at a pressure difference of 50 Pa, which characterizes the air
tightness of the building envelope, was set to 3 m®/(h-m?) according to
the same regulation, and x is the building factor set to 20 since the
typical building in Tallinn has four stories [81].

HVAC settings used in our thermal model are displayed in Table 5.
Mechanical ventilation was also considered: minimum fresh air of 14.15
L/s per person and minimum fresh air of 0.5 L/s per area (m?). We set
airing position of the window to 10% as defined by Simson et al. [82]
and Ty set point of 25 °C for opening the window as considered by
Septlveda et al. [49]. Window airing in this context means that me-
chanical ventilation is operating and windows are opened to a fixed
airing position to enhance air change in the room for ventilative cooling.
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—e— Lighting
0.8 —e— Equipment P
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o
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Fig. 4. Usage profiles of occupancy, lighting, and equipment for residential
buildings in Estonia [81].

3. Results and discussion
3.1. Prediction of daylight provision

The aim of this section is to propose a formula for the estimation of
the daylight provision of side-lit rooms. This prediction formula could
help designers and practitioners not only to fulfill the minDF-based
daylight requirements but also to understand the impact of the design
parameters such as visible transmittance of the glazing system (Tvis),
room depth (rd), room width (rw), and WWR on daylight provision.

The percentage of all the room combinations of our parametric
model for different fulfillment conditions between Cd1 and Cd2 can be
seen in Fig. 5. According to our results, there is no room combination
that fulfills Cd2 and not Cd1 for any Tvis considered between 45% and
80%. Thus, for our parametric model based on side-lite rooms, Cdl
represent a more restrictive requirement than Cd2. From this point of
the paper, the prediction of daylight provision is focused on the esti-
mation of minDF1 (for Cd1) instead of minDF2 (for Cd2). The calcula-
tion of minDF1 speed up twice daylight simulations because only the
half of the grid points is needed. From this point of the manuscript, we
refer to minDF1 as minDF.

In general, minDF related to any room combination could depend on

Table 4

Internal gain parameters for Estonian residential buildings.
People density 0.0353 p/m?
Metabolic Rate 1.2 MET
Equipment power density 3 W/m?
Lighting power density 8 W/m?

Dimming Control OFF

Target Illuminance 300 lux
Table 5
HVAC settings for residential buildings in Estonia.
Heating system (SP) ON (21 °C)
Cooling system (SP) OFF (-)
Window airing (SP) ON (25 °C)
Mechanical ventilation Always ON

Minimum Fresh Air per Person 14.15 (L/s/p)
Minimum Fresh Air Area 0.5 (L/s/mz)
Heat recovery temperature efficiency 80%
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Fig. 5. Percentage of the rooms combinations of the parametric model that fulfills different combinations of conditions defined by the European standard EN 17037
(Cd1 and Cd2) for Tvis = 80%. The first condition (Cd1) is fulfilled if minDF1 is higher than a target value (Fig. 3). The second condition (Cd2) is fulfilled when

minDF2 is higher than a target value (Fig. 3).

the design parameters such as Tvis, §, WWR, rw, and rd. Thus, the
general prediction formula can be written as follows:

minDF (Tvis, 0, WWR, rw, rd)

=f(Tvis, 8, WWR, rw, rd) 3)

Eq. (3) might be expressed as the product of one polynomial function
(p1(Tvis)) and the minDF related to Tvis = 45% for each room
combination:

minDF = p1(Tvis)minDF (45,0, WWR, rw, rd) 4)

The linear correlation between minDF and minDF45 for each Tvis
value is higher than 0.996 in terms of R? (Fig. 6a). Moreover, the de-
pendency of the slopes from linear fitting functions (dotted lines from
Fig. 6a) with Tvis values is strongly linear (R% = 1) (Fig. 6b). Therefore,
Eq. (4) can be rewritten as follows:

minDF = (aTvis + b)minDF (45,0, WWR, rw, rd) 5)
minDF = (0.0264Tvis — 0.1913)
minDF (45,0, WWR, rw, rd) 6)

where a and b are the fitting coefficients related to the dotted line shown
in Fig. 6b. According to Fig. 6¢c, the agreement between simulated and
predicted minDF values is 0.997 and 0.060 in terms of R? and RMSE,
respectively.

Eq. (5) might be expressed as the product of two polynomial func-
tions ((aTvis — b) and p2(6)) and the minDF related to Tvis = 45% and ¢
= 0° for each room combination:

minDF = (aTvis + b)p2(0)minDF (45,0, WWR, rw, rd) 7)

The linear correlation between minDF and minDF for Tvis = 45%
and 0 = 0° for each 6 value is higher than 0.960 in terms of R? (Fig. 7a).
Moreover, the depency of the slopes from linear fitting functions (dotted
lines from Fig. 7a) with Tvis values is strongly linear (R2 = 0.968)
(Fig. 7b). Therefore, Eq. (7) can be rewritten as follows:

minDF = (aTvis + b)(c0 + d)

minDF (45,0, WWR, rw, rd) 8)
minDF = (aTvis + b)( — 0.02086 + 1.0773)
minDF (45,0, WWR, rw, rd) (©)]

where ¢ and d are the fitting coefficients related to the dotted lines
shown in Fig. 7b. According to Fig. 7c, the agreement between simulated
and predicted minDF values is 0.914 and 0.379 in terms of R* and RMSE,
respectively.

In addition, the combination of design parameters WWR, rw, and rd
can be expressed as the window-to-floor ratio (WFR):

Window area  rhWWR

WFR = =
rd

e o 10
Floor area 10

where rh is the room height. Thus, Eq. (8) can be written as follows:
minDF = (aTvis + b)(c0 + d)minDF (45,0, WFR) v

The linear correlation between minDF and WFR for Tvis = 45% and
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Fig. 6. Linear dependency between minimum daylight factor of the half of the reference plane closest to the window (minDF) for different Tvis values and minDF for
Tvis = 45% (a). Linear dependency between the slopes from linear fitting functions (a) and different Tvis values and minDF for Tvis = 45% (b). Agreement between
minDF from simulations and prediction formula (Eq. (6)) (c).
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(for Tvis = 45% and 6 = 0°) (a). Agreement between simulated and predicted minDF values (Eq. (13)) (b).

0 = 0° is 0.902 in terms of R? (Fig. 8a). Therefore, Eq. (7) can be

rewritten as follows:

minDF = (aTvis + b)(c0 + d)(eWFR + f)

minDF = (aTvis + b)(c6 + d)(0.0533WFR — 0.2637)
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where e and f are the fitting coefficients related to the dotted lines dis-
played in Fig. 8a. According to Fig. 8b, the agreement between simu-
lated and predicted minDF values is 0.910 and 0.310 in terms of R? and
RMSE, respectively.

The minDF relative deviation in terms of (Root mean square error
(RMSE)/minDF1t or target minDF) for different European countries can
be seen in Fig. 9. Although the RMSE/minDF1t tends to be higher in
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Fig. 9. Relative deviation (Root mean square error/minDF1t) of the prediction of minDF with respect to simulated minDF values (5120 room combinations) for
linear polynomial fitting strategy. RMSE is 0.31 (Fig. 8b) and the target minDF value (minDF1t) depends on each EU country according to the European standard EN

17037 (1.5 %-2.8%).
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countries with lower target minDFs (e.g. Cyprus:1.7%, Malta:1.8%,
Greece:1.5%, Portugal:1.6%, etc.) than countries with higher daylight
requirements such as Denmark (2.1%), Estonia (2.2%), Norway (2.4%),
Sweden (2.5%), or Iceland (2.8%). The relative RMSE for any European
country is up to 0.21.

As explained, a, b, ¢, d, e, and f are the fitting coefficients, whose
values depend on the reflectance values of the interior/exterior scene
and room typology. Meaning that each combination of reflectance
values and room typology, a calibration of the minDF formula is needed.
Each new calibration would require at least 6 minDF simulations. The
calibration would have three steps, as we have shown in this section 3.1.
Despite the substantial computational time savings (6 instead of 5120
minDF simulations), the accuracy of the prediction formula could be
compromised. A minDF relative deviation of 0.21 could be acceptable
when the number of minDF simulations is very large and the computa-
tional speed is a primary aspect within the design process. The proposed
minDF prediction formula Eq. (13) can be used for parametric analyses
that consider the following design parameter ranges: Tvis = 45-80%), ¢
= 0-35°% rw = 3.5-6.5 m, rd = 3.5-7.5 m, and WWR = 13.4-85.7%.
Outside these ranges because the accuracy of the prediction formula
might vary. By using the minDF prediction formula (Eq. (13)), the
designer can assess calculate the minimum WWR for each room i
(minWWR;) that ensures a minDF1t: considering Eq. (10), Eq. (12) can
be rewritten as follows:

3 _ rd; minDF¢ _
minWWR; = <erh,-> <(aTvis +b)(cO; +d) f) as

where the minDF¢ is the target minDF for European country C (e.g.
minDF¢ = 2.2% for Estonia) according to the European standard EN
17037. For instance, if we consider Tvis = 63%, ¢; = 15.8° and minDFc
= 2.2% (Estonian context), the minWWR values calculated with Eq. (14)
for different room depths (3.5, 4.5, 5.5, 6.5, and 7.5 m) are the
following: 53.0%, 68.1%, 83.3%, 98.4%, and 113.6%. Since WWR
values above 90% are not technically viable in practice, the maximum
room depth is 5.5 m (with minWWR = 83.3%) to ensure minDF = 2.2%
according to our approximation, which agrees with the rule of thumb
proposed in previous investigation within the Estonian context:
maximum room depth of 5.5 m with a minWWR of 86% [35]. An
example of use of the minWWR formula (Eq. (14)) to a case study is
presented in section 3.3.

3.2. Prediction of overheating risk

The aim of this section is to propose a formula for the estimation of
the overheating risk of side-lit rooms in terms of the DH metric. The DH
prediction formula could be used by architects and designers to facilitate
and speed up assessment of the potential overheating risk of a
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5
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v o un

Mean degree-hour (DH) (°C-h)

Fig. 10. Mean DH value (among 5120 room combinations) for different room
orientations.
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determined room design or for room/window sizing during early stages,
without the need of complex and time-consuming simulations. Among
5120 simulated room combinations for each orientation, the critical
orientations are the south orientations as can be seen in Fig. 10. In the
first part of this analysis, we consider S orientation since its mean DH
value is the highest, leading to high relative deviations in terms of
RMSE/maxDHggr (with maxDHggr = 150 °C h).

In general, DH related to any room combination with a certain
orientation (Ori) (e.g. Ori = S) could depend on the design parameters
such as g (g-value), 0, and WFR. Thus, the general prediction formula
can be written as follows:

DHo,; =f(g,0, WFR) (15)

According to Fig. 11, DHo,i(g, 0, WFR) can be expressed linearly with
DHoyi(g, 0, WFR) with go = 0.24 (-) for each room combination:

DHo,i(g,6, WFR) = A(g)DHo,:(go, 0, WFR) + B(g) (16)

The linear correlation between DHo,;(g, 0, WFR) and DHo,i(g, 0, WFR)
for each g-value is higher than 0.844 in terms of R? (Fig. 11a). Moreover,
the dependency of the slopes from linear fitting functions (dotted lines
from Fig. 11a) with g-values is strongly linear (R?> = 0.969-0.977)
(Fig. 11c and d). Therefore, Eq. (16) can be rewritten as follows:

DHo,i(g, 0. WFR) = A(g)DHo,i(g0, 0, WFR) + B(g) a7

DHo,i(g,0, WFR) = (a18 + a»)
DHo,i(80,0, WFR) + (big + b2) as)

DHo,i(g,6, WFR) = (1.422g + 0.682)DHo,:(g0, 0, WFR) + (341.146g
— 86.024) (19)

where A(g) and B(g) are the fitting coefficients related to the dotted lines
displayed in Fig. 11a. According to Fig. 11d (Eq. (19)), the agreement
between simulated and predicted DHg values is 0.924 and 0.215 in terms
of R? and RMSE/DHmax, respectively.

At the same time, DHori(g,, ¢, WFR) can be correlated linearly with
DHoyri(8o, 0o, WFR) with 6y = 0° for each room combination:

DHo,i(gy, 0, WFR) = C(0)
DHo,i(g0, 00, WFR) + D(6) (20)

The linear correlation between DHoyi(g,,0, WFR) and DHori(go, 60,
WEFR) for each 6 value is higher than 0.972 in terms of R? (Fig. 12a).
Moreover, the depency of the slopes from linear fitting functions (dotted
lines from Fig. 12a) with 6 is strongly linear (R = 0.922-0.961)
(Fig. 12b). Therefore, Eq. (20) can be rewritten as follows:

DHo,i(g,0, WFR) = C(6)
DHo,i(80, 00, WFR) + D(0) 2D

DHo,i(gy, 6, WFR) = (c10 + ¢2)
DHo,i(80,60, WFR) + (d\0 + d») (22)

DHo,i(gy,0, WFR) = (— 0.0060 + 1.005)
DHo,i(g0, 60, WFR) + ( — 0.3840 — 0.4108) (23)

where C(0) and D(0) are the fitting coefficients associated to the dotted
lines shown in Fig. 12a. Thus, Eq. (17) can be expressed as follows:

DHoyi(g, 0, WFR) = A(g)(C(6)-
DHo,i(80,00. WFR) + D(0) ) + B(g) (24)

According to Fig. 12d (predicted values calculated with Eq. (23)), the
agreement between simulated and predicted DHg values is 0.945 and
0.183 in terms of R? and RMSE/DHmax, respectively.

Finally, DHori(g,, 0, WFR) can be expressed as a parabolic function
with WFR as independent variable for each room combination according
to Fig. 13a (Eq. (25) and Eq. (26)). The dependency is strongly parabolic
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(b) (Eq. (19)).

(R? = 0.984) (Fig. 13a):

DHo,i(80,00, WFR) = ¢ WFR® + ¢;WFR + e3 (25)

DHo,(g0, 00, WFR) = —0.058WFR> + 8.771WFR — 6.817 (26)

Moreover, Eq. (24) can be rewritten as follows:

DHo,i(g,0, WFR) = A(g) [C(0) (ey WFR® + e;WFR + e3) + D(6) | + B(g)
27)

where e, ey, and es are the fitting coefficients associated to lines dis-
played in Fig. 13a. According to Fig. 13b (predicted values calculated
with Eq. (27)), the agreement between simulated and predicted DHg
values is 0.952 and 0.172 in terms of R*> and RMSE/DHmax, respec-
tively. For the rest of room orientations, the RMSE/DHmax is below 0.20
(Table 6).

As explained in this section 3.2, the 11 fitting coefficients (aj, az, b,
bs, ¢1, ¢, di, da, €1, ez, and e3) for the DH prediction formula (Eq. (27))
depend mainly on the room orientation (Table 6), room typology, nat-
ural ventilation control, HVAC settings, and opaque constructions ma-
terials. Meaning that each combination of natural ventilation control,
room typology, HVAC settings, and opaque constructions materials, a
calibration of the DH formula is needed. Each new calibration would
require at least 11 minDF simulations. The calibration would have three
steps, as we have shown in this section 3.2. Despite the substantial
computational time savings (11 instead of 5120 DH simulations for each
orientation), the accuracy of the prediction formula could be compro-
mised. A DH relative deviation of 0.20 could be acceptable when the

number of DH simulations is very large and the computational speed is
the main design criterion. The proposed minDF prediction formula Eq.
(13) can be used for parametric analyses that consider the following
design parameter ranges: g-value = 0.27-0.61 (-), & = 0-35°, rw =
3.5-6.5m, rd = 3.5-7.5 m, and WWR = 13.4-85.7%. An example of use
of the DH formula (Eq. (27)) for window sizing is presented in section
3.3.

Moreover, the consideration of a maxDH lower than 150 °C h by
local regulations would lower the accuracy of the DH prediction formula
and higher polynomial fitting order might be needed to maintain an
acceptable relative deviation. For a different climate, not only maxDH
(defined by local regulations) would be different, but also the warm
season considered typical HVAC settings, ventilation strategies, and
envelope optical/thermal properties. Theoretically, all these aspects
could influence on the accuracy of the prediction of the DH metric.

According to minDF (Eq. (13)) and DH (Eq. (27)) prediction for-
mulas, for g-value = 0.37, Tvis = 63%, and ¢; = 15.8°, the maximum
room depth to fulfill both requirements is 5.5 m (Table 7). This is only
possible for N, NE, and NW room orientations according to our pre-
dictions. This fact is supported also by rules of thumb for side-lit rooms
without shading recommended in a previous investigation within the
Estonian context [49].

3.3. Coupled method for window sizing in residential rooms in a cold
climate

The aim of this section is to define a coupled method based on the
developed prediction formulas (Eq. (14) and Eq. (27)). We combined
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them in order to choose design decisions that help to achieve a good
balance between daylight provision and overheating risk protection in a
new residential building in Estonia. These design decisions consist of the
selection of window’s size and thermal properties for each designed
bedroom and kitchen-living rooms. On one hand, a good level of
daylight provision is achieved when the minimum requirement ac-
cording to the minDF-based method defined by the European standard
EN 17037 is fulfilled. On the other hand, the maximum overheating risk

10

level is based on the DH-metric, which has the potential to be adopted by
EU countries as overheating metric in the future. We considered the
design of a multi-store building located in a middle-density urban area of
Tallinn, Estonia (Lat. 59.39°, Lon. 24.67°) (Fig. 14). The building has a
length of 82 m and a width of 17 m. The number of floors is 10 floors
where the first floor is habilitated for commercial, building access, and
parking uses. There are 12 apartments of 94.5 m? (13.5 m width x 7 m
depth) per floor and the floor height is 3 m where 2.8 m is the room
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Table 6
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Fitting coefficients and relative deviation in terms of DH RMSE/maxDH (-) for different room orientations and fitting strategy explained in this section 3.2 (Eq. (27)).
RMSE = Root Mean Square Error and maxDH = 150 °C h according to the Estonian regulation.

N NE E SE S SW w NwW

al 9.632 5.943 2.928 2.003 1.422 1.771 2.666 4.409
a2 -1.255 -0.308 0.361 0.548 0.682 0.598 0.394 0.000
bl 35.214 90.872 239.231 347.875 341.146 309.132 208.895 86.555
b2 -9.763 -24.273 -61.272 -87.680 -86.024 -77.670 -53.236 -22.904
cl -0.027 -0.031 -0.025 -0.012 -0.006 -0.014 -0.027 -0.031
c2 0.811 0.978 1.083 1.046 1.005 1.060 1.067 0.928
d1 0.003 0.007 -0.207 -0.525 -0.384 -0.624 -0.236 0.051
d2 -0.222 -0.821 -1.967 0.215 -0.411 -0.441 -5.783 -2.907
el 0.021 0.032 -0.018 -0.060 -0.058 -0.074 -0.062 0.004
e2 -0.684 -0.381 5.115 8.792 8.771 10.086 8.930 2.792
e3 4.659 -1.021 -46.563 -65.734 -68.171 -70.123 -61.321 -27.913
RMSE/maxDH (-) 0.088 0.159 0.195 0.183 0.172 0.179 0.190 0.156

Table 7

Predicted degree-hours (DH) (Eq. (27)) and minDF (Eq. (13)) values for room
combinations that fulfil minDF>2.2% and DH < 150 °C h. The visible trans-
mittance of the glazing (Tvis) is 63% and the g-value 0.37. The mean obstruction
angle () is 15.8°.

Room orientation rd (m) WWR (%) DH (°C-h) minDF (%)
NE 3.5 53.6 44.9 2.228
64.3 65.1 2.731
85.7 118.1 3.737
4.5 85.7 70.1 2.842
5.5 85.7 46.5 2.272
N 3.5 53.6 14.5 2.228
64.3 24 2.731
85.7 50.9 3.737
4.5 85.7 26.5 2.842
5.5 85.7 15.3 2.272
NwW 3.5 53.6 76.5 2.228
64.3 95.8 2.731
85.7 135.4 3.737
4.5 85.7 100 2.842
5.5 85.7 78.2 2.272

height. Each apartment has one 4 x 6 m bedroom and one 6 x 6 m open
kitchen-living room. The mean obstruction angles are between
0° (higher floors) and 20° (lower floors).

For a certain room i, when minWFR = maxWFR (equivalent to
minWWR = maxWWR) there is a unique combination of g-value and
Tvis values that ensure the combined fulfillment between daylight
provision and overheating protection. For a certain Tvis value and room
i, there is a maximum g-value (gmaxi) (Eq. (28) from the combination of
Eq. (14) and Eq. (27)).

maxDH — a; [(c16; + ¢2) (ey WFR? + &;WFR + ¢3) + (di6; + db) | — by

8maxi =

ai[(c160; + c2) (e WFR? + e;WER + &3) + (d10; + dy) | + by
(28)

If the window have a g-value lower or equal to gpqyi, the room i will

not be overheated (DH <maxDH). On the contrary, if the g-value is
higher than g, there room i will be overheated. If we consider a Tvis
range from 50% to 80%, the gn., values for each room i can be seen in
Fig. 15. For SE oriented rooms, the g, value is much lower than for NW
oriented rooms, this is because SE oriented rooms are more prone to
overheating and therefore windows with low g-value are needed [82]. In
addition, for rooms with NW orientation, depending on the Tvis
considered the g, values goes from 0.4 to 0.7 for Tvis values from 50%
to 80%, respectively. In fact, for a certain room i when Tvis increases,
minWWR decreases because there is no need for larger window sizes if
the glazing system is more transparent. Thus, this leads to a decrease of
maxWWR (if we consider during the design minWWR = maxWWR),
which allows a selection of a higher g-value. In summary, Fig. 15 shows
that highly transparent glazing systems with low g-values are preferred
design solutions to achieve a good-balance between daylight provision
and overheating protection.

Specifically, the selection of windows constructions with TVis of 80%
and g-value of 0.27 could achieve both performances in SE oriented
rooms. For NW oriented room, a Tvis of 60% and g-value of 0.5 could
achieve both performances. The minWWR for each room is shown in
Fig. 16. The minWWR values are between 40-60% and 52-72% for SE
and NW-oriented rooms, respectively. Thus, these minWWR differences
for each room orientation are due to slight variations of room depth (rd;)
and obstruction level (6;). In summary, from these two analyses (Figs. 15
and 16), we could select the window construction depending on the
room orientation (Tvis and g-values) and window size. Apart from the
selection of the window’s g-value and Tvis, it is also possible to consider
as design solution such different room depths [83] or ori-
entation/typology of the building floor plan [84]. However, the pre-
sented prediction formulas cannot be used in parametric analyses
regarding the set point for the window airing operation [18] or night-
time ventilation [85] since we did not consider these design parameters
as independent variables.

According to our case study, the prediction accuracy in terms of
relative RMSE is 0.130 and 0.199 for minDF and DH values, respectively

Fig. 14. Top view (a) and perspective view (b) of the building (E-W) and surrounding environment used in the case study in Tallinn, Estonia.
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Fig. 15. Maximum g-value (gnq) for each room residential building located in
Tallinn, Estonia (Tvis = 50-80%) to achieve a good balance between daylight
provision and overheating protection (minWFR = maxWFR) (Eq. (28)). Room
ID range 1-108 and 109-215 refers to SE and NW oriented rooms, respectively.
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Fig. 16. Minimum window-to-wall ratio (minWWR) for each room of the res-
idential building located in Tallinn, Estonia (Tvis = 80% for SE rooms and Tvis
= 60% for NW rooms) to reach sufficient daylight provision according to EN
17037 (Eq. (14)). Room ID range 1-108 and 109-215 refers to SE and NW
oriented rooms, respectively.

(Fig. 17). For SE rooms, the deviations are lower than for NW rooms
because of the lower g-value selected (0.27 against 0.50). In fact, the
fitting accuracy decreases with the g-value, as can be seen in Fig. 11a.
Moreover, DH deviations are higher than initially calculated (0.156
from Table 6) because the case study only contains SE/NW oriented
rooms (216 combinations), while for the calculation of 0.156 a wide
range of room configurations was used (5120 combinations).

A relative RMSE of 0.20 might not be acceptable for pure assessment
purposes in existing buildings. Thus, the use of our coupled method
might be justified during early stages, when the number of simulations is
very large and the accuracy is not the main priority. However, our
coupled method is opposite to a “black box™ approach, which is typical
of machine learning-based multi-optimization approaches. Although the
prediction of daylight and thermal performances can be very accurate
(R?~0.99) but the training of the prediction models require much large
datasets for each variable (~ 100) [86]. Our coupled method be repre-
sented graphically, which can be attractive for architects and designers,
since these type of user-friendly 2D methods are key to process and
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communicate to the designer [87].

Firstly, the main advantage of using the prediction formulas is the
minimization of the time-consuming design iterations to achieve the
combined fulfillment of daylight and overheating performances in new
buildings. Secondly, by using our graphical coupled method, designers
and architects can understand the impact of their design decisions on the
combined fulfillment of daylight and overheating requirements without
conducting simulations. Therefore, our proposed method based on Eq.
(14) and Eq. (28), can help architects and designers to make fast
performance-driven decisions regarding window sizing process during
early stages.

4. Conclusions

This paper proposes a coupled method based on prediction formulas
that can be used to consider efficiently daylight provision and over-
heating protection in buildings during early stages of the design process
within the Estonian context. This method could be used by architects
and designers to understand better the influence of design solutions on
daylight provision and overheating risk, and to speedup design decisions
during early stages. The main outcomes of this research and potential
applications of the results are the following:

(1) Within the context of the European standard EN 17037, the
fulfillment of a target minimum DF of the half of the reference
plane closer to the window side (minDF) in side-lit rectangular
rooms implies the fulfillment of a target minimum DF in at least
95% of the reference plane. The definition of a prediction formula
based on polynomial fitting for the estimation of minDF based on
visible transmittance of the glazing, room depth, window-to-wall
ratio (WWR), and obstruction angle parameters is viable in terms
of computation time with a relative accuracy of 0.21 for any
European country. Moreover, the definition of an overheating
risk prediction formula based on polynomial fitting for the esti-
mation of the Degree-hour (DH) metric, which is used by the
Estonian regulation, based on g-value, window-to-floor ratio
(WFR), and obstruction angle parameters is viable in terms of
computation time with a relative accuracy of 0.21 for the design
of residential buildings within the Estonian context.

(2) The proposed coupled method based on minDF and DH predic-
tion formulas has big potential to help designers to consider a
performance-driven criterion based on daylight provision and
overheating risk requirements during early stages design. Thus,
they could create interior floor and window sizing plans effi-
ciently. Combining the prediction formulas, the window’s size
and properties (g-value and visible transmittance) that ensure the
combined fulfillment of minDF-based and DH-based re-
quirements can be calculated and represented graphically. By
using this design approach, designers can save considerable
computation time required by daylight and energy simulations
because there is no need to conduct time-consuming iterative
design processes based on simulations to design well daylit and
not overheated buildings.

(3) The authors recommend to regulation makers the consideration
of the coupled method based on prediction formulas proposed in
this paper. European countries might adopt DH-based over-
heating protection requirements with climate-dependent thresh-
olds as benchmark to assess overheating risk in buildings.
Furthermore, the achievement of the combined fulfillment be-
tween DF-based daylight provision requirements according to the
European standard EN 17037 and DH-based overheating pro-
tection requirements in buildings would be much simpler and
affordable during the early stages of the design process.

Our coupled method was applied to a single case study located in a
cold climate. Moreover, an accuracy of 0.20 for minDF and DH
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Fig. 17. Comparison between simulated and predicted minDF (left figure) and DH (right figure) values for each room. Room ID range 1-108 and 109-215 refers to
SE (Tvis = 80% and g-value = 0.27) and NW (Tvis = 60% and g-value = 0.5) oriented rooms, respectively. The minDF and DH values were calculated for rooms with
minWWR obtained with Eq. (14) and Eq. (27), respectively. RMSE = Root mean square error, minDFc = 2.2%, and maxDH = 150 °C-h.

predictions might not be acceptable for some design criteria. We studied
side-lit room typology specific to Estonia. Thus, the viability of the
proposed coupled method based on prediction formulas should be
further quantified for different climates, construction materials, and
room typologies (e.g. rooms with multiple orientations). The accuracy of
DH predictions was quantified for a specific combination of HVAC set-
tings recommended for the Estonian context by local regulations and
previous investigations. Settings such as the natural ventilation strategy
(e.g. openable area and temperature set point), infiltration rates, con-
struction materials, or occupancy profiles are influenced in practice by
specific local regulations of each European country. Therefore, further
investigations should study the validity of approaches based on DH
prediction formula in different climate and regulation contexts. Finally,
this coupled method will be implemented as an interactive tool such as a
Grasshopper plug-in for Rhinoceros 3D that could be used not only by
architects and designers as a design tool but also for educational pur-
poses. This interactive tool could be included in a general framework to
optimize the design of residential buildings within the Estonian context.
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ARTICLE INFO ABSTRACT

Keywords: Visual comfort in buildings has a critical impact on occupants’ health and mental performance. Among the visual
Gla"_e comfort functions, daylighting glare is the most complex phenomenon to assess by architects and practitioners.
Radiance This paper aims to benchmark state-of-the-art methods for annual glare analysis and develop strategies to reduce
BSDF . . . . - . .
. the computational time (CPU time) without compromising the accuracy of glare calculations. The Radiance-
Complex fenestration systems . o ) .
Fabric shading based tool rtrace and the Radiance-based five-phase method (5pm) are applied to a single room. Analytical
Visual comfort isotropic fabric systems are parametrized in terms of specular/diffuse scattering components and cut-off angle.
Peak extraction considered by Radiance’s aBSDF material primitive is key to having an accurate representation of
the luminance maps and vertical illuminance at eye level and glare calculations. A minimum number of ambient
bounces (ab parameter) of 4 when using Radiance’s rtrace program achieves the best trade-off between accuracy
in vertical illuminance and daylight glare probability (DGP), and CPU time. Based on semi-annual and five days
per week simulations for visible sun positions, sampling strategies can decrease the CPU time for annual glare
simulations up to 86% when considering clear sky conditions. The most suitable method for DGP simulations
depends strongly on the Radiance parameters and the chosen sampling strategy.

in indoor spaces [14-17].

1. Introduction 1.1. The daylight glare probability metric

Visual comfort in buildings has a critical impact on occupants’ health
[1,2] and mental performance [3]. At the same time, daylight is the most
preferred light source by building users [4]. Many contemporary
buildings are designed with highly glazed facades, which might be
beneficial for daylighting indoor spaces and visual contact with the
outside. Nevertheless, excess light can be disturbing for the human eye.
Most of the international building standards include recommendations
to ensure visual comfort and energy performance [5,6]. According to the
European Standard EN 17037:2018 [7], the achievement of suitable
visual comfort depends on the level of daylight provision, view out,
sunlight exposure, and glare protection in indoor spaces. The re-
quirements of view out and sunlight exposure are based on metrics that
can be calculated geometrically. Daylight provision can be quantified in
terms of metrics for which consolidated calculation methods exist

A recent comparative study that involved 22 different glare metrics
showed that the DGP is the most robust glare metric for office-like test
rooms [18]. There are two main effects to quantify visual glare in
practice. The saturation effect is related to the brightness of the field of
view. The contrast effect is influenced by the luminance distribution of
the scene. The DGP formula was proposed by Wienold and Chris-
toffersen [17]. The first term is proportional to the vertical illuminance
at eye level (E,) and represents the saturation effect. The second term
quantifies the contrast effect of the scene, which is related to the lumi-
nance of the glare sources L; (cd/m?), the solid angle subtended by the
sources w; (sr), Guth’s position index (P), and E, (Eq. (1)). For DGP
values lower than 0.2, additional experiments are recommended to
confirm the validity of the equation in that region [17].

[8-11]. By contrast, glare protection is difficult to assess since it depends
on many factors [12], some of them related to the psychology and
physiology of human beings [13]. Survey techniques in combination
with simulation-based methods have been widely used to predict glare
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Glare protection classes defined in the EN 17037:2018 [7] are based
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Nomenclature
CFS Complex Fenestration System
BSDF Bidirectional Scattering Distribution Function

BSDF material Radiance material defined with BSDF data set
without considering peak extraction

aBSDF material Radiance BSDF material with peak extraction

CIE Commission Internationale de I’Eclairage

E, Vertical illuminance at eye level

CPU time Computational time

DGP Daylight Glare Probability

DGPs Simplified Daylight Glare Probability
eDGPs  Enhanced Simplified Daylight Glare Probability
fDGPt  Percentage of glare discomfort hours during a year with a

threshold (DGPt)
DC Two-phase method
3pm Three-phase method

3pmD  Three-phase method considering direct component of the
solar radiation

cds Direct sun coefficient simulation

5pm Five-phase Method

ab Number of ambient bounces

ad Number of ambient divisions

MF Number of Reinhart sky-patch subdivisions

t37 Radiance BSDF material with tensor tree angular

resolution -t 3 7

t37a Radiance aBSDF material with tensor tree angular
resolution -t 3 7

t38 Radiance BSDF material with tensor tree angular
resolution -t 3 8

t38a Radiance aBSDF material with tensor tree angular
resolution -t 3 8

t39 Radiance BSDF material with tensor tree angular
resolution -t 3 9

t39a Radiance aBSDF material with tensor tree angular
resolution -t 3 9

t45 Radiance BSDF material with tensor tree angular
resolution -t 4 5

t45a Radiance aBSDF material with tensor tree angular

resolution -t 4 5

Klemsa Radiance aBSDF material with Klems basis angular
resolution (145 x 145)

Ton Normal-normal visible transmittance or openness factor

Toh Normal-hemispherical visible transmittance

Todif Normal-diffuse visible transmittance

Tdirdir Direct-direct visible transmittance

Tdirh Direct-hemispherical visible transmittance

Tdirdif Direct-diffuse visible transmittance

Pndif Normal-diffuse visible reflectance

on previous studies with fabrics and the DGP developed by Wienold
[19]. For DGP values lower or equal to 0.35, daylight glare is considered
imperceptible. DGP values higher than 0.35 and lower than 0.40 are
associated with perceptible but mostly not disturbing visual glare. When
DGP values are higher than 0.40 and lower than 0.45, glare is percep-
tible and often disturbing. Finally, DGP values higher than 0.45 are
associated with disturbing daylighting glare. According to EN 17037,
the annual percentage of discomfort glare hours (fDGPt) should be lower
than 5% for a shading device to protect against glare.

1.2. Annual glare risk assessment

The development of the open-source software Radiance based on the
ray-tracing technique allowed reliable climate-based daylight modelling
in buildings (CBDM) [20]. The Radiance program evalglare can calcu-
late several glare metrics [21,22]. DGP calculations use evalglare to
process a rendering of a scene (.hdr file) as seen from an observer for
which glare is to be evaluated. A suitable daylight model (daylight
method, sky model, optical properties of the opaque surfaces, and
complex fenestration systems (CFSs) in a room) is crucial to calculate
reliable illuminance values and luminance distributions of the field of
view. Several sky models can be modelled in Radiance: from continuous
sky models based on CIE [23] or Perez skies [24] to discretized skies
using Tregenza or Reinhart subdivision schemes [25]. While continuous
sky models are commonly used when using the classic Radiance rtrace
method, discrete skies are applied to matrix-based daylight methods
[26,27]. The Radiance rtrace method has been used mainly for static
glare analysis because of its reliability and high computational re-
quirements (CPU time) [28]. Speedup strategies such as the use of rtrace
with null ambient bounces (ab 0) to generate the luminance maps in
combination with vertical illuminance calculations were used to
approximate the DGP. Wienold et al. called this approximation of the
DGP method “enhanced simplified DGP” (eDGPs) [19].

Matrix-based methods can recycle information from the whole scene:
view, daylight, and sky matrix. The most widely used matrix-based
methods are the 2-phase (DC), 3-phase (3pm), and 5-phase method
(5pm). The transmission matrix contains the optical properties of the

CFS for the input and output angular hemispheres. These optical prop-
erties are calculated from bidirectional scattering distribution function
(BSDF) datasets, which represent the angular distribution of light scat-
tered by the CFS. BSDF datasets can be obtained via measurement using
a photogoniometer [29-31] or via simulation using ray-tracing or
analytical techniques [32,33]. As an example of ray-tracing techniques,
the Radiance genBSDF program was used to generate BSDF datasets of
CFS such as venetian blinds [34] and complex three-dimensional textiles
[35,36].

The DC and 3pm are reliable for annual daylighting calculations with
static and switchable CFSs, respectively [27]. The 5pm applies the in-
direct contribution from the sky from the 3pm and the direct component
of the sun from an accurate DC simulation using a large number of
Reinhart sky subdivisions (MF parameter) [37]. Indeed, the 5pm and
rtrace methods were proven to be more reliable than the 3-phase method
for DGP calculations [26,38]. Abravesh et al. proposed another method
for annual glare assessments based on the eDGPs where E, is calculated
using the 3pm [39].

CFSs with angle-dependent specular transmittance such as glazing
systems or simple fabrics (with assumable isotropic light scattering and
a view-through specular component without light-redirecting effects)
can be modelled using the BRTDfunc material primitive in Radiance
[19] (based on the Roos model function [40]). For more complex
shading devices, optical characterization using anisotropic and/or
high-resolution BSDF datasets is recommended in the literature.

Many factors can influence the choice of the best method for annual
glare assessment: the type of CFS and its model material, parameters for
renderings, parameters for illuminance calculations, number of time
steps, number of scenes (different viewpoints, viewing directions, sur-
face materials, etc.), and number of CFSs. In practice, there is a lack of
consideration of trade-off criteria for annual glare assessment. Suitable
knowledge of these factors could help software developers to implement
optimized models for glare risk assessment. This paper’s findings could
also guide experienced architects and practitioners to set up annual
glare simulations according to the detailed method proposed in the EN
17037 standard. The practical implications of this research can
contribute to the efficient design of building facades based on glare



A. Septilveda et al.

Table 1

Radiance parameters used for glare simulations by rtrace and 5 pm cd refer to the
direct coefficient sun simulation. 3 pmD refers to 3pm simulation of the 5pm
considering only the direct component of the solar radiation.
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Table 2

Optical properties for BRTDfunc model for 4 synthetic fabrics (modelled by Roos
parameters p = 4.0, q = 2.9 [40]). Ty, is the normal-normal transmittance, T,qif
is the normal-diffuse transmittance, and ppgir is the normal-diffuse reflectance.

Radiance parameters Name Ton (=) Tndif (=) Pndif () Cut-off angle (°)
5pm  3pm Sky generation: +s (CIE clear sky) -m 1 (MF = 1) T100 1.0 0 0 90
Daylight matrix: n 25 -c 1500 -ab 4 -ad 1024 -lw 9.76e-4 T5 0.05 0.15 0.60 70
View matrix: n 25 -¢ 10 -ab 10 -ad 65536 -lw 1.53e-5 -pj 0.7 -x 900 T3 0.03 0.15 0.60 70
-y 900 T1 0.01 0.15 0.60 70
3pmD Sky generation: +s (CIE clear sky) -m 1 (MF = 1) -d (direct
component of the sun)
Daylight matrix: n 25 -c 1500 -ab 0 -ad 1024 -lw 9.76e-4
View matrix: n 25 -¢ 10 -ab 1 -ad 65536 -lw 1.53e-5 -pj 0.7 -x 900 -y —Tdd Tddlf
900 7~
cds Sky generation: MF = 3 (1297 sky subdivisions) [27] \I/ O 2
Daylight coefficient matrix: n 25 -ab 1 -ad 1024 -pj 0.7 -dc 1 -dt 0 - [0} :
dj 0 x 900 -y 900 MF = 3 Q
rtrace -n 25 -lw 1/ad -aa 0.1 -as 1000 -x 900 -y 900 (The selection of -ad %
and —ab parameters is justified in section 3) b 0 1 5
:
protection and daylight provision. % 0.1
g 3
1.3. Aims of the investigation ‘a
o S 0.05
The aims of this paper can be summarized as follows: &3

- To benchmark state-of-the-art methods for annual glare analysis in
terms of accuracy and computational time (CPU time),

- To analyse the influence of Radiance parameters and Radiance ma-
terials on the accuracy of daylight glare calculations,

- To propose time step sampling strategies to speed up the CPU time of
annual glare calculations.

2. Methodology

We used a simulation-based methodology, based on static and annual
glare analyses of synthetic fabrics, to study how modelling factors can
influence daylight glare calculations in terms of accuracy and CPU time.
We evaluated glare simulations’ accuracy in terms of vertical illumi-
nance at eye level, DGP, and luminance maps.The analysed factors are
the following: optical behaviour of CFS, the method to generate BSDF
datasets, Radiance material to model CFS, daylight calculation method,
Radiance parameters, and sampling strategy (selection of time steps
representative of one year for annual glare calculations).

2.1. Daylight methods and radiance parameters

We used the Radiance software v5.4.a for illuminance calculations
and renderings [41]. Specifically, the chosen daylight methods were the
classic ray-tracing-based daylight method rtrace [42] and matrix-based
methods 3pm and 5pm [26]. A BSDF Klems data set in.xml format
(transmission matrix) is required in 3pm and 3 pmD simulations while
CFS in cds phase and rtrace method can be modelled with different
Radiance materials explained in sections 2.2 and 2.3. One of the diffi-
culties in applying these methods is the selection of Radiance parameters
for the simulation. We studied the sensitivity of ambient bounces (ab
parameter) and ambient divisions (ad parameter) when using the
daylight methods rtrace and 3pm [42]. In addition, we analysed the
sensitivity to the ad parameter and the number of Reinhart sky-patch
subdivisions (MF parameter) in 5pm calculations [43]. The parameters
ab and ad determine the accuracy of the calculation for indirect light
from the sky. The MF parameter is related to the accuracy of the sun
positions and sky modelling in the direct sun coefficient calculation
(cds) within the 5pm simulation. Additional Radiance parameters used
for the calculations in this investigation can be seen in Table 1. These
Radiance parameters are recommended in several Radiance tutorials
[37,44] and previous investigations [45,46]. We used 25 cores of a Linux

0 20 40 60 80
Angle of incidence (°)

Fig. 1. Analytical fabric model based on the BRTDfunc model.

machine cluster of 56 CPUs to run all the simulations (Processor Intel(R)
Xeon(R) CPU E5-2697 v3 @ 2.60 GHz).

2.2. Selection of fenestration systems

In this study, we consider synthetic fabrics with different optical
properties. This allows us to parametrize important characteristic of
shading devices such as the specular/diffuse split and the cut-off angle
(minimum incident angle for which a CFS completely blocks specular
transmission), which are used in the EN 17037 for classification. Fabrics
are in general anisotropic depending on the weaving direction. How-
ever, for the purposes of this analysis, fabrics are modelled with the
Radiance primitive BRTDfunc as being isotropic (due to random or
uniform microgeometry [47]) with a main view-through component.
The BRTDfunc material considers separate specular and diffuse com-
ponents and a cut-off angle. This approach is a modified version of the
analytical Roos model for fabrics defined by Wienold et al. [19]. BSDF of
these synthetic fabrics are then generated for the analysis. The accuracy
of the simulations with different BSDF representations is assessed as
compared with the simulation results using the original material defi-
nition (i.e., the BRTDfunc model is considered the “gold standard™ in this
particular study).

One set of fabrics are considered, Table 2 shows the main optical
properties for three synthetic fabrics (normal-normal transmittances:
5%, 3%, and 1%) and a representation of a window hollow (no glazing
nor shading) named T100 (100% transmission). The cut-off angle of
fabrics T5, T3, and T1 was set to 70°. The diffuse reflectance was set to
60% related to a light grey coloured fabric.

2.3. Generation of BSDF datasets
In this paper, BSDF data sets were generated using direct functional

sampling [47,48], as an alternative to the virtual goniophotometer
approach as described by McNeil et al. [32,33] and implemented in the
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Fig. 2. Direct-direct transmittance depending on the angle of incidence for four different isotropic tensor-tree BSDF generated with the Radiance program bsdf2ttree.
The angular resolution (x) of the isotropic tensor-tree (-t3 x) BSDFs are 6 (a), 7 (b), 8 (c), and 9 (d).

Radiance genBSDF program. Direct functional sampling consists of
applying the mathematical function that represents the optical behav-
iour of the material (e.g., the BRTDfunc), sampling rays for each incident
and outgoing projected solid angle as required by the BSDF format (e.g.
tensor tree generation 7 or Klems). By default, complete sampling con-
sists of 1024 rays per solid angle. However, an adaptive sampling
mechanism is in place to reduce the sampling time. Adequate sampling

Top view

(8.2m)x (3.6 m) x (3.1 m)

resolution to obtain a robust approximation of the direct-direct trans-
mission can be evaluated using the Nyquist sampling frequency law
[49], where, for example, a 0.5° subtended angle of direct-direct
transmission would require a sampling resolution of generation 9
tensor tree, roughly a 0.35° subtended angle.

An analytical fabric model based on the BRTDfunc material is ana-
lysed. The direct-direct and direct-diffuse transmittance functions and

Front view

view position
(1.5,0.8,1.2)

?

window
(3.0m) x (1.5m)

2.65m

0.15m

Il.lSm

@ X

0.15m

Fig. 3. Geometrical information for the south-oriented room, occupant’s position and viewing directions.
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Table 3b

Table 3a

Reflectance values for opaque surfaces recommended
by the standard EN17037 [7].

Surface Reflectance
Interior walls 50%
Floor 20%
Ceiling 70%
External floor 20%

Building and Environment 201 (2021) 108006

the cut-off angle of the T5 fabric (Table 1) are illustrated in Fig. 1, where
the direct-direct transmittance falls to zero at the cut-off angle of 70° and
the direct-diffuse transmittance is constant.

Tensor-tree BSDFs were generated using the bsdf2ttree program,
where the incident and scattered ray pairs are sampled over each solid
angle depending on the tensor-tree resolution. A subtended apex angle
of 0.533° (the solid angle of the solar disk) is assumed for direct-direct
transmission. Rays scattered beyond this solid angle are allocated to
the direct-diffuse transmission. Fig. 2 shows that, with an adaptive
sampling algorithm, increasing the resolution of the tensor tree de-
creases the RMSE of direct-hemispherical transmissivity between the

Summary of all the analyses conducted in this investigation. Sec. = section, DCM = daylight calculation method, rA = relative deviation, Glaz = solar-control double
glazing unit, and aA = absolute deviation. The time steps are for February 5, Freiburg, Germany. Viewing angle refers to the angle between viewing direction and
window plane.

Sec. Time steps Viewing angle CFSs Radiance material DCM Metrics Output
3.1.1 11:00 - T100 BRTDfunc 3pm rAE, (%) Optimal Radiance parameters
T5 5pm
T3 rtrace
T1
3.1.2 11:00 45° T5 BRTDfunc, t45a 3pm DGP (-) Suitable material representations
t45
t39a
16:00 T3 t39 5pm E, (lux)
t38a
t38
T1 t37at37 rtrace
Klemsa
3.2 Annual 0° T1/T3/T5 BRTDfunc 5pm rtrace CPU time Fastest daylight calculation method
3.3.1 11:00 0° T1 BRTDfunc rtrace aACPU time (s) aADGP (—) aAE, (lux) Optimal ab parameter
T3
T5
3.3.2 Annual 45° Glaz + T1 Klemsa 5pm rtrace CPU time (h) aAfDGPt (%) Optimal time step sampling strategy
Glaz + T3
Glaz + TS
T100 TS5
. ~ ad 500 ad 1024 = —ad500 ad 1024
53 ad 5000 ad 10000 5 ad 5000 ad 10000
: ad 65536 : ad 65536
S S
- 7Ty s 40
3 \ %
2 / < 30
o / ) e
g / \\ £ 20
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A \_~ z 10 S - /_;*_/
/—4 — 0 I
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T3 T1
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g g
e 2 40
2 2
3 3 30
1% o
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Fig. 4. Relative deviation (with respect to the previous ab value: 2 relative to 1, 3 relative to 2, etc.) of vertical illuminance at eye level (Ev) calculated with the 3-
phase method (11:00 February 5) for different ad, ab parameters, and fabrics T100 (upper left), TS (upper right), T3 (bottom left), and T1 (bottom right).
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Fig. 5. Relative deviation (with respect to the previous ab value: 2 relative to 1, 3 relative to 2, etc.) of vertical illuminance at eye level (Ev) calculated with the 5-
phase method (11:00 February 5) for different ad, ab parameters, and fabrics T100 (upper left), TS (upper right), T3 (bottom left), and T1 (bottom right).

BSDF and the analytical function.
We analysed the following angular resolutions: Klems basis, t37, t38,
and t39. Although only isotropic materials are considered in this study,
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an anisotropic tensor-tree t45 was included in the comparison. For a
generic tensor tree —t3/-t4 k, k refers to generation of 2% directions per
hemisphere [26]. BSDF datasets were modelled with BSDF and aBSDF
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Fig. 6. Relative deviation (with respect to the previous ab value: 2 relative to 1, 3 relative to 2, etc.) of vertical illuminance at eye level (Ev) calculated with the rtrace
method (11:00 February 5) for different ad, ab parameters, and fabrics T100 (upper left), TS (upper right), T3 (bottom left), and T1 (bottom right).
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Fig. 7. Luminance maps, vertical illuminances and DGP at 11:00 (first three columns) and at 16:00 (last three columns) on February 5, in Freiburg, Germany,
generated by the 5pm (upper row) and rtrace (bottom row) methods when using isotropic fabrics with different openness factor (5%, 3%, and 1%) defined with an

analytical BRTDfunc model.

materials in Radiance. The aBSDF material definition includes a peak
extraction algorithm, which separates the transmission peaks, associ-
ated with the view-through component of the transmission, from the rest
of the BSDF dataset [47]. We did not use proxy geometry of fabrics
because the storage of their tiny geometry leads to very large compu-
tational consuming simulations. Therefore, we assigned these material
definitions directly to a polygon surface that represents the window.

2.4. Definition of the case study

This study considers a south-oriented test room with two different
viewing directions, parallel to the window plane and 45° towards the
window (Fig. 3). All the opaque surfaces were modelled with the Plastic
material primitive in Radiance with reflectance values recommended by
the European standard EN17037 [7] (Table 3a). The room is located in
Freiburg, Germany (latitude: 48 °N). The day of study for the static
analyses is February 5 because of the low solar altitude, which is critical
for daylight glare. No exterior obstacle is considered in this case study.
We assumed clear sky conditions for all the simulations (CIE clear sky
with the presence of the sun) as is recommended by the EN 17037 for the
verification of the glare protection capabilities of shadings for a critical
situation [7]. In fact, typical weather files might hide a glare risk if, for a
particular situation with a critical sun position, the weather file indicates
a cloudy sky. Therefore, we believe that for annual glare analyses, clear
skies should be considered in the simulation. This represents a
worst-case scenario which is suitable for choosing (sizing) a glare pro-
tection device.

3. Results

This section 3 is divided into three parts. The first two aim to
benchmark simulation methods in terms of accuracy and computational
speed, respectively, while the third part proposes strategies for
computationally efficient annual glare simulations. For each part, we
have selected a fit-to-purpose simulation setup, which is summarized in
Table 3b.

3.1. Benchmark of methods in terms of accuracy

3.1.1. Sensitivity analysis of radiance parameters

This static analysis aims to investigate the influence of Radiance
parameters and the openness factor (fabrics T100, T5, T3, and T1) on
vertical illuminance at eye level calculated by different methods (3pm,

5pm, and rtrace). The analysed time instant for this sensitivity analysis is
11:00 on February 5. At this time, the solar disk is in the field of view.
We assumed an acceptable relative deviation in terms of vertical illu-
minance of 15%. In Fig. 4, the vertical illuminance at eye level calcu-
lated with the 3-phase method for different ad and ab parameters is
shown. The minimum values of the ad and ab parameters to have an
acceptable vertical illuminance are 5000 and 3, respectively.

The vertical illuminance at eye level calculated with the 5pm for
different Radiance parameters can be seen in Fig. 5. The Radiance pa-
rameters chosen for this sensitivity analysis are ad and MF in the direct
sun coefficient simulation (cds). The ab and ad parameters for the 3-
phase method were set to 10 and 65536, respectively [37] to mini-
mize the uncertainty from 3pm and 3 pmD calculations. The minimum
values of ad and MF parameters for the cds phase in order to have
acceptable vertical illuminance calculated by the 5pm are 500 and 3,
respectively.

Fig. 6 shows the vertical illuminance at eye level calculated with the
rtrace method for different ad and ab parameters. The minimum values
of ad and ab parameters to have acceptable vertical illuminance are ad
500 and ab 4, respectively. Previous investigation regarding complex 3D
textiles used an ab parameter of 5 for the time-point DGP calculations
[36]. In summary, the ad parameter does not have significant influence
on illuminance calculations when an analytical BRTDfunc model is
applied to characterize the optical behaviour of fabrics. However, the ab
and MF parameters have relevant influence on the results, with 3 and 4
being the minimum recommended ab parameters when using the 3pm
and rtrace method, respectively. The minimum MF parameter for 5pm
simulations is 3. In section 3.3.1, we review this conclusion when we
analyse the sensitivity of DGP to the ab parameter for generic glare
protection fabrics.

3.1.2. Comparison of methods and material models

The aim of this static analysis is to study the influence of different
Radiance materials, angular resolutions to represent the BSDF data, and
daylight calculation methods on vertical illuminance, DGP, and lumi-
nance maps. Two time steps were considered: February 5 at 11:00, when
the solar disk is in the field of view, and 16:00, when the solar disk is not
in the field of view (but a bright patch from direct solar transmission
onto the east-oriented wall is present). In this study, one viewing di-
rection is selected: 45° towards the window. In this analysis, we focused
on three isotropic fabrics: T5, T3, and T1 (see section 2.2), which were
modelled using different Radiance materials (BRTDfunc, BSDF, and
aBSDF) and angular resolutions (Klems basis and tensor tree). We
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Fig. 8. Vertical illuminance at eye level (left column) and DGP values (right column) at 11:00 (February 5) for different daylight methods, Radiance materials, and
fabrics (T5 (first row), T3 (second row), and T1 (third row)). The suffix a refers to the Radiance material aBSDF. The number of ambient divisions (ad parameter) is
1024, 500, and 1e6 for 5pm, rtrace (BRTDfunc and aBSDF material), and rtrace (BSDF material). Discontinuous line refers to the reference value (BRTDfunc material).

generated four BSDF datasets considering tensor tree formalisms (reso-
lutions -t3 7, -t3 8, -t3 9, and —t4 5 by using the BSDF2ttree method (see
section 2.3)). Two Radiance materials were used: aBSDF (with peak
extraction algorithm) and BSDF (without peak extraction algorithm)
materials. An additional BSDF dataset using the Klems angular
description (145 x 145 patches) was generated and modelled with
aBSDF material (with peak extraction). Radiance parameters for the
simulations are indicated in Table 1. Here, the ambient bounces and
ambient divisions were set to ab = 4 and ad = 500, respectively, ac-
cording to section 3.1.1. However, this ad value leads to an underesti-
mation of the illuminance when tensor-tree BSDF formats without peak
extraction are used with rtrace. In order to get acceptable results in this
case, the ad parameter has to be increased to ad = 1e6 [47]. This leads to
51 times more CPU time when using tensor-tree BSDF formats without
peak extraction in the DGP calculation. On the other hand, it was
demonstrated that the results of the 5pm do not improve in a conclusive
fashion when either the ad or the MF parameters are increased. The
luminance maps for fabrics T5, T3, and T1 are displayed in Fig. 7. In
general, the rtrace and 5pm methods show good agreement in terms of
vertical illuminance, DGP values, and luminance distributions.

The results of the comparison are shown in Fig. 8 and Fig. 9. The
comparison is very different, depending on whether the solar disk is in
the field of view or not. If the solar disk is not within the field of view, all
analysed cases predict a similar DGP, which ranges between 0.24 and
0.26. The difference in vertical illuminance calculated by the different
methods ranges between 200 lux and 400 lux. The lowest value of
vertical illuminance is obtained with the 3pm, which scatters the light
into large solid angles (Klems patches), sometimes leading to

discrepancies for point-in-space calculations. It is, however, known that
the 3pm calculates the average illuminance over a plane reliably and is
therefore suitable for daylighting calculations.

For the time step in which the solar disk is in the field of view, the
discrepancies among the different methods are significant. The refer-
ence values for the comparison are those calculated by directly applying
the BRTDfunc material in the ray-tracing calculation, because this ma-
terial is the one used to generate the BSDF. The material definitions and
BSDF resolutions that get closer to the reference value are t45a and
Klemsa, both applying the peak extraction algorithm. A tensor-tree
format without peak extraction must have a resolution of exponent 9
(2%) to reach a DGP value within +0.05 of the one calculated for the
reference case (by using ad = 1e6). The peak extraction algorithm
combined with the tensor-tree format does not improve the comparison.

It can be concluded that the choice of the optical representation of
the fenestration has a critical impact on the DGP calculation. As reported
in the literature [26,38], the 3pm is not suitable for DGP calculations
when the solar disk is in the field of view. However, due to its simplicity
and low computational requirements, the Klems BSDF with peak
extraction (aBSDF Radiance material) might offer an efficient repre-
sentation of anisotropic fabrics with a main view-through component for
glare calculations.

3.2. Benchmark of methods in terms of computational speed

In this section 3.2, a detailed time analysis for annual glare assess-
ments is presented. For annual simulations, the number of time steps,
scenes and CFSs affect the CPU time, which can be decisive in
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1024, 500, and 1e6 for 5pm, rtrace (BRTDfunc and aBSDF material), and rtrace (BSDF material). Discontinuous line refers to the reference value (BRTDfunc material).

determining the most suitable daylight calculation method. Typically,
the number of time steps in annual glare simulations is referred to
daytime hours (4380). The number of different scenes depends on the
number of view positions and directions to assess glare risk as well as the
different geometrical models (geometrical variations of the 3D model
that represent the interior/exterior scenes). As mentioned in section 1,
the 5pm reuses information referring to the scene. Nevertheless, a direct
simulation based on the DC (phase cds) must be conducted for every
window state, which may compromise the use of the 5pm when the
number of different facade states or scenes is large. Moreover, the rtrace
method does not reuse information for the scene or the sky, being slower
than the 5pm for annual DGP calculations without a sampling strategy.
Annual glare analyses with different Radiance parameters and sampling
strategies could justify the use of one or the other method.

The first objective of this section 3.2 is to define the CPU time
required by any annual glare assessment when using the rtrace and 5pm
methods. This time analysis is based on formulas that represent the
coding structure of the required Radiance commands to run the rtrace
method and 5pm simulations [27]. The second objective is to propose a
criterion based on CPU time for the selection of the daylight method
depending on the annual glare analysis of interest. The independent
variables that define any annual glare analysis are the number of scenes
(n), number of time steps (h), and the number of CFSs considered (c).
Thus, the CPU time required by the 3pm can be expressed as follows:

Tapm = tsh + n(ty + tache) 2

Where:

t; = CPU time required to create a sky vector (S) (the same for illu-
minance calculations and rendering generation),

ty = CPU time required to create the view (V) and daylight (D)
matrices (for illuminance calculations and rendering generation),
tse = CPU time required for the multiplication of the matrices V, T, D,
and S (for illuminance calculations and rendering generation).

The CPU time required by the 5pm for the direct 3pm (3 pmD) is the
following:

T3pmp = Liph + n(typ + tacphc) 3
Where:

t;p = CPU time required to create a sky vector (Sp) with the exclusive
contribution of the sun (the same for illuminance calculations and
rendering generation),

twp = CPU time required to create the octree (black plastic material),
view with ab = 1 (Vp), and daylight with ab = 0 (Dp) matrices (for
illuminance calculations and rendering generation),

ticp = CPU time required for the multiplication of the matrices Vp, T,
Dp, and Sp (for illuminance calculations and rendering generation),

The CPU time required by the cds phase of the 5pm is the following:

Teds = teh + 1(tyr + teas€ + taerhc) C))

Where:
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tss = CPU time required to create a sky vector (Scqs) with only the
contribution of the sun and selected Reinhart sky subdivisions (MF)
(the same for illuminance calculations and rendering generation),
tyr = CPU time required to create the suns (the same for illuminance
calculations and rendering generation) and material map generation
(for rendering),

t.gs = CPU time required to create the octree (black plastic material)
and sun coefficient matrix C.qgs (for illuminance calculations and
rendering generation),

ties = CPU time required for the multiplication of the matrixes Ccgs
and Scqs (for illuminance calculations and rendering generation).

The computational time required by arithmetic operations of all re-
sults from the previous phases (3pm, 3 pmD, and cds) can be expressed
as:

%)

T, = tonhc

Where:

to = CPU time required by the arithmetic combination of the results
from the phases 3pm, 3 pmD, and cds (for illuminance calculations and
rendering generation).

Finally, the CPU time required by the 5pm is the sum of all the
previously defined CPU times:

(6)

In addition, the CPU time required by the rtrace method is the
following:

Tspm= T3pm + T3pmp + Teds + T

@)

Trtrace = t-NhC
Where:

t. = CPU time required by the sky and octree generation (common for
illuminance calculations and rendering) and the commands rtrace
(for illuminance calculations and rendering generation) and com-
mand evalglare (for DGP calculations).

Combining equations (6) and (7), we can express mathematically
whether the rtrace method is faster than the 5pm for the same generic
daylight glare analysis:

Trtrace < Tspm (8)
1e1he < T3y + T3pup + Teas + T ©
t.nhe <Tsh + Tyn + Tynhe + tync (10)

In order to speed up the glare calculations, we propose to analyse
fewer time steps when using rtrace than when using the 5pm. Further-
more, equation (10) can be rewritten as follows:

tenhe <TH + Tyn + TynHe + t.ync 11

where h and H are the time steps for rtrace and for the 5pm, respectively.
The maximum number of time steps when using rtrace (Eq. (12)) (hmax)
depends on time parameters (t;, Ts, Tas, Tgc, toas), the number of scenes (n),
number of CFSs (c¢) and the number of time steps considered when using
the 5pm (H).

(T + tease)n + (T, + Tync)H
t.nc

Pinax (12)

For an initial annual glare evaluation (considering clear sky condi-
tions), only one window state is considered (c = 1) and the most
problematic viewpoint/direction is analysed (n = 1). This initial annual
glare assessment is key to identify time steps with a risk of daylight
glare. In practice, these time steps could be analysed when comparing
different shading devices that could provide a desired degree of glare
protection. Thus, hy.. can be expressed as follows:
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Table 4
Values of all time parameters for rtrace and 5pm calculations when using -n 25
(Eq. (13)).

Parameter Value (seconds)
5pm 3pm ts 0.1
ty 8453.2
tae 6.0
3pmD tsp 0.05
tvMp 520.2
taep 5.5
cds [#3 0.1
tur 1.0
teds 22125
tacr 3.0
Arith. comb to 6.1
rtrace ab = [1-5] t. [7.0, 32.4, 60, 72.6,77.6]

hmax (-ab 2)
- = - hmax (-ab 3)
——hmax (-ab 5)
A Typical annual simulation
5000

A

4000

3000

2000

1000

0

Number of time steps for rtrace (h)

0 1000 2000 3000 4000 5000

Number of time steps for SPM (H)

Fig. 10. Maximum number of time steps to run with rtrace method depending
on the number of time steps chosen to run the 5pm (for one scene and one
window state).

(T +teas) | (T5 + Tac)
1 1

T = H 13)

The value of the time parameters depends on the Radiance param-
eters and the machine used to run the glare simulations. We used 25
cores of a Linux machine cluster of 56 CPUs to run all the simulations
(Processor Intel(R) Xeon(R) CPU E5-2697 v3 @ 2.60 GHz). The Radi-
ance parameters used for each phase of the 5pm are shown in Table 1. In
practice, at least an initial static calculation using rtrace and 5pm is
necessary in order to calculate all the time parameters that can be seen in
Table 4.

The graphical representation of Eq. (13) can be seen in Fig. 10. The
fastest method to assess glare risk in terms of DGP, depending on the
combination of h and H, can be determined from Fig. 10. Thus, the 5pm
is faster than the rtrace method for all the points above the line which
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Fig. 11. Required CPU time (a), vertical illuminance (b), and DGP (c) calcu-
lated with the rtrace method for different ab parameters and istropic fabrics (T5,
T3, and T1). The number of cores to run the Radiance simulations was 25
(-n 25).

ab parameter

represents hpqy. By contrast, for all the combinations of h and H below
the line, the rtrace method is faster than the 5pm for the annual glare
analysis of interest.

A typical annual simulation of 4380 time steps with 5pm delivers
results 7 times faster than the rtrace method with ab 5 (from Egs. (6) and
(7)). On the other hand, a single-hour 5pm simulation (without pre-
calculated matrices) requires the same CPU time as 174 h simulated with
the rtrace method. For ab 2, the feasible range of hyqx is between 522 and

11

Building and Environment 201 (2021) 108006

2097 h when a single scene and CFS are considered. Nevertheless, the
range of hpmqy is between 174 and 699 h for ab 5. Thus, there is high
potential to speed up annual glare simulations by selecting adequate
sampling strategies. We defined a simple criterion based on CPU time for
the selection of the fastest method to be used in annual glare assess-
ments. In addition, the proposed expressions Eq. (2), Eq. (6), and Eq. (7)
can be used as prediction formulas to approximate CPU time required by
daylight calculation methods such as 3pm, 5pm, and rtrace, respectively.

3.3. Strategies for computationally efficient annual glare calculations

In previous sections, we have analysed how Radiance parameters,
daylight calculation methods, and CFS models affect glare calculations
in terms of accuracy and CPU time. The objective here is to optimize
annual glare simulations in terms of accuracy and CPU time. The factors
analysed are the ab parameter for glare protection fabrics (isotropic
fabrics), and sampling strategies. For all of the analyses of this section
3.3, the fabrics were modelled with the analytical BRTDfunc model
presented in section 2.3.

3.3.1. Optimization of radiance parameters

Section 3.1.1 analysed the sensitivity of the vertical illuminance on
the number of ambient divisions (parameter ad) and the number of
ambient bounces (parameter ab). It was concluded that values ad = 500
and ab = 4 provided stable illuminance results with rtrace. We refine the
analysis by investigating the sensitivity of DGP to the ab parameter for
generic glare protection fabrics, looking for a satisfactory trade-off be-
tween accuracy and CPU time. For this purpose, we apply a single time
step analysis (static glare calculation). The CPU time required for an
annual glare calculation could be calculated from Eq. (7). The analysed
time step for this sensitivity analysis is February 5 at 11:00, when the
solar disk is in the field of view. In addition, the viewing direction was
set parallel to the window plane. Synthetic, isotropic fabrics T5, T3, and
T1 are used in the analysis. The ad parameter was set to 500, as proven
to be reliable in section 3.1.1, while the ab parameter ranged from 1 to 6.
As can be seen from Fig. 11c, the sensitivity of the DGP to the number of
ambient bounces is weaker than that of the illuminance for all the fabrics
considered. CPU times vary from 12 s for ab 1, to approximately and
109 s for ab 6.

On the one hand, if we consider a convergence criterion based on
illuminance, for ab = 4, the CPU time is approximately 110 s and the
absolute deviations in terms of vertical illuminance and DGP would be
lower than 150 lux and 0.005, respectively. On the other hand, if we
consider a DGP-based convergence criterion based on a maximum ab-
solute deviation of 0.005, the minimum ab parameter would be 3 for all
the tested fabrics. Thus, for ab = 3, the CPU time is approximately 60 s,
and the absolute deviations in terms of vertical illuminance and DGP are
286 lux and 0.0023, respectively.

According to this analysis, we recommend two different minimum
number of ambient bounces depending of the desired trade-off between
accuracy and CPU time. On one hand, ab = 4 to have a good trade-off
between DGP, vertical illuminance, and CPU time. On the other hand,
ab = 3 to speed up glare simulations by 17% but decreasing accuracy of
illuminance calculations. In practice, this decision depends on the trade-
off between illuminance/DGP accuracy and CPU time. A lower ab
parameter can be very valuable in early stages of the building design
process when glare risk in multiple indoor spaces with several fabrics
must be assessed. It must be nevertheless noted that, for specific case
studies with complex scenes and fenestration materials, optimal ab pa-
rameters might vary from those recommended here. A convergence
study such as the one presented here is to be conducted in those cases.

3.3.2. Sampling strategies for annual glare calculations

The aim of this analysis is to propose efficient sampling strategies for
annual glare assessment under clear sky conditions. We quantified
annual glare protection with the annual glare metric fDGPt defined by
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Table 5

Sampling strategies and their associated number of time steps. SDn/SVn repre-
sents the sum of daily daytime/visible sun time steps each n days during the first
semimanual period.

(Sampling strategy) Number of time steps December 21- June 21

Daytime Visible sun
Day steps 1 (SD1) 2190 (SV1) 820
3 (SD3) 703 (8V3) 276
5 (SD5) 420 (SV5) 168
7 (SD7) 298 (Sv7) 119
9 (SD9) 227 (SV9) 94
11 (SD11) 180 (SV11) 77

the European standard EN 17037 (maximum fDGPt = 5%). In this case,
we defined our CFS as a combination of a solar-control double glazing
unit (DGUSC) “ipasol neutral 50/27” (tpn = 49%) [50] and an isotropic
fabric T1 as the interior shading system. We selected fabric T1, T3, and
T5 to cover a range of fabrics with openness factor between 1% and 5%
for accuracy comparisons. However, we analysed only T1 in terms of
CPU time since time parameters are similar in both cases (Table 4). The
chosen viewing direction of the room occupant is 45° towards the
window plane (critical scenario). As demonstrated in section 3.2, we
need to define the number of time steps of the simulation in order to
establish the most computationally efficient method to run an annual
glare assessment. The analysed sampling strategies are shown in Table 5.
Since only sunny skies should be considered in the glare evaluation, the
simulation of only half of the year (from winter to summer solstice)
already provides all sun positions in the sky and reduces the computa-
tional time by half. Another sampling strategy consists of simulating
only the time steps where the solar disk is in the field of view (“visible”
sun hours). Thus, the number of hours of “visible” sun hours depends
strongly on the scene elements such as viewing position/direction,
window size, room orientation, etc. This strategy assumes that no diffuse
and/or specular reflection of the sun on any surface of the scene or the
shading device will cause glare when this is not in the field of view,
which is a reasonable assumption in many cases.

The maximum number of time steps is associated with the sampling
strategy SD1 (2190) daylighting hours for a half-year simulation), which
is the sampling strategy proposed by the EN 17037 standard for clear
skies. The required CPU time is 21.3 h (Eq. (5)) and 66.9 h (Eq. (6))
when using the 5pm and the rtrace method (ab = 4), respectively.
Therefore, we chose the 5pm to run the annual glare analyses using the
different sampling strategies defined in Table 5. The Radiance param-
eters used in the simulations can be seen in Table 1. In addition, an
aBSDF Radiance material with Klems angular resolution and peak
extraction was used to model the CFS for the direct sun coefficient
calculation (phase cds).

The time steps considered by each sampling strategy can be seen in
Fig. 12. In this analysis, we vary the frequency of DGP calculation (day
steps) from 1 (daily) to 11 (once every 11 days).
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The first step is to compare the required computational time for each
sampling strategy (Fig. 13). The CPU time can vary from 21 h to
approximately 9 h depending on the sampling strategy used. For a day
step of 1, the consideration of visible sun (SV1) instead of daytime hours
decreases the CPU time by 35% compared to strategy SD1.

Once we have analysed the sampling strategies in terms of CPU time,
we need to compare these sampling strategies in terms of accuracy. We
set SD1 as our reference sampling strategy because it has the maximum
number of time steps within the sampling strategies presented. Fig. 14
shows the absolute deviation of the fDGPt value for each sampling
strategy from that for strategy SD1 when using T1, T3, and T5. Sampling
strategies based on daytime hours (SD1, SD3, SD5, SD7, SD9, and SD11)
can produce a maximum absolute fDGPt deviation up to 1.2%, 2.4%,
and 2.5%, when using T1, T3, and T5, respectively. Consideration of
only the “sun visible” hours (SV1, SV3, SV5, SV7, SV9, and SV11) leads
to a maximum absolute fDGPt deviation up to 1.7%, 3%, and 3.5%,
when using T1, T3, and T5, respectively.

A good trade-off between accuracy and CPU time depends on the
shading device and the number of hours of visible sun for a certain view
position and direction. From the cases analysed, a sampling strategy SD7
can be safely applied assuming an absolute f0.45 (fDGPt with DGPt =
0.45) deviation of less than 1% (CPU reduction of 57% by using with the
rtrace method (-ab 4) with respect SD1 with the 5pm). If a f0.45 devi-
ation of 2% was acceptable, e.g. for comparing design alternatives, a
sampling strategy SV5 would be appropriate (CPU reduction 76%).
There are also other approaches to reduce the simulation time of annual
glare simulations based on GPU technology, which should be further
investigated [51].
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Fig. 13. Required CPU time for the 5pm depending on the sampling strategy.
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Fig. 12. Time steps considered by each sampling strategy. The horizontal axis represents the days of the first half of the year and the vertical axis represents the hours
per day. SDn (upper row)/SVn (bottom row) represents the sum of daily daytime/visible sun time steps each n days during the first semimanual period.
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Fig. 14. Absolute deviations in terms of the annual glare metric defined by EN17037 (fDGPt) for different sampling strategies and isotropic fabrics: T1 (a), T3 (b),
and T5 (c). The sampling strategy SD1 (daytime hours each day during the semi-annual period) was set as the benchmark for the deviation calculation.

Table 6
CPU times for different daylight methods, fabric T1, viewing direction 45° to-
wards to the window, and sampling strategy SV5 (168 h/year).

5pm rtrace (-ab 4)
Predicted CPU time (h) 9.6 3.4
Real CPU time (h) 9.8 3.6

3.3.3. Prediction of the computational time

In cases in which many annual simulations are required, it might be
advisable to calculate in advance the computational cost of alternative
sampling strategies. The formulation presented in section 3.2, in
particular Egs. (6) and (7), can be used for this purpose.

The computational cost of the SV5 sampling strategy (DGP calcu-
lated for the daily visible sun hours once every 5 days) is calculated by
the 5pm and rtrace methods for the T1 fabric and a viewing direction 45°
towards the window (Table 6). The required CPU time by the 5pm to
solve for 168 h/year is 9.8 h against 3.6 h when using rtrace (-ab 4). The
predicted CPU time shows good agreement with actual CPU times. For
the calculation of 168 DGP values, one window state, and one scene, the
rtrace method with ab 4 is faster than the 5pm according to Fig. 15. The
graph also shows that rtrace method is faster than the 5pm for a SD7
sampling strategy (298 DGP values). On the other hand, the 5pm is faster
than rtrace for a SD1 sampling strategy (2190 DGP values).

4. Conclusions

This paper benchmarks state-of-the-art methods for annual glare
analysis in terms of accuracy and computational time. We investigated
the influence of Radiance parameters and CFS models on glare assess-
ment. The choice of suitable Radiance parameters, depending on the
daylight calculation method, is crucial to ensure suitable accuracy and
low CPU time for annual glare calculations. A criterion based on
computational time was proposed for the selection of the fastest daylight
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calculation method for annual glare analysis. Different sampling stra-
tegies based on semi-annual periods and sun visibility were evaluated in
terms of annual glare protection performance and computational time.
The findings of this paper can help architects and practitioners to set up
parameters and calculation methods for efficient annual glare
calculations.

The main outcomes of the research and potential applications of the
results are the following:

1. For the particular case of fabrics with a view-through specular
component without light-redirecting effects, the combination of a
low-resolution BSDF, such as the Klems format, and a peak extraction
algorithm, such as the one offered by Radiance’s aBSDF material,
provide a suitable representation for glare analysis using the 5pm or
rtrace methods. Furthermore, for fabrics in which rotational invari-
ance can be assumed, a representation based on the Radiance
BRTDfunc material can be useful, because it only requires the
normal-normal transmittance, the normal-diffuse transmittance and
the cut-off angle of the fabric.

2. A suitable sampling strategy for annual glare risk assessments can
make a time step-based ray-tracing method (the rtrace method in this
paper) more computationally efficient than the alternative five-
phase method. For cases in which no diffuse and/or specular re-
flections of the sun from any surface of the scene or the shading
device will cause glare when this is not in the field of view, a sam-
pling strategy that takes into account only the hours when the solar
disk is in the field of view can reduce the computational time
considerably. This strategy can be combined with semi-annual
evaluations (for clear skies) and a suitable sampling strategy (e.g.
one day per week) to further reduce the computational time. The
sensitivity analysis of Radiance parameters for the rtrace method
presented in the study can help to optimize the computational cost of
simulations. Thus, by using this methodology, designers could effi-
ciently compare several CFSs in terms of annual glare protection
performance during early stages of the building design process.
Recent developments in GPU acceleration might further improve the
computational cost of time step-based ray-tracing in the future.
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Comfortable, healthy, and energy efficient buildings are key in the future since almost the 80% of the world population would live in urban areas by 2050 (Sanaieian et al., 2014). There are design criteria recommended by building standards and local regulations to ensure these type of buildings in the future. Furthermore, human-centric design has become one of the central criteria in architectural design. Designers have to consider multiple building performances such as indoor comfort and energy efficiency during early design stages as well as during renovation plans.

Typically, a good level of indoor comfort in buildings includes a balance between visual comfort and thermal comfort. On one hand, summer thermal comfort in buildings without active cooling systems could easily be violated by the overheating phenomenon in modern buildings located at high latitudes with large window areas and high thermal insulation levels. Thus, the excess of indoor temperature can lead to overheating phenomenon that causes thermal discomfort, which can have long-term negative effects on building users’ performance and health (Beizaee et al., 2013). Overheating in a room could be induced by a critical combination of facade orientation, window construction, level of external obstructions, inefficient natural ventilation strategy, type of shading system, and its control, etc (Simson, 2019). Countries like Estonia, have specific regulations for protection against overheating in building without cooling systems (Estonian Government, 2015).

On the other hand, the European Union recently presented the standard EN 17037:2018 that defines the requirements for visual comfort in buildings (European comission, 2018), which include direct sun exposure, daylight provision, and glare protection. Visual comfort in buildings has a critical impact on occupants’ health  and mental performance (Duffy and Czeisler, 2009; Lockley, 2009). At the same time, daylight is the most preferred light source by building users (Knoop et al., 2019). The design of excessive large window areas improve the daylight provision but also overheating risk in buildings. Within the Estonian context, the combined fulfilment of daylight and overheating minimum requirements in residential buildings could be challenging 
(Simson et al., 2017b). However, excess of daylight levels could provoke discomfort 
glare to buildings users (Quek et al., 2021). Daylight glare could be an issue in educational and office buildings where building users have limitations to correct their viewing direction or sit position to avoid glare discomfort during tasks such as attending to the speaker, read a book, work with the computer, etc (Jakubiec and Reinhart, 2012). 
This exposure to glare discomfort could lead to headache problems, vision loss and reduction of their performance in daily activities (Pierson et al., 2017). 

In parallel, there is the Estonian daylight standard EVS 894:2008/A2:2015 which sets minimum requirements for solar access and daylight provision in new dwellings (Estonian Centre for Standarization, 2015). Both, the Estonian and the European standards are recommended by the Estonian government from 2019. The consequences of the use of one or another standard by designers in terms of design flexibility during early design stages are unknown. Moreover, the simultaneous consideration of different requirements of building performances during early design stages could be confusing for designers because some building performances oppose to each other, for instance: daylight with overheating or daylight/solar access with daylight glare.

The evolution of building performance simulation tools in the field of daylight and thermal dynamic simulations enabled the possibility for architects to consider different criteria during early design stages  (Kharvari, 2020; Solemma LLC, 2016). Nevertheless, there is a lack of integrated methods and studies that help designers to understand the impact of their design decisions at different levels: building (orientation, shape, volume, and interior floor plan), facade (windows location, windows size, and windows construction), and shading level (shadings type, optical/thermal properties of the shadings, and shadings control algorithm) on the building overall performance (solar access, daylight provision, glare protection, overheating risk, etc). 

This thesis presents an innovative workflow to help architects to design buildings with adequate levels of solar access, daylight provision and protection against overheating and daylight glare. This proposed workflow consists of three design phases. During the first phase, a multi-objective workflow is recommended to help architects and designers to make decisions to building and facade level to ensure adequate solar access levels according to the Estonian standard. In the second phase, rules of thumb and prediction formulas are used to facade level to ensure a good balance between daylight provision and overheating protection. Finally, in the third phase, an efficient shading system selection is proposed to ensure a certain glare protection level according to the European standard EN17037:2018.



The main objectives of the thesis can be summarized as follows:



- To propose an easy-to-use multi-objective optimization workflow based on solar access to help architects and designers to design building envelope efficiently (Paper I), 



- To investigate the effect of different daylight assessment criteria on the combined fulfillment of daylighting and overheating requirements and its implications for the design of residential and office rooms in Estonia (Paper II),



- To develop daylight and overheating prediction formulas that can help architects and designers to conduct efficient window sizing process during early design stages (Paper III),



- To propose efficient assessment methods to assess glare protection during the shading selection process according to the European standard EN17037 (Paper IV).



The following methods were used to achieve the objectives:



- Parametric studies to obtain general rules of thumb and prediction formulas for the combined fulfilment of daylight and overheating requirements,

- Thermal dynamic simulations using the validated software EnergyPlus (U.S. Department of Energy, 2015),

- Daylight and glare dynamic calculations using the validated software Radiance (Ward, 1994), DIVA-for-Rhino (Jakubiec and Reinhart, 2011), and HoneyBee (“Honey Bee,” 2020),

- Original python programs and Grasshopper plug-ins were developed in order to process the results from visual comfort and thermal analyses.



This thesis is based on peer-reviewed journal and conference articles.



In Paper I, a workflow based on multi-objective optimization for the design of the building envelope is proposed. The workflow has the potential to be adopted by designers, being integrated in the Grasshopper plug-in for Rhinoceros that is a widely used design platform. The proposed workflow shows a successful way to deal with complex multi objective design goals during early design stages such as maximization of the building volume, maximization of the solar access and minimization of the mean incident solar radiation.

In Paper II, it is evaluated the reliability of the daylight requirements defined by the Estonian standard based on the mean daylight factor (DF) with respect to the minimum DF requirements defined by the European standard method, EN 17037:2018 and 
IES LM-83-12, based on the spatial daylight autonomy (sDA) for office and residential buildings. The effect of window airing on overheating and on the combination of overheating and daylighting was also studied. A simulation-based methodology was applied to assess the daylighting and overheating performance in a single-window room considering different parameters. Indoor comfort-based rules of thumb for the design of offices and residential rooms were suggested. The results suggested a synergistic formulation of daylighting and overheating requirements in new building regulations to make the combined fulfillment easier for the designers.

In Paper III, a coupled method based on prediction formulas that can be used to assess daylight provision and overheating risk in buildings is developed. In addition, this method can be used for the design of interior floor plan and window sizing in order to rooms fulfill simultaneously both performances. The considered daylight provision requirements are based on the minimum Daylight Factor (minDF) defined by the European standard EN17037, and the overheating risk requirements are based on the degree-hour (DH) metric adopted by the Estonian regulation. The proposed coupled method has big potential to help architects and designers to achieve the combined daylight provision and overheating risk fulfillment during early design stages. Moreover, authors recommend the proposed coupled method to regulation makers for future building standards and regulations.

In Paper IV, state-of-the-art methods for annual glare analysis and develop strategies are benchmarked to reduce the computational time (CPU time) without compromising the accuracy of glare calculations. The Radiance-based tool rtrace and the Radiance-based five-phase method (5pm) are applied to a single room. Sensitivity analyses of Radiance parameters, calculation methods, and Bidirectional Scattering Distribution Function (BSDF) materials to model isotropic fabrics are conducted. The findings of this article can help architects and practitioners to set up parameters and calculation methods for efficient annual glare protection assessment according to the EN 17037 needed during shading selection process.



Novelty and practical outcomes of the thesis:



- The realization of a multi-objective optimization method that uses own developed open source Grasshopper tools for Rhinoceros to create solar envelopes considering different criteria such as building volume, solar access of the building envelope, mean incident solar radiation, quality of the sunlight, and solar access ordinances. These tools are called “Solar Envelope Tools” (SET) and they are available online for free download for designers (Sepúlveda and De Luca, 2022). Prior to the publication of SET, there were no open source tools that could take into account in an integrated form windows from the surrounding buildings, urban context, different solar ordinances, and different qualitative criteria to filter sun vectors used to generate the solar envelope.  



- The Estonian daylight standard has limited reliability in properly predicting the daylight potentials of building interiors. In many cases, it overestimates daylight availability for different orientations. The present thesis will be presented to local authorities and regulatory bodies to increase their awareness about the need to promote a new and more efficient daylight regulation in Estonia. Hence, this research will contribute to the development of a compulsory building daylight regulation;



- The development of a coupled method based on prediction formulas to easily integrate the daylight provision and overheating performance analysis during window sizing design process. This method will be proposed to regulatory bodies and authorities aiming to the synergistic formulation of daylighting and overheating requirements in new building regulations to make it easier for designers to fulfill both requirements;



- New methodology based time step-based ray-tracing method that helps designers to efficiently compare several complex fenestration systems (CFSs) in terms of annual glare protection performance during early design stages of the building design process.



Limitations of the work:



- The work considers specific climate, building properties, and architecture of typical features of existing buildings in Estonia. Despite most of the methods proposed in this thesis focuses on Estonian climate/building regulations, it can be used in similar climates with simple parameter changes;



- The principal focus of thesis were indoor comfort during early design stages;



- This study does not consider future climate conditions in cases studies based mainly of city of Tallinn, Estonia;



- The methods developed in this thesis can be applied on the design of residential and office/educational buildings. Other types of buildings such has hospital or commercial buildings might have different necessities in terms of building performances and space distribution that this thesis does not cover;



- This thesis is mainly based on daylight and thermal simulations from calibrated and recommended set up parameters from own and third published studies.



[bookmark: _Toc104447098]Abbreviations

		3pm

		Three-phase method



		3pmD

		Three-phase method considering direct component of the solar radiation



		5pm

		Five-phase Method



		aBSDF material

		Radiance BSDF material with peak extraction



		BSDF 

		Bidirectional Scattering Distribution Function



		BSDF material

		Radiance material defined with BSDF data set without considering peak extraction



		CAD

		Computer-aided design



		Cd1

		Condition that is fulfilled if minDF1 is higher than a target value minDF1t



		Cd2

		Condition that is fulfilled if minDF2 is higher than a target value minDF2t



		cds

		Direct sun coefficient simulation



		CFS

		Complex Fenestration System



		Ci

		Multi-objective criterion i



		CIE

		Commission Internationale de l’Eclairage



		Context

		Surrounding building



		CPU time

		Computational time



		D

		Daylight matrix



		DA

		Daylight Autonomy



		DC

		Two-phase method



		DD

		Daylight matrix considering null number of ambient bounces (-ab 0)



		DeadAngle

		Dead angle input 



		DF

		Daylight factor



		Dfb

		Warm humid continental climate



		DFmean

		Daylight criterion based on mean Daylight Factor



		DFmin

		Daylight criterion based on minimum Daylight Factor



		DGP

		Daylight Glare Probability



		DGPs

		Simplified Daylight Glare Probability



		DH

		Temperature excess in Degree-Hours



		DHmax

		Maximum Temperature excess in Degree-Hours



		eDGPs

		Enhanced Simplified Daylight Glare Probability



		HVAC

		Heating, ventilation, and air conditioning



		IDA-ICE

		IDA Indoor Climate and Energy



		maxDHEST

		Maximum Temperature excess in Degree-Hours according to Estonian regulations



		maxWFR

		Maximum Window-to-Floor Ratio



		maxWWR

		Maximum Window-to-Wall Ratio



		MinAltitude

		Minimum altitude input



		minDF

		Minimum Daylight Factor



		minDF1

		Minimum DF value for the first half of the reference plane closer to the window



		minDF1t

		Target value for minDF1



		minDF2

		Minimum DF value for at least the 95% of the entire the reference plane



		minDF2t

		Target value for minDF2



		minDFC

		Target minDF1 for European country C



		minWFR

		Minimum Window-to-Floor Ratio



		minWWR

		Minimum Window-to-Wall Ratio



		mISR

		Mean incident solar radiation (W/m2)



		mISR’

		Relative mean incident solar radiation (W/m2)



		MV

		Infiltration and mechanical ventilation



		N, NE, E, SE, S, SW, W, NW

		North, North-East, East, South-East, South, South-West, West, North-West.



		NV

		Windows airing technique



		NZEB

		Nearly Energy Zero Buildings



		OW

		Solar access maximization



		OI

		Solar incident radiation maximization



		RMSE

		Root Mean Square Error



		S

		Sky Vector



		SA

		Solar Access



		SD

		Sky Vector considering the exclusive contribution of the sun



		sDA

		Spatial Daylight Autonomy



		SDn

		Sum of daily daytime sun time steps each n days during the first semimanual period



		SE

		Solar Envelope



		SET

		Solar Envelope Tools



		SolEnvGen

		“Solar Envelope Generator” Grasshopper component



		SunPathGen

		“Sun Path Generator” Grasshopper component



		SunVectGen

		Sun Vectors Generator



		SunVectSel

		Sun vectors sorted and selected input



		SVn

		Sum of daily visible sun time steps each n days during the first semimanual period



		TRY

		Test Reference Year



		T

		Transmission matrix



		UDI

		Useful Daylight Index



		VectorsType

		Vectors Type



		VD

		View matrix considering the exclusive contribution of the sun (-ab 1)



		V

		View matrix



		WWR

		Window-to-Wall Ratio



		WFR

		Window-to-floor ratio
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		α

		Weight factor for the maximization of building volume (-)



		ab

		Number of ambient bounces



		ad

		Number of ambient divisions



		β

		Weight factor for the maximization of solar access (-)



		γ

		Weight factor for minimization of solar radiation (-)



		Ev

		Vertical illuminance at eye level



		fDGPt

		Annual glare metric or percentage of occupied hours with Daylight Glare Probability higher than a threshold DGPt



		g or g-value

		Solar factor (-)



		gmax,i

		Maximum g-value to not overheat a certain room i (-)



		h

		Number of time steps considered in an dynamic glare assessment (hours)



		H

		The number of time steps when using the 5 phase-method (hours)



		hmax

		The maximum number of time steps when using rtrace (hours)



		Ls

		Luminance distribution (cd)



		MF

		Number of Reinhart sky-patch subdivisions



		q50

		Air leakage rate of building envelope at 50 Pa pressure difference, m3/(h·m2)



		ωs

		Solid angle subtended by the sources (sr)



		P

		Position Index



		ρndif 

		Normal-diffuse visible reflectance



		rd

		Room depth (m)



		rdif

		Diffuse reflectance (-)



		rw

		Room width (m)



		t0

		CPU time required by the arithmetic combination of the results from the phases 3pm, 3pmD, and cds



		

		CPU time required by the 3-phase method



		

		CPU time required by the direct 3-phase method



		

		CPU time required by the 5-phase method



		tc

		CPU time required by the sky and octree generation  and the commands rtrace and command evalglare



		tcds

		CPU time required to create the octree and sun coefficient matrix Ccds



		

		CPU time required by the cds phase



		tdcD

		CPU time required for the multiplication of the matrices VD, T, DD, and SD



		td

		Diffuse transmittance (-)



		tdc

		CPU time required for the multiplication of the matrices V, T, D, and S



		tdcs

		CPU time required for the multiplication of the matrixes Ccds and Scds



		Tdc

		Sum of CPU time required by sky vectors generation of the phases: 3pm, 3pmD, and cds



		τdirdir 

		Direct-direct visible transmittance



		τdirdif 

		Direct-diffuse visible transmittance



		τdirh 

		Direct-hemispherical visible transmittance



		tM

		CPU time required to create the view and daylight matrices



		TM

		Sum of CPU time required by the octree generation in the phases: 3pm, 3pmD, and cds



		

		CPU time required by arithmetic operations of all results from phases 3pm, 3pmD, and cds



		tMD

		CPU time required to create the octree required by the direct 
3-phase method



		tMF

		CPU time required to create the suns and material map generation



		ts

		Specular transmittance (-)



		ts

		CPU time required to create a sky vector



		Ts

		Sum of CPU time required by sky vectors generation of the phases: 3pm, 3pmD, and cds



		tsD

		CPU time required to create a sky vector (SD) with the exclusive contribution of the sun



		tsF

		CPU time required to create a sky vector (Scds) with only the contribution of the sun and selected Reinhart sky subdivisions (MF)



		τndif

		Normal-diffuse visible transmittance



		τnh

		Normal-hemispherical visible transmittance



		τnn

		Normal-normal visible transmittance or openness factor



		Th

		Mean air hourly temperature (°C)



		Tvis

		Visible transmittance (%)



		U-value

		Thermal transmittance (W/m²·K)



		Vr

		Volume ratio (-)



		Vr’

		Relative volume ratio (-)



		Wr

		Windows ratio (-)



		Wr’

		Relative windows ratio (-)
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[bookmark: _Toc104447101]Solar access in buildings

Solar access (SA) has been considered as design criterion by architects since ancient times. Apart from being crucial for the development of the urban fabric, one of the main aspects of the visual comfort in buildings is the exposure to sunlight or SA (European comission, 2018). SA is related to the direct component of daylight, which has been proved beneficial for well-being of building users (Lockley, 2009; Samuels, 1990). New buildings influence the SA levels of the urban environment and vice versa. Most of countries have standards and/or regulations to ensure the SA rights of building occupants. These minimum SA minimum requirements are normally expressed in terms of the number of hours per day during a specific analysis period (continuous or discrete) when the sun is visible from the window of a determined building (De Luca and Dogan, 2019; Estonian Centre for Standarization, 2015; European comission, 2018). 

SA regulations influence building density and maximum buildable volume. In practice, architects use the so-called solar envelope (SE) method in early design stages.  The SE method is a method introduced by Knowles to calculate maximum volume new buildings cannot exceed to guarantee required SA of the surrounding buildings (Knowles, 1980). There are two main approaches to calculate the SE: additive algorithm based on the calculation of the maximum height to each grid point of the plot and subtractive algorithm based on the removal of grid volumes from the theoretical buildable block. The first one is the most used for SE generation due to its simplicity (Capeluto and 
Shaviv, 2001; Sanaieian et al., 2014) and the second one, although it has been proved 
time-consuming, is useful as building massing technique (De Luca, 2017a). 

There is no specification in terms of quality of the sunlight; hence, this allows flexibility to generate SEs even for the same regulation and urban environment (De Luca et al., 2018a). Thus, the consideration of other aspects for the SE generation such as the urban context (De Luca and Voll, 2017) or climate conditions (Capeluto and Plotnikov, 2017) can influence the shape of the SE. In recent years, the additive algorithm has been implemented in several tools like LadyBug tools (Sadeghipour Roudsari, 2012) and DIVA4Rhino (Solemma LLC, 2016), both Grasshopper plug-ins for Rhinoceros software. Nevertheless, these tools do not calculate urban context-dependent SEs. 

Different pattern layouts can influence total floor area and SA performance of the building masses located in urban areas (De Luca, 2017b). Optimal building clusters for direct solar access in urban environments in Estonia, including type of interior/exterior floor plan layout, and buildable floor area were investigated (De Luca et al., 2018b). Indeed, the optimization of building clusters can give detailed information about the building envelope design but typically, an unique SE per urban environment was considered, which can limit the flexibility during the building massing stage.

[bookmark: _Toc104447102]Daylight provision in buildings

According to the European standard EN17037, daylight provision is one of the main aspects of visual comfort in buildings, and it is defined as the “level of illuminance achieved across a fraction of a reference place for a fraction of daylight hours within a space”(European comission, 2018). The presence of moderate levels of daylight in indoor spaces improve the physiological and psychological wellbeing of people (Liu et al., 2017; Samuels, 1990). Moreover, characteristics of daylight such as intensity and color benefit the circadian cycle in humans (Duffy and Czeisler, 2009). In fact, daylight is the most preferred source of light by building occupants (Knoop et al., 2019). In addition, daylight is recommended as a design criterion during early design stages since well daylit indoor spaces have been proved economically highly valuable by building owners (Turan et al., 2020). 

In practice, there are several metrics that can be used to assess daylight provision. 
On one hand, the widely used static daylight metric Daylight Factor (DF) is quantified as the ratio between indoor and external horizontal illuminance under overcast conditions (BSI, 2008). On the other hand, dynamic daylight metrics consider the dynamic performance of daylight in buildings regarding occupants’ behavior and surrounding climate conditions (Reinhart et al., 2006). For instance, the daylight autonomy (DA) metric, which generally is more applicable than DF,  quantifies the percentage of occupied hours when horizontal illuminance in a specific point of the reference plane is above a defined threshold (Bian and Ma, 2017). The useful daylight autonomy (UDI) uses a range of illuminances instead of a single threshold, it was proved more informative metric for daylight assessment than DA (Nabil and Mardaljevic, 2006). Unlike DA and UDI metrics, which contains only temporal information about the daylight provision, the spatial daylight autonomy (sDA) metric contains also spatial information, since it is defined as the percentage of the reference plane with horizontal illuminance above a defined threshold during at least a specific fraction of time, whether daytime (European comission, 2018) or occupied hours (Illuminating Engineering Society and The Daylight Metric Committee, 2013). 

Despite the existence of consolidated daylight assessment methods, not every European country has defined yet a concept of adequate daylight and a suitable daylight metric (Sokol and Martyniuk-Peczek, 2016). The adoption of new standards such as the EN17037:2018 by European countries could be challenging for practitioners because new daylight assessment criteria would influence their daily design practice.

[bookmark: _Toc104447103]Overheating risk in buildings without mechanical ventilation

Thermal discomfort caused by the overheating phenomenon, produced  by the excess of indoor temperature, can have negative effects on building users’ satisfaction and health on the long-term (Beizaee et al., 2013; Liu et al., 2017; Santamouris and Kolokotsa, 2015). The severity of the seasonal overheating risk in dwellings is influenced by the urban surroundings, local architecture, occupant behavior, and climate. Future climate conditions affected by the global warming effect will aggravate overheating risk in buildings. Moreover, the urban heat island effect combined with the global warming effect will aggravate overheating risk in buildings (Yannas and Rodríguez-Álvarez, 2020).  Specifically, residential buildings are prone to have overheating risk problems due to the lack of cooling or efficient natural/mechanical ventilation strategies (Fosas et al., 2018; Hamdy and Jan Hensen, 2015; Lomas and Porritt, 2017; Simson, 2019). The assessment of overheating risk in residential buildings has been widely investigated in temperate climates (Gupta and Gregg, 2018; Maivel et al., 2015; Morey et al., 2020; Mourkos et al., 2020; Voll et al., 2016a). A study on thermal comfort in 1134 English dwellings demonstrated that the renovation plans should include practical measures against overheating risk in residential buildings (Beizaee et al., 2013).

Estonia has specific overheating requirements that must be met if there is no mechanical space cooling system in new/renovated buildings. Overheating requirements in Estonia are based on the metric degree-hour (DH) (°C·h), which represents the accumulation of the hourly indoor temperature excess (related to a temperature set point) during a specific period of warm season (June 1–August 31). The use of simulation-based methodology is recommended to assess summer thermal comfort in Estonian residential buildings (Hamburg and Kalamees, 2019). 

[bookmark: _Toc104447104]Glare protection in buildings

Although daylighting in indoor spaces is beneficial for human health, the excess light can be disturbing for the human eye. Thus, glare is defined in the EN1037 as the “condition of vision in which there is discomfort or a reduction in the ability to see details or objects, caused by an unsuitable distribution or range of luminance, or by extreme contrasts” (European comission, 2018). Glare protection plays a critical role in the achievement of a good level of visual comfort in types of building where the occupants have limited flexibility to adapt their viewing direction to avoid visual discomfort, such as office or educational buildings. Glare protection is difficult to assess since it depends on many factors (Osterhaus, 2005). Relevant factors are the luminance and size of the glare source, adaption level of the human eye, contrast effect, saturation effect, view direction, and attractiveness of the view through the window (Pierson et al., 2017).  Survey techniques in combination with simulation-based methods have been widely used to predict glare in indoor spaces (Mangkuto et al., 2017; Shafavi et al., 2020; Wienold and Christoffersen, 2006; Yamin Garretón et al., 2018).

There are two main effects to quantify glare in practice. The saturation effect is related to the brightness of the field of view. The contrast effect is influenced by the luminance distribution of the scene. Glare metrics that consider exclusively the saturation 
effect, outperformed contrast-driven glare metrics in bright-light scenarios. However, 
contrast-driven glare metrics outperform saturation-driven glare metrics in low-light scenarios (Quek et al., 2021). Glare metrics that consider both effects are known as hybrid glare metrics. The most robust glare metric nowadays is a hybrid metric called Daylight Glare Probability (DGP) (Wienold et al., 2019). The DGP formula has two terms, the first one is proportional to the vertical illuminance at eye level (Ev) and represents the saturation effect. The second term quantifies the contrast effect of the scene, which is related to the luminance of the glare sources   (cd/m2), the solid angle ωs subtended by the sources  (sr), Guth’s position index (P), and Ev (Eq. (1)) (Wienold and Christoffersen, 2006). 

                              (1)

For DGP values lower or equal to 0.35, daylight glare is considered imperceptible. DGP values higher than 0.35 and lower than 0.40 are associated with perceptible but mostly not disturbing glare. When DGP values are higher than 0.40 and lower than 0.45, glare is perceptible and often disturbing. Finally, DGP values higher than 0.45 are associated with disturbing daylighting glare.  
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Currently in Estonia, there are two valid daylight standards: the Estonian standard EVS 894:2008/A2:2015 “Daylight in Dwellings and Offices” (Estonian Centre for Standarization, 2015) and  the European standard EN 17037 “Daylight in buildings” (European comission, 2018). 



The Estonian standard includes recommendations for minimum requirements of solar access for new residential buildings and mean DF-based daylight requirements for residential and office buildings. According to the Estonian standard, each apartment of a new residential building should receive at least 2.5 hours of direct sun daily from March 21 until August 21. This SA requirement specifies the quantity but not the quality of the direct sun that received each apartment. Moreover, the Estonian standard’s daylight assessment criterion is based on mean DF values. 

The European standard daylight assessment criteria can be fulfilled by using two criteria: minimum DF and sDA metrics. Previous studies showed disagreements between dynamic and static daylight metrics in Estonian educational buildings (De Luca et al., 2019a). Thus, it is important to understand how the European standard affects the design of the building envelope and refurbishment plans. No extensive studies have been conducted to evaluate its impact on the construction practice of residential and office buildings.

Glare protection classes defined in the EN 17037 are based on previous studies with fabrics and the DGP metric (Wienold et al., 2017). According to EN 17037, the annual percentage of discomfort glare hours (fDGPt) should be lower than 5% for a shading device to protect against glare. Glare hours are considered as the occupied hours with an associated DGP above a threshold DGPt: 0.35, 0.40, and 0.45 for high, medium, 
and minimum level of glare protection, respectively (European comission, 2018). 
The calculation methods to conduct glare risk assessments are usually time-consuming and require a certain level of expertise by architects and designers.

Estonia has specific overheating requirements that must be met if there is no mechanical space cooling system in a new or a renovated building. Overheating requirements in Estonia are based on the metric degree-hour (DH) (°C·h), which represents the accumulation of the hourly indoor temperature excess (related to a temperature set point) during a specific period of warm season (June 1–August 31). 
The maximum DH is 150 °C h and 100 °C h for residential and non-residential 
buildings, respectively. The temperature set point is 27 °C and 25 °C for residential and 
non-residential buildings, respectively (Estonian Government, 2018, 2015). 
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Modeling and simulation techniques are crucial as design tools for architects and designer during early design stages and renovation plans. The prediction of both thermal and daylight levels in indoor spaces represents the basis of the human-centric architectural design practice nowadays. By using approaches based on simulations, architects and designers are able to conduct thermal and daylight annual assessment in more viable way in terms of time and economical resources than via field experimental measurements. 

For thermal simulations, several validated softwares such as EnergyPlus (U.S. Department of Energy, 2015) and IDA-ICE (Kropf and Zweifel, 2002) are widely used by practitioners. Different approaches can be considered in practice to model a building, for overheating calculations, it has been proved a reliable approach to use single-zone approach (Simson et al., 2017a). Moreover, the consideration of constant thermal properties of the window glazing is a more conservative approach to assess overheating than using angle-dependant thermal properties (Thalfeldt et al., 2016).



The development of the open-source software Radiance based on the ray-tracing technique allowed reliable climate-based daylight modelling (CBDM) in buildings (Ward, 1994). The use of CBDM is key for reliable assessment of daylight provision in buildings (Kong et al., 2018; Mardaljevic, 1999). Along the last decade, several friendly-use applications such DAYSIM (Reinhart and Pierre-Felix, 2009), LadyBug/HoneyBee (“Honey Bee,” 2020; Sadeghipour Roudsari, 2012), DIVA-for-Rhino (Solemma LLC, 2016), and Fener (Bueno et al., 2015) were created in order to increase availability of Radiance-based simulations in the building design community.  

A suitable modeling of glazing units in combination with external/internal shading systems known as complex fenestration systems (CFSs) is crucial to obtain reliabe daylight/glare predictions (Thanachareonkit and Scartezzini, 2010; Tzempelikos and Chan, 2016). The optical properties of the CFSs are calculated from bidirectional scattering distribution function (BSDF) datasets, which represent the angular distribution of light scattered by the CFS. BSDF datasets can be obtained via measurement using a photogoniometer (Apian-Bennewitz, 2010; Stover, 2012; Ward, 2014) or via simulation using ray-tracing or analytical techniques (McNeil, 2015; McNeil et al., 2013). As an example of ray-tracing techniques, the Radiance genBSDF program was used to generate BSDF datasets of CFS such as venetian blinds (Uribe et al., 2019) and complex 
three-dimensional textiles (Mainini et al., 2019; Sepúlveda, 2018). Thus, the use of BSDF data sets to represent the angular-dependent behavior of the CFS is critical to not underestimate daylight glare risk (Inanici and Hashemloo, 2017a). Even when modeling of opaque materials, small changes in diffuse reflectance of opaque surfaces of the interior (Brembilla et al., 2018; De Luca et al., 2019b; Kharvari, 2020) or exterior (Bugeat et al., 2020) scene have significant effects in lighting levels of indoor spaces.

The Radiance rtrace method has been used mainly for static glare/daylight analysis because of its reliability and high computational requirements (CPU time) (Jones and Reinhart, 2017). However, matrix-based methods can recycle information from the whole scene: view, daylight, and sky matrix. The most widely used matrix-based methods are the 2-phase (DC), 3-phase (3pm), and 5-phase method (5pm). Glare calculations implies more time-consuming simulations than daylight calculations, since the calculation of the DGP metric consist on three steps: the calculation of Ev, the rendering rendering of a scene (.hdr file) as seen from an observer for which glare is to be evaluated, and the calculation of the DGP as shown in Eq. (1). Speedup strategies such as the use of rtrace with null ambient bounces (-ab 0) to generate the luminance maps in combination with vertical illuminance calculations were used to approximate (called enhanced simplified DGP (eDGPs)) the DGP (Wienold et al., 2017). The DC and 3pm are reliable for annual daylighting calculations with static and switchable CFSs, respectively (Subramaniam, 2017). The 5pm applies the indirect contribution from the sky from the 3pm and the direct component of the sun from an accurate DC simulation using a more accurate discretized sky model (Reinhart subdivisions) (McNeil, 2013). Indeed, the 5pm and rtrace methods were proven to be more reliable than the 3-phase method for DGP calculations (Lee et al., 2018a, 2018b). Abravesh et al. proposed another method for annual glare assessments based on the eDGPs where Ev is calculated using the 3pm (Abravesh et al., 2019).

Although, previous investigations compared CBDM techniques and proposed ranges for simulation parameters to ensure the accuracy of daylight assessments (Ward, 1994; Wienold et al., 2019, 2017). For annual glare assessment, many factors can influence the choice of the best calculation method: the type of CFS and its model material, parameters for renderings, parameters for illuminance calculations, number of time steps, number of scenes (different viewpoints, viewing directions, surface materials, etc.), and number of CFSs. In practice, there is a lack of consideration of trade-off criteria for annual glare assessment. Suitable knowledge of these factors could help software developers to implement optimized models for glare risk assessment.
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In practice, architects and designers have to make design decisions during early design stages and renovation plans. Typical design decisions are at building level (e.g. building orientation/volume and interior floor plan), facade level (e.g. windows location/size and walls/windows constructions), room level (shading system, shading/ventilation control). Inadequate design decisions could lead to poor performance buildings. Thus, performance-driven design criteria are necessary to ensure a good balance between visual and thermal comfort in buildings nowadays.

Daylight has a significant positive influence on the energy efficiency of buildings (Alva et al., 2020; Chi et al., 2017; Kuhn et al., 2001; Ponmalar and Ramesh, 2014). Daylight and solar heat gains in winter can reduce the energy consumption when a suitable shading control is considered (Grynning et al., 2014). Previous investigations emphasize the need to design synergistically glazed areas and shading to provide adequate daylight in building interiors and reduce energy consumption for lighting (Gago et al., 2015; Haase and Grynning, 2017) and for heating and cooling (Kim et al., 2017; Yu and Su, 2015). External shading is an efficient solution to reduce glare risk for building occupants 
(Al-Obaidi et al., 2017), and has the advantage of not relying on occupant operation; occupants often leave the operable internal shade closed and also use it when is not needed, causing an avoidable electric light energy consumption (O’Brien et al., 2013). Moreover, excessive direct sun exposure can lead to high levels of daylight provision and solar gains, increasing the indoor temperature and consequently overheating risk. 

In cold climates, overheating is considered a limiting function of the daylight provision, since buildings with high thermal resistance are common to save heating energy in winter, and facades with high window-to-wall ratios (WWRs) are designed to increase the daylight provision (Thalfeldt et al., 2013). However, these measures can generate thermal discomfort during the warm season. Previous studies propose rules of thumb to help architects and designers to choose optimal design strategies and renovation plans to achieve a combined fulfillment of daylight and overheating requirements (De Luca et al., 2019b; Simson, 2019; Vanhoutteghem et al., 2015). Window shading elements can reduce the overheating of residential premises depending on facade orientation and distance of surrounding buildings, especially at northern latitudes; thus, a careful envelope design is recommended (Voll et al., 2016b). A suitable use of complex fenestration systems (glazing combined with shading systems) could balance visual comfort and energy efficiency in different climates (Bueno and Sepúlveda, 2019; Hoffmann et al., 2016; Uribe et al., 2019). Among dynamic shading systems, interior shading is a popular low-cost alternative for existing buildings, since they are easy to install, but they are less effective in terms of the thermal protection they provide (Balaras et al., 2002). Within Danish context, it has been proved difficult the achievement of a good balance between daylight provision, energy consumption, and overheating risk: low g-values and high light transmittance values were recommended for south-oriented rooms and high g-values for north-facing windows to reduce the heating demand (Vanhoutteghem et al., 2015).



A vast number of investigations focused on the optimization of different building performances, used optimization Grasshopper plug-ins within the software Rhinoceros 3D (Mangkuto et al., 2016; Rabani et al., 2021; Toutou et al., 2018; Zhu et al., 2020). Additionally, recent investigations included machine learning technique to speedup multi-objective optimization of architectural spaces (Chegari et al., 2021; Ekici et al., 2021; Geyer and Singaravel, 2018; Zhu et al., 2020). However, despite of the accuracy to predict building performances, these approaches might not be attractive as design tools by non-experienced architects and designers because they required steep learning-curve and are not intuitive due to the “black  box” nature typical of machine learning 
multi-objective optimization approaches (Wang et al., 2021). Several methods to 
predict daylight provision based on prediction formulas   (Lee et al., 2019; Reinhart and Lo Verso, 2010), graphical tools (Cammarano et al., 2015; Pellegrino et al., 2017), and rules-of-thumbs (Loche et al., 2021; Simson, 2019)   have been proposed since two decades ago. Nevertheless, there is a lack of prediction methods, which are easy to use by not simulation or optimization experts, for the combined assessment of daylight provision and overheating risk. Furthermore, there is an urge necessity to propose integrated methods to help architects during early stages of the design process. In fact, by using easy-to-use integrated methods like the proposed in this thesis, architects and designers could achieve better building designs in much less time than with single performance-based approach because the later one does not consider the conflict between different building performances such as daylight-overheating or solar 
access-building volume, etc. 
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In this section, the methodology followed to achieve each of the main objectives of this thesis is explained. Overall, three easy-to-use simulation-based methods are developed to be applied to different levels during early design stages: building level, facade level, and room level (Figure 1). Thus, the structure of this section is the following:



- Section 2.1 (Paper I): the multi-objective optimization workflow for building massing, which is the first phase of the innovative workflow proposed in this thesis, is presented step by step together with the case study;



- Section 2.2: the parametric models used to generate rules of thumb (section 2.2.1, Paper II) and prediction formulas (section 2.2.2, Paper III) for facade level design decisions, which constitute the second phase of the innovative workflow proposed in this thesis, are presented in detail. The case study for the application of the prediction formulas is explained in section 2.2.2.1. In addition, thermal model for overheating simulations (section 2.2.5), climate conditions (section 2.2.3), and overheating risk criterion (section 2.2.4) are described;



-Section 2.3 (Paper IV): the test room (section 2.3.1), daylight calculation methods and Radiance parameters (section 2.3.2), selected fenestration systems (2.3.3), and their optical characterization (section 2.3.4) are explained in detail. All these methodological decisions are the basis of the different analyses (section 3.3) that support the efficient assessment methods for glare protection according to the EN 17037. These glare assessment methods constitute the third phase of the innovative workflow proposed in this thesis. 
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Figure 1. General structure of this thesis and phases of the proposed innovative workflow.
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The first phase of the proposed method is a multi-objective optimization workflow based on SA and solar radiation of the design of building envelopes in context where SA is critical, as in cold climates (Paper I). The aim of this case study is to analyze how SEs based on different criteria influence the building envelope design for a preferred floor plan and different objectives. The possible objectives are: (1) maximization of total floor area, 
(2) maximization of SA performance of the new building envelope; and (3) minimization of incident solar radiation in the warm season of the facade area that fulfill the minimum sun hours according to the SA ordinance. 

Specifically, the minimum SA requirements for new residential buildings in Estonia can be considered from the Estonian standard (Estonian Centre for Standarization, 2015) and from the EN17037 (European comission, 2018). According to the first one, at least one room per each apartment should have a minimum number of direct sun hours of 
2.5 from April 22 until August 22 while the new building should not block more than 50% of the SA of the surrounding residential buildings. According to the EN17037, at least one habitable room per each apartment should have a minimum number of direct daily sun hours between February 1 and March 21, which depends on the level of solar access the designer would choose: 1.5 h, 3 h, or 4 h for minimum, medium, and high level of recommendation for exposure to sunlight, respectively. In this work, only the Estonian standard was considered because it provides more flexibility in the design of new residential buildings in Estonia than considering the EN17037 (De Luca and Sepúlveda, 2021). 

The outputs of this workflow are the optimal method to generate the SE with the novel Grasshopper plug-in Solar Envelope Tools (SET), the number of floor plan divisions, orientation/size of the building, and zone of the facade that fulfills the SA requirements for a given multi-objective criterion. Implicitly, this workflow also provides flexibility in the creation of the interior floor plan of the building. This workflow has four main phases (Figure 2): SEs generation using SET, building envelope generation (using in-built Grasshopper components and Python functions), solar analysis of the building envelope using SET and the assessment of the building performance based on multi-objective criteria.
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Figure 2. Workflow for the building performance assessment. 

In order to study how SEs generated by different criteria influence the building envelope design and use this information to optimize the performance of the new building, the workflow shown in Figure 2 is defined. This workflow has four main phases: SEs generation using SET, building envelope generation (using in-built Grasshopper components and Python functions), solar analysis of the building envelope using SET and the assessment of the building performance based on multi-objective criteria.
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The first step in the SE generation using SET is to extract climate information about the location of the case study (latitude, longitude, UTC and hourly direct normal solar radiation for the annual period) using the component “Location Data Reader”. After this, it is necessary to calculate the sun vectors of the analysis period using the component “Analysis Period” (SunVectGen). Using SunVectGen, the designer can introduce a specific time step and multiple analysis periods. When the selected time step is different than 1 (hourly), SunVectGen uses a linear interpolation to calculate the direct normal solar radiation in each time step. 

The main feature of SET is the possibility to filter and select sun vectors that fulfill different conditions. The filtering process consists of identifying the sun vectors of the analysis period that are not blocked by the surrounding buildings (Context) and fulfill the minimum defined solar altitude (MinAltitude) and dead angle (DeadAngle). This filtering process is run for every existing window introduced as input. Once the filtered sun vectors are identified, a sorting and selection process can be performed taking into account the specific SA ordinances at hand and sorting methods. The SA ordinance of each case study determines the SA minimum requirements for the new building. 
The sorting methods that can be selected through the input SunVectSel, allows taking into account different sun light quality criteria (Table 1). Consequently, the sorted and selected sun vectors can be used to generate the SE using the component “Solar Envelope Generator” (SolEnvGen) which gives as output: (1) the points of the final SE; 
(2) the SE points for each window. Additionally, the sun vectors filtered and selected 
for each window can be visualized using the component “Sun Path Generator” (SunPathGen).

Table 1. Available sorting methods in SunVectSel component.

		Sorting method (VectorsType)

		Description



		

		



		1

		Larger solar altitude first.



		2

		Larger solar incident radiation first.



		3

		Sun vectors out the plot with large solar altitude first, then vectors through the plot with large solar altitude first.



		4

		Sun vectors out the plot with large solar altitude first, then vectors through the plot with larger incident solar radiation first.



		5

		Sun vectors out the plot with large solar altitude first, then vectors through the plot close to the corners of the plot first.





The workflow has been tested on one urban area located in Tallinn, Estonia (Figure 3). A plot 90 x 90 m in size is considered to build a new residential building. The SA rights according to the Estonian standard are described in section 2.2. The choice of a suitable time step is essential for the accuracy of the generated SE and the required computational time (De Luca and Dogan, 2019). Thus, a time step of 2 (one sun vector per 30 minutes) is used for the case study. The minimum angle between a sun ray and the building facade (window dead angle) is set to 10° (Darula et al., 2015). The minimum sun altitude is set to 12° (European comission, 2018). The distance between grid points on the buildable plot is set to 9 min order to achieve a good balance between SE accuracy and computational time cost (De Luca et al., 2018b). Moreover, the maximum buildable height was set to 30 m.
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Figure 3. Virtual urban environment for Tallinn case study. 
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Once the different SEs have been created, the new building volumes can be generated extruding a selected floor plan. Thus, the following step is to generate optimal windows for the new building facades. Nowadays, facades with high window to wall ratios (WWRs) are a common solution at northern latitudes due to the lack of sun hours during the winter and the importance of the view to the outside. The component used to select the sun vectors requires windows as simple surface geometry, which are used for sun hours and radiation analyses. The distance between window centroids was set to 3 m. The floor plan considered for the main cases study is a linear floor plan typology defined by ASHRAE (Dogan et al., 2015) with different number of divisions: 3, 4, and 5 (Figure 4). Moreover, different orientations (from south to south-west every 45 degrees counterclockwise) are chosen in order to study its effect on the building performance.
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Figure 4. Different number of floor plan divisions (south oriented): 3, 4, and 5 (from left to right).
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The third phase consists of sun light hours and incident solar radiation analysis of the new building. The objective of this part of the proposed workflow (Figure 2) is to study how the urban environment affects the SA and solar radiation received by the new building. In this analysis, surroundings and new building must be provided as input in SunVectSel component as urban context. Windows created in the previous phase are also used. To use SunVectSel for this sun hours and radiation analysis is necessary to define an auxiliary plot different from the plot used for the main cases study defined in the first phase of the workflow since it is not necessary to generate any SE in this step. However, the rest of the settings (dead angle, minimum solar altitude, weather files, time steps, etc.) are the same of those defined in section 2.2.1.

The outputs of this phase are the building performance indicators calculated in relation to the visible sun positions and the incident solar radiation for each time step and window. These performance indicators are:



• Volume ratio (𝑉𝑟) (-) as the relation between the total volume of the new building and the volume of the SE,



• Window ratio (𝑊𝑟) (-) as the relation between the number of windows of the new building that fulfill the SA requirements and the total number of windows,



• Mean incident solar radiation (𝑚𝐼𝑆𝑅) (W/m2) as the mean (for the analysis periods defined in section 2.1) incident solar radiation received by the windows of the new building that fulfill the SA requirements.



Thus, knowing 𝑉𝑟, 𝑊r, and 𝑚𝐼𝑆𝑅 for the new building several aspects can be determined: (1) how its volume is fitting the SE volume; (2) which ratio of the total facade area is fulfilling the SA requirements, and (3) the level of solar radiation exposure of the facade.
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In this last phase of the workflow, the building performance indicators are used to calculate the objective variables, which are the variables of the proposed objective linear function 𝐹 (2) that represent the building performance. Thus, it is possible to compare building designs through the value 𝐹 (fitness value). The objectives of the evaluation formula (2) are: maximization of Vr’ (OV) (3); maximization of Wr’ (OW) (4); minimization of 𝑚𝐼𝑆𝑅 (OI) (5). The values of these objective variables are between 0 to 1 (6) and they represent the level of fulfillment of the building 𝑖 within a set of n possible new buildings (1, 2,..., 𝑖,..., 𝑛). 



                     (2)



                                                      (3)



                                                     (4)



                                               (5)



                                                        (6)



The coefficients α, β, and γ are the weight factors whose values depends on the chosen criteria. For the case study, different criteria were taken into account to evaluate the fitness value of each building design (Table 2). The fitness value is always between 
0 and 1. Value 1 is associated to an ideal building performance, and that would mean that the new building fulfills all the objectives previously mentioned at the same time.

In summary, the workflow is applied to one case study (Tallinn case), five sorting methods (Table 1), one floor plan typology with three number of divisions (3, 4, and 5), and eight different orientations (from South to North-West every 45°). Moreover, these 120 cases are evaluated according to eleven multi-objective criteria (Table 2) in order to evaluate which criteria offers the best trade-off building performance.

Table 2. Coefficients of the objective function for different criteria. OV = Volume maximization, 
OW = Solar access maximization, and OI = Solar incident radiation minimization.



		

		OV()

		OW()

		OI()



		C1

		1

		0

		0



		C2

		0

		1

		0



		C3

		0

		0

		1



		C4

		0.5

		0.5

		0



		C5

		0.5

		0

		0.5



		C6

		0

		0.5

		0.5



		C7

		0.3

		0.3

		0.3



		C8

		0.7

		0.3

		0



		C9

		0.3

		0.7

		0



		C10

		0

		0.7

		0.3



		C11

		0

		0.3

		0.7
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In this section, the parametric models used to generate rules of thumb (section 2.2.1) and prediction formulas (section 2.2.2) for room-level design decisions, which constitute the second phase of the innovative workflow proposed in this thesis, are presented in detail. The case study for the application of the prediction formulas is explained in 
section 2.2.2.1. In addition, thermal model for overheating simulations (2.2.5), climate conditions (2.2.3), and overheating risk criterion (2.2.4) are described.
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The aim of this case study is to achieve the following objective: to investigate the effect of different daylight assessment criteria on the combined fulfillment of daylighting and overheating requirements and its implications for the design of residential and office rooms in Estonia (Paper II). A simulation-based methodology with the single-zone approach was used for the assessment of daylighting and overheating. The first part of this methodology was to generate the room variations from the room parameters. 
The second step was to run the daylight simulations (DIVA for Rhino) using different assessment criteria, sDA, DFmean, and DFmin, for residential and office rooms. The validated software Energy Plus was used for overheating simulations. Once the calculations were completed, different daylight criteria were compared. The effect of the window airing on overheating levels was analyzed, and the combined fulfillment of daylight and overheating was analyzed relative to the room parameters.

A parametric model of a generic residential/office room was created in Grasshopper environment that runs within the Rhinoceros 3D computer-aided design (CAD) application. The model generated two geometrical models (one for daylight and another for thermal indoor climate simulations) using different room parameters (Figure 5). 
The building typology used is a common typology in Tallinn (TUT nZEB Research Group, 2017). The building has five floors and a total height of 17 m, with the ground floor occupied by commercial facilities and four regular floors with 2.8 m floor-to-ceiling distance. The test room is located in the middle of the second and third floors to obtain an average obstruction by the surrounding buildings. The surrounding buildings are modeled as a continuous facade of the same height of the test building (17 m) and located at 45 m from the center of the test room toward four cardinal directions with a typical high-density city center setting and a sparse new development setting in Tallinn.
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Figure 5. Diagram of room parameter combinations. 

The room size parameters and number of orientations were selected to obtain a representative sample of typical residential living rooms and office rooms in Estonia. 
The small 3.5 m × 3.5 m rooms represent a single-employee office of approximately 12 m2. Intermediate rooms represent living rooms and medium-size offices with an area of 
20–40 m2. The larger rooms with a size of 6.5 m × 7.5 m represent large offices of ~50 m2. The window sizes used in this study represent typical floor and regular sill (0.9 m from the floor) windows used in residential and office buildings in Estonia (TUT nZEB Research Group, 2017). The window height can be 1.5 m or 2.4 m while the distance from the upper frame to the slab level is 0.37 m. The maximum width for a single glazed area is 1.5 m. WWRs values were calculated considering a frame width of 5 cm for each window (without dividers).

The different shading systems considered in the model are illustrated in Figure 6. Thus, no shading system was considered for rooms facing north (N) because direct sunlight is not relevant for that orientation. However, for south (S), southeast (SE), and southwest (SW) orientations, fixed horizontal shading was used. Apart from horizontal shading, fixed vertical shadings were used in the east (E), northeast (NE), northwest (NW), and west (W) orientations. The reason for the different layout of shading devices for south, southeast, and southwest (horizontal) orientations and all the others (vertical and horizontal) is that horizontal shadings perform well for southerly orientations, and vertical shadings perform well for easterly and westerly orientations due to the low sun angle. In this study, the horizontal shadings for southerly orientations were extended on the side to increase protection from direct sunlight and also when the sun is not perpendicular to the façade; the vertical shadings for easterly and westerly orientations were added the horizontal overhang to increase protection, creating a “crate” system that is also recommended in the literature (Dekay and Brown, 2001; Haglund, 2010). 
The selected sizes for the shading device depths of 0.6 m and 0.9 m correspond to the recommended optimal sizes of shading in relation to window height (maximum 0.4 h, where h is the height of the window) (TUT nZEB Research Group, 2017). The source of the fixed shading device is the facade plane.
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Figure 6. Modeled 3.5 m × 3.5 m rooms S, SE, and E oriented for the daylight analysis (shading size of 0.6 m).

The Radiance parameters used for the sDA and DF simulations were chosen following the recommendation made by Reinhart (Illuminating Engineering Society and The Daylight Metric Committee, 2013). The minimum DA illuminance threshold was defined according to the requirements of the Estonian standard EVS 894:2008/A2:2015, which are 300 lux and 500 lux for residential and office rooms, respectively. The weather data for sDA simulations were obtained from the Tallinn-Harku meteorological station for the year 2014 (described in section 2.4). The occupancy schedule used for climate-based daylight assessment in office rooms is from 08:00 to 18:00 during weekdays as required by the method LM-83-12 (Illuminating Engineering Society and The Daylight Metric Committee, 2013). For residential rooms, an “always occupied” schedule was used because residential buildings are assumed to be occupied all day throughout the week. 
CIE overcast sky conditions were considered for DF calculations by DIVA (DAYSIM). 
The daylight analysis grid is located at 0.8 m height from the floor and the spacing between the grid points is 0.5 m (Illuminating Engineering Society and The Daylight Metric Committee, 2013). DIVA is a Grasshopper plug-in for Rhinoceros that uses the validated software DAYSIM (Radiance-based software) for daylight calculations (Jakubiec and Reinhart, 2011; Reinhart and Pierre-Felix, 2009; Reinhart and Herkel, 2000). Specifically, DIVA components “daylight factor” and “annual daylight” were used to assess the daylight intensity according to the criteria of interest presented in section 2.2.

In parametric analysis, three different daylight assessment criteria were considered (DFmean, DFmin, and sDA). The DFmean criterion requires a minimum mean DF of 1.5% and 2.0% for residential and office rooms, respectively. IES LM-83-12 defines a minimum sDA of 55% (for a DA threshold of 300 lux for all types of buildings). Thus, at least 55% of the area is lit with at least 300 lux in 50% of the occupied hours. For office rooms, a DA threshold of 500 lux was considered instead of 300 lux, as recommended by the European lighting standard EN12464-1 (European Committee for Standardization, 2011). For both, residential and office test rooms, interior finishing materials had standard diffuse reflectance values, commonly used for daylight simulations when real building material data are not available (De Luca et al., 2018a; Dogan and Park, 2019; Reinhart, 2018). The reflectance of the opaque surfaces in the model is shown in Table 3. Moreover, triple glazed windows with 18 mm gap (CalumenLive, 2021) were considered because of their reliability in terms of cost and energy performance within the Estonian context (Pikas et al., 2015; Thalfeldt et al., 2017, 2013). 



Table 3. Reflectance values for opaque surfaces recommended by the European standard EN17037 for daylight simulations (European comission, 2018).

		Surface

		Reflectance (-)



		Interior walls

		0.5



		Floor

		0.2



		Ceiling

		0.7



		External floor

		0.2



		External facade

		0.3







The Grasshopper plug-in ArchSIM (Dogan, 2014) was used to define the model for thermal calculations at residential rooms described in section 2.7. The.idf file generated by ArchSIM was edited and set up all the desired parameters such as the number of warming days, frame width, or boundary conditions of each surface. The edited the.idf file was used as input to the validated software Energy Plus version 8.4 (U.S. Department of Energy, 2015). After simulations, a DH metric value was calculated for each room combination using the hourly mean air temperature (Th) during the warm season 
(section 2.3).









[bookmark: _Toc104447116]Parametric studies to develop daylight and overheating prediction formulas

The aim of this case study is to achieve the following objective: to develop prediction formulas that help architects and practitioners to estimate overheating risk levels 
and daylight provision for different climate conditions and regulations (Paper III). 
A simulation-based methodology with the single-zone approach was used for the assessment of daylighting and overheating in residential buildings. The only differences between this parametric model and the one described in section 2.8.2 are the following:



- Surrounding buildings were considered at a distance of 17 m from the floor level of the test room, using a continuous facade and varied height to model different mean obstruction angles (θs) from 0° to 35.0° (Figure 7);



- The visible transmittance of the glazing system was varied from 45% to 80% and the g-values, which are associated to different glazing systems commonly considered within the Estonian context (Simson et al., 2017b; Thalfeldt et al., 2013), were varied from 0.24 to 0.61 (with U-values from 0.21 to 1.4 W/m²·K) (Figure 7).



- No shading system was considered in the parametric model because one of the main principles of the coupled method to be used during early stage design is to maximize daylight provision and quantify the potential overheating risk while minimizing design costs related to unnecessary shading system.



- Only minDF-based daylight assessment criterion (section 2.2) was considered in this case study and DH-based overheating assessment criterion (section 2.3);
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Figure 7. Diagram of room parameter combinations and representation of the obstruction angle θ for a generic room. Window-to-wall ratio=WWR. An obstruction angle is considered null (θ = 0°) when the roof of the surrounding building/external obstruction is at the same level or below the floor level of the test room. The total number of room combinations is 5120 and 40960 for daylight and thermal simulations, respectively.

The European standard EN 17037:2018 proposed two methods for the daylight assessment. For this parametric analysis, only the minDF-based criterion (DFmin) was considered. Thus, the fulfillment of minimum daylight provision according to the static method defined by the EN 17037 consists in the simultaneous fulfillment of two conditions. The first condition (Cd1) is fulfilled if the minimum DF value for the first half of the reference plane closer to the window (minDF1) is higher than a target value (minDF1t), which depends on each EU country (1.5%–2.8%) (e.g. minDF1 ≥2.2% for Estonia, minDF1 ≥1.8% for Spain, etc.). The second condition (Cd2) is fulfilled when the minimum DF value for at least the 95% of the entire the reference plane (minDF2t) 
should be higher than a target value, which depends on each EU country (0.5%–0.9%) 
(e.g. minDF2 ≥0.7% for Estonia, minDF2 ≥0.6% for Spain, etc.) (Figure 8).
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Figure 8. Minimum thresholds for different European countries defined by the European standard EN 17037 for target DF for the first half of the reference plane closer to the window (minDF1) and minimum target DF for at least the 95% of the reference plane (minDF2).  



The coupled method based on the developed prediction formulas were combined in order to choose design decisions that help to achieve a good balance between daylight provision and overheating risk protection in a new residential building in Estonia. These design decisions consist of the selection of window’s size and thermal properties for each designed bedroom and kitchen-living rooms. On one hand, a good level of daylight provision is achieved when the minimum requirement according to the minDF-based method defined by the European standard EN 17037 is fulfilled. On the other hand, 
the maximum overheating risk level is based on the DH-metric, which has the potential to be adopted by EU countries as overheating metric in the future. It was considered the design of a multi-store building located in a middle-density urban area of Tallinn, Estonia (Latitude: 59.39°, Longitude: 24.67°) (Figure 9). The building has a length of 82 m and a width of 17 m. The number of floors is 10 floors where the first floor is habilitated for commercial, building access, and parking uses. There are 12 apartments of 94.5 m2 
(13.5 m width x 7 m depth) per floor and the floor height is 3 m where 2.8 m is the room height. Each apartment has one 4 x 6 m bedroom and one 6 x 6 m open kitchen-living room. The mean obstruction angles are between 0° (higher floors) and 20° (lower floors).
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Figure 9. Top view (a) and perspective view (b) of the building (E-W) and surrounding environment used in the case study in Tallinn, Estonia.

[bookmark: _Toc104447117]Climate conditions

The room combinations from both parametric models analyzed in this thesis are within the Estonian context, specifically the capital of Estonia: Tallinn (Latitude: 59.4370° N, Longitude: 24.7536° E), which is located at the north coast of the country. Tallinn has a warm humid continental climate (Dfb) according to Köppen-Geiger classification (CLIMATE-DATA.ORG, 2021). The average annual temperature is +6.4°C and the average temperature during the warm season is +16.2°C (Estonian Weather Service, 2021a). 
The wettest months are July and August (average precipitation of 82–85 mm), while the driest months are from March to May with an average precipitation of 35–37 mm (Estonian Weather Service, 2021b). The average number of sun hours is 1922.7 during the year, where December is the darkest month with 20.7 sun hours and July is the most sunlit month with 312.1 sun hours (Estonian Weather Service, 2021c).        

For the thermal calculations conducted in this thesis, climate conditions related to the year 2014 were considered (Figure 10) for thermal and daylight dynamic calculations. The warm season of the year 2014 reached higher outdoor temperatures than the typical climate of the Estonian region (TRY). The TRY is built from selected monthly weather 
data from 1970–2000. Therefore, TRY temperature profile is smoother than 2014 temperature profile (Figure 10a).
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Figure 10. Dry bulb temperature (a) and solar radiation profiles (b) for different weather data sets. SP = set point.

[bookmark: _Toc104447118]Assessment criterion for overheating risk

Estonia has specific overheating requirements that must be met if there is no mechanical space cooling system in a new or a renovated building. Window airing is not permitted in overheating simulations of non-residential buildings. Installation of openable windows is not regulated by these requirements. In this thesis, overheating risk in residential buildings with natural ventilation (window airing technique) is analyzed. Overheating requirements in Estonia are based on the metric degree-hour (DH) (°C·h) (Eq. (7)), which represents the accumulation of the hourly indoor mean air temperature (Th) excess (related to a temperature set point of 27 °C) during a specific period of the warm season (June 1–August 31). The use of simulation-based methodology is recommended to assess summer thermal comfort in Estonian residential buildings (Hamburg and Kalamees, 2019). Thus, the expression to calculate the DH metric from simulated Th values of a residential room during the warm season is the following:



                                                 (7)

Where N is the number of occupied hours (from June 1 to August 31). According to the Estonian regulations, DH threshold must not exceed 150 °C·h (maxDHEST) in residential buildings (Estonian Government, 2012).

[bookmark: _Toc104447119]Thermal model for overheating simulations

The validated software Energy Plus was used for thermal indoor energy simulations required by cases studies explained in sections 2.8.2, 2.8.4, and 2.8.5 (U.S. Department of Energy, 2015). The hourly mean air temperature (Th) was the variable of interest 
to assess the overheating risk in terms of the DH metric (section 2.3). Construction materials for the walls, slab, and floor are shown in Table 4. Slab floor and interior walls consist of 250 mm layer of concrete. The external wall is composed of three layers of concrete and expanded polystyrene, with a thermal transmittance of 0.128 W/(m2K). Moreover, triple glazed windows with 18 mm gap (CalumenLive, 2021) was considered for section 3.2.1 because of their reliability in terms of cost and energy performance within the Estonian context (Pikas et al., 2015; Thalfeldt et al., 2017, 2013). Windows were modeled using a simplified model, which has been proved to be more conservative than the detailed model for overheating risk calculations (Thalfeldt et al., 2016). Window simplified model is based on constant properties: solar/visible transmittance, U-value, and internal/external emissivity values. These optical and thermal properties were not included as independent variables of the parametric model (section 3.2.2), mainly because architects and designers are used to follow recommendations about cost-optimal window constructions for different climate contexts (Saadatian et al., 2021b, 2021a; Simko and Moore, 2021). 

Slab floor and interior walls were considered as adiabatic surfaces (Abel Sepúlveda 
et al., 2020). However, it was considered heat transfer through the exterior wall and solar exposure. Required usage profiles for internal gains in residential buildings by Estonian regulations can be seen in Figure 11. For a multi-apartment building, the number of square meters per person is 28.3 (Estonian Government, 2015) and the mean level of activity is 1.2 MET (Table 5).

The consideration of infiltration is mandatory by Estonian regulations. The infiltration air flow rate (qi) is calculated using Eq. (8):

                                                                   (8)

Where A is the area of the building envelope in m2, q50 is the average air leakage rate of the building envelope determined by means of an air leakage test at a pressure difference of 50 Pa, which characterizes the air tightness of the building envelope, 
was set to 3 m3/(h·m2) according to the same regulation, and x is the building factor set to 20 since the typical building in Tallinn has four stories (Estonian Government, 2015).

Table 4.  Thermal and optical properties of the building envelope.

		Element

		Construction

		Thermal transmittance (W/(m2K))

		g value (-)

		Visual /Solar
Transmittance 
(-)

		Exterior/Interior emissivity (-)



		 External wall

		Concrete 150 mm

Expanded Polystyrene 
280 mm

Concrete 50 mm

		0.128

		-

		-

		0.9/0.9



		Floor slabs, Internal Walls

		Concrete 250 mm

		3.59

		-

		-

		0.9/0.9



		Window frame

		Aluminium  50 mm

		0.5

		-

		-

		0.9/0.9



		Window (CalumenLive, 2021)

(sections 3.2.1.2 and 3.2.1.3)

		Triple glazing

		0.5

		0.37

		0.63/0.27

		0.9/0.9



		Window constructions (section 3.2.2)

		Variable

		[0.21, 0.5, 1.1, 1.4]

		[0.24, 0.37, 0.52, 0.61]

		[56, 63, 56, 78]

		0.9/0.9
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Figure 11. Usage profiles of occupancy, lighting, and equipment for residential buildings in Estonia  (Estonian Government, 2015). 



Table 5. Internal gain parameters for Estonian residential buildings.

		People density

		0.0353 p/m2



		Metabolic Rate

		1.2 MET



		Equipment power density

		3 W/m2



		Lighting power density

		8 W/m2



		Dimming Control

		OFF



		Target Illuminance

		300 lux







HVAC settings used in the thermal model are displayed in Table 6. Mechanical ventilation was also considered: minimum fresh air of 14.15 L/s per person and minimum fresh air of 0.5 L/s per area (m2). Airing position of the window was set to 10% as defined by Simson et al. (Simson et al., 2017a). With a set point of 25 °C and an openable area of 10% for the window, low heating energy is needed during the warm season due to the occasional low exterior temperatures in Tallinn. The heating system must be switched ON with a set point of 21 °C for residential buildings (Table 5).



Table 6. HVAC settings for residential buildings in Estonia.

		Heating system (SP)

		 ON (21 °C)



		Cooling system (SP)

		 OFF (-)



		Window airing (SP)

		ON (25 °C)



		Mechanical ventilation

		 Always ON



		Minimum Fresh Air per Person

		 14.15 (L/s/p)



		Minimum Fresh Air Area

		 0.5 (L/s/m2)



		Heat recovery temperature efficiency

		 80%







[bookmark: _Toc104447120]Benchmark of methods for annual glare assessment

In this section, the test room (section 2.3.1), daylight calculation methods and Radiance parameters (section 2.3.2), selected fenestration systems (2.3.3), and their optical characterization (section 2.3.4) are explained in detail (Paper IV). All these methodological decisions are the basis of the different analyses (Table 7) (section 3.3) that support the efficient assessment methods for glare protection according to the EN7037. These glare assessment methods constitute the third phase of the innovative workflow proposed in this thesis. 

Table 7. Summary of all the analyses conducted for the development of efficient glare assessment methods. Sec. = section, DCM = daylight calculation method, rΔ = relative deviation, Glaz = solar-control double glazing unit, TSs = time steps, and  aΔ=absolute deviation. The time steps are for February 5, Freiburg, Germany. VA = Viewing angle refers to the angle between viewing direction and window plane.

		Sec.

		TSs

		VA

		CFSs

		Radiance material

		DCM

		Metrics

		Output



		3.3.1

		11:00 

		-

		T100, T5, T3, T1

		BRTDfunc

		3pm

5pm 

rtrace

		rΔEv (%)

		Optimal Radiance parameters



		3.3.2

		11:00 

16:00 

		45°

		T5, T3, T1

		BRTDfunc, 

t45a, t45, t39a, t39, t38a, t38, t37a, t37, Klemsa

		3pm 

5pm

rtrace

		DGP (-)

Ev (lux) 

		Suitable material representations



		3.3.3

		Annual 

		0°

		T1/T3/T5





		BRTDfunc

		5pm 

rtrace

		CPU time

		Fastest daylight calculation method 



		3.3.4

		Annual 

		45°

		Glaz +T1

Glaz +T3

Glaz +T5

		Klemsa

		5pm

rtrace 



		CPU time (h) 

aΔfDGPt (%)

		Optimal time step sampling strategy







[bookmark: _Toc104447121]Test room

This part of the study considers a south-oriented test room with two different viewing directions, parallel to the window plane and 45° towards the window (Figure 12). Glare protection criterion was considered according to EN 17037: the annual percentage of discomfort glare hours (fDGPt) should be lower than 5% for a shading device to protect against glare. Glare hours are considered as the occupied hours with an associated DGP above a threshold DGPt: 0.35, 0.40, and 0.45 for high, medium, and minimum level of glare protection, respectively (European comission, 2018). All the opaque surfaces were modeled with the Plastic material primitive in Radiance with reflectance values recommended by the European standard EN17037 (Table 3). The room is located in Freiburg, Germany (latitude: 48 °N). The day of study for the static analyses is February 5 because of the low solar altitude, which is critical for daylight glare. No exterior obstacle is considered in this case study. It was assumed clear sky conditions for all the simulations (CIE clear sky with the presence of the sun) as is recommended by the EN 17037 for the verification of the glare protection capabilities of shadings for a critical situation (European comission, 2018). In fact, typical weather files might hide a glare risk if, for a particular situation with a critical sun position, the weather file indicates a cloudy sky. Therefore, clear skies should be considered in the simulation for annual glare analyses. This represents a worst-case scenario which is suitable for choosing a glare protection device. 
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Figure 12. Geometrical information for the south-oriented office room, occupant’s position and viewing directions. 

[bookmark: _Toc104447122]Daylight calculation methods and Radiance parameters

It was used the Radiance software v5.4.a for illuminance calculations and renderings (“Radiance 5.4a (2020-09-06),” n.d.). Specifically, the chosen daylight methods were the classic ray-tracing-based daylight method rtrace (Ward, n.d.) and matrix-based methods 3pm and 5pm (Lee et al., 2018a). A BSDF Klems data set in .xml format (transmission matrix) is required in 3pm and 3pmD simulations while CFS in cds phase and rtrace method can be modeled with different Radiance materials explained in sections 2.2 and 2.3. One of the difficulties in applying these methods is the selection of Radiance parameters for the simulation. It was studied the sensitivity of ambient bounces (ab parameter) and ambient divisions (ad parameter) when using the daylight methods rtrace and 3pm (Ward, n.d.). In addition, it was analyzed the sensitivity to the ad parameter and the number of Reinhart sky-patch subdivisions (MF parameter) in 5pm calculations (Inanici and Hashemloo, 2017b). The parameters ab and ad determine the accuracy of the calculation for indirect light from the sky. The MF parameter is related to the accuracy of the sun positions and sky modelling in the direct sun coefficient calculation (cds) within the 5pm simulation. Additional Radiance parameters used for the calculations in this investigation can be seen in Table 8. These Radiance parameters are recommended in several Radiance tutorials (McNeil, 2014, 2013) and previous investigations (Brembilla et al., 2019; Reinhart and Herkel, 2000). It was used 25 cores of a Linux machine cluster of 56 CPUs to run all the simulations (Processor Intel(R) Xeon(R) CPU E5-2697 v3 @ 2.60GHz). 

Table 8. Radiance parameters used for glare simulations by rtrace and 5pm. cds refer to the direct coefficient sun simulation. 3pmD refers to 3pm simulation of the 5pm considering only the direct component of the solar radiation.

		

		

		Radiance parameters



		









5pm

		

3pm

		Sky generation: +s (CIE clear sky) -m 1 (MF=1 ) 



		

		

		Daylight matrix: -n 25 -c 1500  -ab 4 -ad 1024 -lw 9.76e-4 



		

		

		View matrix: -n 25 -c 10 -ab 10 -ad 65536 -lw 1.53e-5 -pj 0.7 -x 900 -y 900



		

		

3pmD

		Sky generation: +s (CIE clear sky)  -m 1 (MF=1 ) -d (direct component of the sun)



		

		

		Daylight matrix: -n 25 -c 1500  -ab 0 -ad 1024 -lw 9.76e-4 



		

		

		View matrix: -n 25 -c 10 -ab 1 -ad 65536 -lw 1.53e-5 -pj 0.7 -x 900 -y 900



		

		

cds

		Sky generation: MF=3 (1297 sky subdivisions)  (Subramaniam, 2017)



		

		

		Daylight coefficient matrix:  -n 25 -ab 1 -ad 1024 -pj 0.7 -dc 1 -dt 0 -dj 0 -x 900 
-y 900 MF=3



		rtrace

		-n 25 -lw 1/ad -aa 0.1 -as 1000 -x 900 -y 900 

(The selection of -ad and –ab parameters is justified in section 3.3)







[bookmark: _Toc104447123]Selection of fenestration systems

In this case study, synthetic fabrics with different optical properties were considered. This allows us to parametrize important characteristic of shading devices such as the specular/diffuse split and the cut-off angle (minimum incident angle for which a CFS completely blocks specular transmission), which are used in the EN 17037 for classification. Fabrics are in general anisotropic depending on the weaving direction. However, for the purposes of this analysis, fabrics are modeled with the Radiance primitive BRTDfunc as being isotropic (due to random or uniform microgeometry (Ward et al., 2021)) with a main view-through component. The BRTDfunc material considers separate specular and diffuse components and a cut-off angle. This approach is a modified version of the analytical Roos model for fabrics defined by Wienold et al. (Wienold et al., 2017). BSDF of these synthetic fabrics are then generated for the analysis. 

The accuracy of the simulations with different BSDF representations is assessed as compared with the simulation results using the original material definition (i.e., 
the BRTDfunc model is considered the “gold standard” in this particular study). One set of fabrics are considered, Table 9 shows the main optical properties for three synthetic fabrics (normal-normal transmittances: 5%, 3%, and 1%) and a representation of a window hollow (no glazing nor shading) named T100 (100% transmission). The cut-off angle of fabrics T5, T3, and T1 was set to 70°. The diffuse reflectance was set to 60% related to a light grey colored fabric. 

Table 9. Optical properties for BRTDfunc model for 4 synthetic fabrics (modeled by Roos parameters p = 4.0, q = 2.9 (Karlsson and Roos, 2000)). τnn is the normal-normal transmittance, τndif is the normal-diffuse transmittance, and ρndif is the normal-diffuse reflectance.

		Name

		τnn 

(-)

		τndif 

(-)

		ρndif  

(-)

		Cut-off angle

 (°)



		T100

		1.0

		0

		0

		90



		T5

		0.05

		0.15

		0.60

		70



		T3

		0.03

		0.15

		0.60

		70



		T1

		0.01

		0.15

		0.60

		70







[bookmark: _Toc104447124]Optical characterization of complex fenestration systems

For the optical characterization of fabrics considered for glare calculations (case study explained in section 2.8.6), BSDF data sets were generated using direct functional sampling (Ward, 2013; Ward et al., 2021), as an alternative to the virtual goniophotometer approach (McNeil, 2015; McNeil et al., 2013) and implemented in the Radiance genBSDF program. Direct functional sampling consists of applying the mathematical function that represents the optical behaviour of the material (e.g., 
the BRTDfunc), sampling rays for each incident and outgoing projected solid angle as required by the BSDF format (e.g. tensor tree generation 7 or Klems). By default, complete sampling consists of 1024 rays per solid angle. However, an adaptive sampling mechanism is in place to reduce the sampling time. Tensor-tree BSDFs were generated using the bsdf2ttree program, where the incident and scattered ray pairs are sampled over each solid angle depending on the tensor-tree resolution. A subtended apex angle of 0.533° (the solid angle of the solar disk) is assumed for direct-direct transmission. 
Rays scattered beyond this solid angle are allocated to the direct-diffuse transmission. Figure 13 shows that, with an adaptive sampling algorithm, increasing the resolution of the tensor tree decreases the RMSE of direct-hemispherical transmissivity between the BSDF and the analytical function.

The following angular resolutions were analyzed: Klems basis, t37, t38, and t39. Although only isotropic materials are considered in this study, an anisotropic tensor-tree t45 was included in the comparison. For a generic tensor tree -t3/-t4 k, k refers to generation of 22k directions per hemisphere (Lee et al., 2018a). BSDF datasets were modeled with BSDF and aBSDF materials in Radiance. The aBSDF material definition includes a peak extraction algorithm, which separates the transmission peaks, associated with the view-through component of the transmission, from the rest of the BSDF dataset (Ward et al., 2021). Proxy geometry of fabrics were not considered because the storage of their tiny geometry leads to very large computational consuming simulations. Therefore, these material definitions were assigned directly to a polygon surface that represents the window.
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Figure 13. Direct-direct transmittance depending on the angle of incidence for four different isotropic tensor-tree BSDF generated with the Radiance program bsdf2ttree. The angular resolution (x) of the isotropic tensor-tree (-t3 x) BSDFs are 6 (a), 7 (b), 8 (c), and 9 (d). 



[bookmark: _Toc104447125]Results and discussion

In this section, all the results are presented, analyzed, and discussed. The structure of this section is the following:



- Section 3.1 (Paper I): an example of use of the first phase of the innovative workflow proposed in this thesis is presented. In other words, the building orientation, volume, and windows location are defined by the multi-objective optimization workflow for building envelope presented in section 2.1 that is used for the case study presented in section 2.1.1;



- Section 3.2: Firstly, the rules of thumb for the fulfillment of daylight provision for different assessment criteria (section 3.2.1.1), overheating for different ventilation strategies (section 3.2.1.2), and combined fulfillment of daylight and overheating (section 3.2.1.3) are explained (Paper II). Secondly, the prediction formulas are developed for daylight provision (section 3.2.2.1) and overheating risk (section 3.2.2.2) (Paper III). In addition, an example of use of both prediction formulas is presented and validated in section 3.2.3 (Paper III). The use of either rules of thumb or prediction formulas to help architects and designer to make decision to room-level (e.g. room sizing, window sizing, etc.) constitute the second phase of the innovative workflow proposed in this thesis;



-  Section 3.3 (Paper IV): convenient sensitivity analyses to support the recommendation of efficient glare assessment methods, which constitute the third phase of the innovative workflow proposed in this thesis, are developed in this section. As mentioned, for a suitable assessment of DGP-based glare protection metric, it is necessary to calculate properly vertical illuminance and luminance of the field of view.  Thus, recommended Radiance parameter for static illuminance simulations are presented and justified in section 3.3.1. Comparison analysis of daylight calculation methods and material models for static glare calculation is presented in section 2.3.2. A criterion to choose daylight calculation method for dynamic glare calculations depending on the required computational time is developed and validated in section 3.3.3. Finally, an evaluation of different sampling strategies for annual glare assessment in terms of computational time and accuracy is presented in section 3.3.

[bookmark: _Toc104447126]First phase: defining building orientation, volume, and windows location considering solar access

The values of the objective variables for different criteria (Table 2) used in case study explained in section 2.8.2 can be seen in Figure 14. In these case, five different group of criteria give 5 different optimal solutions:



· The first optimal solution is generated by the 100% volume-weighted criterion (C1),

· The second optimal solution is a 100% SA-based criterion (C2),

· The third optimal solution is generated by a group of criteria based on different trade-off considerations (C3, C5, C7, and C11),

· The fourth optimal solution is generated by a group of criteria based on different trade-off between volume and SA (C4, C8, and C9),

· The fifth optimal solution is generated by a group of criteria based on different trade-off between SA and 𝑚𝐼𝑆𝑅 (C6 and C10).
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Figure 14. Objective variables values for different criteria in case study explained in section 2.8.2.

The design parameters and the performance indicators for each optimal solution 
are shown in Table 9. In general, SM 2 and 4 are not recommended for any criteria. 
The maximization of the building volume (𝑉𝑟 = 0.24) is possible by orienting west a floor plan with 5 divisions and considering SM 5 to generate the SE (Figure 15a). Nevertheless, 
the combination of the SM 1 or 3 with 3 divisions of the floor plan and NW orientation, achieve a low volume fitting with the SE volume 𝑉𝑟 = 0.18) but high performance in terms of SA (𝑊𝑟 = 0.87) and 𝑚𝐼𝑆𝑅 (190.14 W/m2) (Figure 15e). Moreover, the south orientation combined with a low number of divisions of the floor plan (3 and 4) are associated to high 𝑊𝑟 (between 0.84 and 0.97) when SM 1 is considered (Figure    15b and 15d). The only difference between the fifth and the third optimal solution is the number of divisions of the floor plan (4 and 3, respectively). This increment from 4 to 3 divisions of the floor plan generates a self-shadowing phenomenon: the 3% of the whole facade pass to do not fulfill the SA requirement because 𝑉𝑟 increases a 5% (Figure 15c and 15e).

Table 9. Design parameters and performance indicators using  different criteria (Table 2) for Tallinn case (section 2.8.2).

		Criteria

		nFPd

		Ori.

		SM

		Vr

		Wr

		mISR



		C1

		5

		W

		5

		0.24

		0.66

		197.39



		C2

		3

		S

		1,3

		0.19

		0.92

		197.7



		C3,C11,C5,C7

		4

		NW

		1,3

		0.23

		0.84

		188.78



		C4,C8,C9

		4

		S

		1

		0.23

		0.89

		197.89



		C6,C10

		3

		NW

		1,3

		0.18

		0.87

		190.14





Finally, the third (Figure 14c) and fourth solutions show good trade-off performance. Nevertheless, since the deviations in terms of 𝑚𝐼𝑆𝑅 are around 10 W/m2, the fourth optimal solution is the best one (Figure 14d): south-oriented building whose floor plan is divided by 4 sections (SM 1 used for the  SE generation) achieve a 𝑉𝑟 of 0.23 and the 89% of the facade is fulfilling the SA requirements with a mean incident solar radiation of almost 198 W/m2.
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Figure 15. Optimal combinations in Tallinn case.

As seen in this section 3.1, different SEs might fulfill the same SA requirements for a case study. This fact provide flexibility in the early design stages of the architectural design process. In general, considering a large number of possible floor plan divisions, 
the volumes of the new building can fit better the SE volume. Moreover, the consideration of sorting methods based on larger solar altitudes and sun vectors outside the plot achieve larger SE volume than those based on incident solar radiation. The maximum relative difference in terms of SE volume is almost 50%. Indeed, this difference can be due to the length of the analysis period.

A suitable choice of the design parameters is critical to optimize the new building envelope. If the preferred criteria to design the new residential building is the volume ratio and the SA of the facades, the use of criteria based on trade-off criteria between volume and SA for Tallinn are suitable ones. The optimized    building envelope for the case study is shown in Figure 16. The optimal number of floor plan divisions are four and the total floor area is 11617 m2. South-oriented floor plan allows good performance between volume and SA of the new buildings (Figure 16): volume ratio higher than 20% and ratio of the facade that fulfill the SA requirements of 89%. This workflow is specially suitable when the SA regulations are strict. First decisions as building orientation, windows location, building footprint, and buildable volumes characterize the solar access of the existing and new buildings. Other requirements related to daylight provision, overheating, energy consumption or glare protection could be fulfilled with a suitable design of interior layout and facade.
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Figure 16. Optimized building envelopes for Tallinn case. Windows in yellow fulfill the SA requirements and the red window has the maximum mean incident solar radiation.

[bookmark: _Toc104447127]Second phase: window sizing considering daylight provision and overheating risk

Once the building orientation, volume, location of the windows are defined by the architect or designer by applying the first phase (section 3.1) of the innovative workflow proposed in this thesis, the use of either rules of thumb or prediction formulas to help architects and designer to make decision to room-level (e.g. room sizing, window 
sizing, etc.) constitute the second phase of the novel workflow proposed in this thesis. Therefore, this section is split into two sections:



- In section 3.2.1 (Paper II), the rules of thumb for the fulfillment of daylight provision for different assessment criteria (section 3.2.1.1), overheating for different ventilation strategies (section 3.2.1.2) and combined fulfillment of daylight and overheating (section 3.2.1.3) are explained. 



- In section 3.2.2 (Paper III), the prediction formulas are developed for daylight provision (section 3.2.2.1) and overheating risk (section 3.2.2.2). In addition, an example of use of both prediction formulas is presented and validated in section 3.2.3. Simplified method based on rules of thumb for window sizing

[bookmark: _Toc104447128]Simplified method based on daylight and overheating rules of thumb for window sizing 

Rules of thumb for daylight provision at residential and office rooms 

According to the results (Figure 17), all the tested room variations that fulfilled the minimum DF of 2.2% for the first half of the reference plane closer to the window also fulfilled the minimum DF of 0.7% for at least 95% of the reference plane. Hence, 
the minimum DF of 2.2% for the first half of the grid is taken as the critical requirement that ensures the fulfillment of the European standard EN 17037:2018. The percentage of the simulated rooms (3520 combinations) associated with different daylight fulfillment cases is displayed in Figure 17. There is no room that reaches sDA higher than 55% and a mean DF lower than 1.5 or 2.0 for residential or office use, respectively. In 29% and 32% of the residential and office cases, respectively, the Estonian DF requirement is met, but not the sDA. Nevertheless, there is a 70% agreement between sDA and DFmean for both types of buildings. For residential rooms, the agreement between DFmean and DFmin is 58%. There is no room that reaches a minimum DF higher than 2.2% and a mean DF lower than 1.5 or 2.0% for residential or office rooms, respectively. For office rooms, the agreement between DFmean and DFmin is approximately 70%, likely due to the stricter DFmean requirement for office use (2.0%) than for residential rooms (1.5%).
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Figure 17. Agreement analysis between different the daylight criteria used (section 2.2).

The minimum WWR (minWWR) to fulfill the daylight requirement for different criteria (DFmean, DFmin, and sDA) and office room parameters are presented in Table 10. The IES LM-83-12 is one of the most conservative testing criteria. The NE, NW, and W-oriented office rooms with depths of at least 3.5 m do not fulfill sDA ≥55% when shading is used. However, the maximum recommended room depth is 5.5 m when no shading is used (minWWR of 0.86 for S orientation). For shading sizes of 0.6 m or 0.9 m installed in the S- and SE-oriented rooms, the maximum recommended room depth is 4.5 m (minWWR of 0.86). As expected, the shading size is related to the increase in minWWR required for any room combination. 



Table 10. Minimum WWR to fulfill the daylight requirements (for DFmean, DFmin, and sDA) defined in section 2.2.1 for office rooms.

		Office room depth (m)

		3.5

		4.5

		5.5

		6.5

		7.5



		Shading size (m)

		0 m

		DFmean

		S,SE,E,NE,N,NW,W,SW

		0.27

		0.27

		0.4

		0.4

		0.4



		

		

		DFmin

		S,SE,E,NE,N,NW,W,SW

		0.4

		0.4

		0.86

		-

		-



		

		

		sDA

		S 

		0.4

		0.4

		0.86

		-

		-



		

		

		

		SE,E,SW 

		0.4

		0.54

		-

		-

		-



		

		

		

		NE,W 

		0.4

		0.86

		-

		-

		-



		

		

		

		N, NW 

		0.54

		-

		-

		-

		-



		

		0.6 m

		DFmean

		S,SE,SW

		0.4

		0.4

		0.54

		0.54

		0.86



		

		

		

		E,NW,W 

		0.4

		0.54

		0.86

		-

		-



		

		

		

		NE

		0.4

		0.54

		0.86

		0.86

		-



		

		

		DFmin

		S

		0.4

		0.54

		-

		-

		-



		

		

		

		SE,SW

		0.4

		0.86

		-

		-

		-



		

		

		

		E,NE,NW,W

		0.54

		-

		-

		-

		-



		

		

		sDA

		S,SE 

		0.4

		0.86

		-

		-

		-



		

		

		

		E 

		0.86

		-

		-

		-

		-



		

		

		

		NE,NW,W 

		-

		-

		-

		-

		-



		

		

		

		SW

		0.54

		0.86

		-

		-

		-



		

		0.9 m

		DFmean

		S,SE,SW 

		0.4

		0.54

		0.86

		0.86

		-



		

		

		

		E,NE,NW,W 

		0.54

		0.86

		-

		-

		-



		

		

		DFmin

		S,SE,SW

		0.54

		0.86

		-

		-

		-



		

		

		

		E,NE,NW,W

		0.86

		-

		-

		-

		-



		

		

		sDA

		S,SE 

		0.54

		0.86

		-

		-

		-



		

		

		

		E,NE,NW,W 

		-

		-

		-

		-

		-



		

		

		

		SW 

		0.54

		-

		-

		-

		-







As shown in Table 11, the fulfillment in terms of different daylight requirements in residential rooms is less restrictive than in office rooms: the maximum depth of the office rooms is equal to or less than that of the residential rooms for sDA/DFmean criteria, 
when the room orientation or shading size is considered, because of the stricter daylight requirements for office rooms. 



Table 11. Minimum WWR to fulfill the daylight requirements (for criteria DFmean, DFmin, and sDA) defined in section 2.2.1 for residential rooms.

		Residential room depth (m)

		3.5

		4.5

		5.5

		6.5

		7.5



		Shading size (m)

		0 m

		DFmean

		S,SE,E,NE,N,NW,W,SW

		0.27

		0.27

		0.27

		0.4

		0.4



		

		

		DFmin

		S,SE,E,NE,N,NW,W,SW

		0.4

		0.4

		0.86

		-

		-



		

		

		sDA

		S,W 

		0.27

		0.4

		0.4

		0.86

		-



		

		

		

		E,SE,NW,SW 

		0.27

		0.4

		0.54

		0.86

		-



		

		

		

		NE 

		0.4

		0.4

		0.54

		-

		-



		

		

		

		N 

		0.4

		0.4

		0.86

		-

		-



		

		0.6 m

		DFmean



		S,SE,SW 

		0.27

		0.4

		0.4

		0.4

		0.54



		

		

		

		E,NE,NW,W 

		0.4

		0.4

		0.4

		0.54

		0.86



		

		

		DFmin

		S

		0.4

		0.54

		-

		-

		-



		

		

		

		SE,SW

		0.4

		0.86

		-

		-

		-



		

		

		

		E,NE,NW,W

		0.54

		-

		-

		-

		-



		

		

		sDA

		S 

		0.4

		0.4

		0.86

		-

		-



		

		

		

		SE 

		0.4

		0.4

		0.64

		-

		-



		

		

		

		E,W 

		0.4

		0.54

		0.86

		-

		-



		

		

		

		NE,NW 

		0.4

		0.86

		-

		-

		-



		

		

		

		SW 

		0.4

		0.4

		0.54

		-

		-



		

		0.9 m

		DFmean



		S,SE,SW 

		0.4

		0.4

		0.4

		0.54

		0.86



		

		

		

		E 

		0.4

		0.54

		0.64

		0.86

		-



		

		

		

		NE,NW,W 

		0.4

		0.4

		0.64

		0.86

		-



		

		

		DFmin

		S,SE,SW

		0.54

		0.86

		-

		-

		-



		

		

		

		E,NE,NW,W

		0.86

		-

		-

		-

		-



		

		

		sDA

		S,SE,SW 

		0.4

		0.54

		0.86

		-

		-



		

		

		

		E 

		0.54

		0.86

		-

		-

		-



		

		

		

		NE,NW 

		0.54

		-

		-

		-

		-



		

		

		

		W 

		0.4

		0.86

		-

		-

		-











Considering the IES LM-83-12 method for living rooms, the following results are obtained:



- Without shading, the maximum recommended room depth is 5.5 m with minimum WWRs varying from 0.40 to 0.86 depending on the orientation.

- With a shading size of 0.6 m, the maximum recommended room depth is 4.5 m for NE and NW orientations but 5.5 m for the other orientations (minWWR from 0.54 to 0.86). 

- With a shading size of 0.9 m, the maximum recommended room depth depends 
also on the orientation: 3.5 m for NE, NW (minWWR = 0.54); 4.5 m for E and W 
(minWWR = 0.86), and 5.5 m for S, SE and SW (minWWR = 0.86).



When DFmean criterion is considered, the maximum room depth is 7.5 m when no shading is used. However, the maximum depth is 5.5 m for rooms without shading when DFmin is considered. For DFmin criterion, the maximum recommended depths are 3.5 m 
(E, NE, NW, and W), 4.5 m (S, SE, and SW) when the shading size is 0.6 m (minWWR between 0.40 and 0.86), and 0.9 m (W, E, NE, NW orientations with minWWR = 0.64). Finally, the maximum room depth does not significantly change when DFmean criterion is considered: 7.5 m for shading size 0.6 m (minWWR between 0.40 and 0.86) and 6.5 m for E,NE,NW,W-oriented living rooms with shading size of 0.9 m (minWWR = 0.86).

In summary, approximately 30% of the simulated residential and office rooms fulfill DFmean but not the sDA criterion. As shown by previous investigation, the criterion based on sDA is more conservative than the Estonian DF-based criterion for educational buildings (De Luca et al., 2019a).  DFmin and sDA can be considered equivalent criteria to assess the daylight provision for the most combinations while DFmean criterion can be used for a less conservative room design. The results showed that a suitable combination of shading size and room depth depending on the room orientation considering 
climate-based daylight assessment criteria is key during the early design stages of building design. The increment of the shading size allows the design of rooms with higher WWR but lower depth, and vice versa, to ensure the fulfillment of the daylight requirements. In general, considering the same room dimension, orientation, and shading size, higher WWRs can be chosen for residential than for office rooms due to the stricter daylight requirements for any daylight criteria. These results are valid for glazing systems whose visual transmittance is approximately 63%. In addition, the presented rules of thumb are based on the facade level, which can be used for each window-side room of multi-apartment buildings located in new urban areas in Estonia. Nevertheless, further daylight assessment should be conducted considering high-density urban areas.

Rules of thumb for protection against overheating risk in residential buildings 

The percentage of the residential rooms with and without window airing that fulfill 
the overheating requirement is shown in Figure 18. The first ventilation case (MV) is based on infiltration and mechanical ventilation. The second ventilation case (NV) is based on infiltration, mechanical ventilation, and window airing. Logically, all the rooms that fulfill the DH requirement when mechanical ventilation is used are not overheated when window airing is added. On average, 40.7% of the S, E, W, SE, SW-oriented 
rooms are overheated using any ventilation type. However, less than 10% of the N, NE and NW-oriented rooms are unconditionally overheated. The average percentage of 
rooms that fulfill the DH requirement for any ventilation case depends strongly on the orientation: 46% for N, NE, NW; 20% for S, E, and 11% for W, SE, and SW. Finally, 47% of the rooms achieve a DH lower than 150 °C·h when window airing is included.
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Figure 18. Percentage of the residential rooms per orientation related to all the overheating fulfillment cases for different ventilation strategies: MV = Infiltration and mechanical ventilation, NV = Window airing technique.

As known, one of the limiting function of the daylight provision in residential rooms is the overheating risk that depends strongly on the level of direct solar exposure through the windows during the warm season (Simson et al., 2017a). The results of this study showed that the effect of ventilation on the overheating fulfillment depends strongly on the room orientation. Thus, in at least 25% (and up to 51%) of S, E, W, SE, SW-oriented room combinations, fulfillment of the overheating requirement does not depend on the ventilation system. Thus, only a maximum of 10% of N, NE, NW-oriented room combinations are overheated even when window airing is added to the mechanical ventilation system. Nevertheless, at least 39% of the combination rooms become 
“not overheated” when window airing is added to the mechanical ventilation system. These results might be conservative for retrofit decisions because a simplified model (Thalfeldt et al., 2016) was used to characterize the optical and thermal performance of the windows, which are more suitable for early design stages of the building design. 
In general, the use of fixed shading increases the glazed areas without increasing the risk of overheating in residential rooms. There are other actions on WWR and g-value 
(Voll et al., 2016b) that can improve the protection against overheating depending on the orientation of the room and ventilation strategy used (De Luca et al., 2018a). 

The critical WWR*g-value (defined by Simson et al. (Simson et al., 2017a) as a relevant design parameter when overheating is considered for mechanically ventilated rooms) is shown for different orientations and shading sizes in Figure 19. For N, NE, and NW orientations, maximum WWR*g-value is between 0.05 (without shading) and 0.15 (NE). Since no shading was considered for N-oriented rooms, maximum WWR*g-value was set manually as a conservative estimate to the same limit as in the case without shading (0.08). Maximum WWR*g-value is 0.05 for the other orientations (for shading sizes of 0.6–0.9 m). The most restrictive orientations for mechanically ventilated rooms are W, SE, and SW. No W-oriented-room fulfills the DH requirements when only infiltration and mechanical ventilation are considered. Nevertheless, if a shading size of 0.9 m is used in SE and SW-oriented rooms, maximum WWR*g-value is 0.05.
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Figure 19. Maximum WWR*g-value to avoid overheating according to the Estonian regulations for different orientations and shading sizes considering infiltration and mechanical ventilation.

The critical WWR*g-value for mechanically and naturally ventilated rooms is shown for different orientations and shading sizes in Figure 20. For N, NE, and NW orientations, maximum WWR*g-value is from 0.10 (without shading) to 0.32; whereas it is between 0.05 and 0.21 for the other orientations. The most restrictive orientations for mechanically and naturally ventilated rooms are W, SE, and SW whose maximum WWR*g-values are between 0.05 and 0.16. Apart from E and S orientations, the use of shading has the highest impact on SW and SE orientations when natural ventilation is added: maximum WWR-g-value ranges from 0.05 without shading to 0.15 with a shading size of 0.9 m. 
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Figure 20.  Maximum WWR*g-value to avoid overheating according to the Estonian regulations for different orientations and shading sizes considering infiltration, mechanical ventilation, and window airing.

According to these results, the use of windows with lower g-values for the most problematic facade orientations is recommended; i.e., S, SE, E, W, and SW as a previous study on nZEB Danish single-family houses suggested (Vanhoutteghem et al., 2015). 
The presented results can vary depending on the set point considered for the window airing strategy and openable area ratio. In this study, a set point of 25 °C (previous research used 27 °C (Thalfeldt et al., 2016)) was used for the window airing control with a 10% of openable area. A new methodology based on the multi-zone approach using different set points for window airing would help to understand how the overheating levels in residential rooms change. 

 Rules of thumb for the combined fulfilment between daylight and overheating prevention requirements in residential buildings 

The level of combined fulfillment depending on the room dimension, orientation, and shading size is shown in Figure 21. On the one hand, N orientations allow a higher flexibility for the design of residential rooms. On the other hand, most of the S, SE, W, and SW-oriented rooms cannot meet both requirements when no shading is used. Most room combinations can fulfill the DFmean criterion. Nevertheless, for high (6.5 m) or low (3.5–4.5 m) room depths and no shading, the combined fulfillment is compromised because of poor daylight or high overheating levels, respectively. The increment of the shading size allows the combined fulfillment of rooms with depths5.5 m and different orientations such as S, SE, E, W, and SW.
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Figure 21. Level of the combined fulfillment depending on the daylight criteria considered (3 = always, 0 = never, 1 = DFmean is fulfilled, 2 = pair of criteria are fulfilled and white cells with “-” = not simulated) for different room (MV+NV) configurations where: w = room width (m) and d = room depth (m).

When window airing is added, most of the NE, N, and NW-oriented residential rooms with room depths lower than 5.5 m are considered good room designs because they fulfill both daylighting and overheating requirements for any daylight criteria considered. Nevertheless, as discovered in a previous research, in deep S-oriented rooms, either summer indoor comfort or daylight provision is compromised with the use of shading (Vanhoutteghem et al., 2015). Moreover, the combined fulfillment in most of the SE, W, and SW-oriented rooms with depths 6.5 m and fixed shading depends on the daylight criteria (DFmean, DFmin, and sDA). The use of fixed shading allows the combined fulfillment in S-oriented rooms but decreases the maximum depth for N orientations. This result highlights the importance of a careful envelope design to achieve combined fulfillment 

for any daylight assessment criterion. The use of switchable shading devices combined with window airing strategies can improve the flexibility of the building design in early design stages. However, its investment costs may be higher than fixed shading.

[bookmark: _Toc104447129]Detailed method based on daylight and overheating prediction formulas for window sizing 

Prediction of daylight provision 

The aim of this section is to propose a formula for the estimation of the daylight provision of side-lit rooms (Paper III). This prediction formula could help designers and practitioners not only to fulfill the minDF-based daylight requirements but also to understand the impact of the design parameters such as visible transmittance of the glazing system (Tvis), room depth (rd), room width (rw), and WWR on daylight provision. 

The percentage of all the room combinations of the parametric model for different fulfillment conditions between Cd1 and Cd2 can be seen in Figure 22. According to the results, there is no room combination that fulfills Cd2 and not Cd1 for any Tvis considered between 45% and 80%. Thus, for the parametric model based on side-lite rooms, Cd1 represent a more restrictive requirement than Cd2.  From this point of the paper, 
the prediction of daylight provision is focused on the estimation of minDF1 (for Cd1) instead of minDF2 (for Cd2). The calculation of minDF1 speed up twice daylight simulations because only the half of the grid points is needed. From this point of the manuscript, the variable minDF1 is referred as minDF.
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Figure 22. Percentage of the rooms combinations of the parametric model that fulfills different combinations of conditions defined by the European standard EN 17037 (Cd1 and Cd2) for Tvis = 80%. The first condition (Cd1) is fulfilled if minDF1 is higher than a target value (Figure 8). The second condition (Cd2) is fulfilled when minDF2 is higher than a target value (Figure 8).

In general, minDF related to any room combination could depend on the design parameters such as Tvis, , WWR, rw, and rd. Thus, the general prediction formula can be written as follows:



                                (8)



Eq. (8) might be expressed as the product of one polynomial function () and the minDF related to Tvis = 45% for each room combination:



                                    (9)

The linear correlation between minDF and minDF45 for each Tvis value is higher than 0.996 in terms of R2 (Figure 23a). Moreover, the dependency of the slopes from linear fitting functions (dotted lines from Figure 23a) with Tvis values is strongly linear (R2 = 1) (Figure 23b). Therefore, Eq. (9) can be rewritten as follows:



                              (10)

              (11)



Where a and b are the fitting coefficients related to the dotted line shown in Figure 23b. According to Figure 23c, the agreement between simulated and predicted minDF values is 0.997 and 0.060 in terms of R2 and RMSE, respectively.
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Figure 23. Linear dependency between minimum daylight factor of the half of the reference plane closest to the window (minDF) for different Tvis values and minDF for Tvis = 45% (a). Linear dependency between the slopes from linear fitting functions (a) and different Tvis values and minDF for Tvis = 45% (b). Agreement between minDF from simulations and prediction formula (Eq. (9)) (c).

Eq. (8) might be expressed as the product of two polynomial functions ( and ) and the minDF related to Tvis = 45% and = 0° for each room combination:



                         (12)



The linear correlation between minDF and minDF for Tvis = 45% and = 0° for each  value is higher than 0.960 in terms of R2 (Figure 24a). Moreover, the depency of the slopes from linear fitting functions (dotted lines from Figure 24a) with Tvis values is strongly linear (R2 = 0.968) (Figure 24b). Therefore, Eq. (10) can be rewritten as follows:



                (13)

           (14)



Where c and d are the fitting coefficients related to the dotted lines shown in Figure 24b. According to Figure 24c, the agreement between simulated and predicted minDF values is 0.914 and 0.379 in terms of R2 and RMSE, respectively.
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Figure 24. Linear dependency between minimum daylight factor of the half of the reference plane closest to the window (minDF) for different  values and minDF for Tvis = 45% and 0° (a). Linear dependency between the slopes from linear fitting functions (a) and different Tvis values and minDF for Tvis = 45% (b). Agreement between simulated and predicted minDF values (Eq. (14)) (c).

In addition, the combination of design parameters WWR, rw, and rd can be expressed as the window-to-floor ratio (WFR):



                 (15)  

Where rh is the room height. Thus, Eq. (13) can be written as follows:



                  (16)



The linear correlation between minDF and WFR for Tvis = 45% and = 0° is 0.902 in terms of R2 (Figure 25a). Therefore, Eq. (12) can be rewritten as follows:



                         (17)

                  (18)



Where e and f are the fitting coefficients related to the dotted lines displayed in Figure 25a. According to Figure 25b, the agreement between simulated and predicted minDF values is 0.910 and 0.310 in terms of R2 and RMSE, respectively.
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Figure 25. Linear dependency between minimum daylight factor of the half of the reference plane closest to the window (minDF) for and window-to-floor ratio (WFR) (for Tvis = 45% and 0°) (a). Agreement between simulated and predicted minDF values (Eq. (18)) (b).

The minDF relative deviation in terms of (Root mean square error (RMSE)/minDF1t 
or target minDF) for different European countries can be seen in Figure 26. Although 
the RMSE/minDF1t tends to be higher in countries with lower target minDFs 
(e.g. Cyprus: 1.7%, Malta: 1.8%, Greece: 1.5%, Portugal: 1.6%, etc.) than countries with higher daylight requirements such as Denmark (2.1%), Estonia (2.2%), Norway (2.4%), Sweden (2.5%), or Iceland (2.8%). The relative RMSE for any European country is up to 0.21. 
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Figure 26. Relative deviation (Root mean square error/minDF1t) of the prediction of minDF with respect to simulated minDF values (5120 room combinations) for linear polynomial fitting strategy. RMSE is 0.31 (Figure 25b) and the target minDF value (minDF1t) depends on each EU country according to the European standard EN 17037 (1.5%–2.8%). 

As explained, a, b, c, d, e, and f are the fitting coefficients, whose values depend on the reflectance values of the interior/exterior scene and room typology. Meaning that each combination of reflectance values and room typology, a calibration of the minDF formula is needed. Each new calibration would require at least 6 minDF simulations. 
The calibration would have three steps, as shown in this section 3.4.1. Despite the substantial computational time savings (6 instead of 5120 minDF simulations), 
the accuracy of the prediction formula could be compromised. A minDF relative deviation of 0.21 could be acceptable when the number of minDF simulations is very large and 
the computational speed is a primary aspect within the design process. The proposed minDF prediction formula Eq. (18) can be used for parametric analyses that consider 
the following design parameter ranges: Tvis = 45–80%, = 0–35°, rw = 3.5–6.5 m, 
rd = 3.5–7.5 m, and WWR=13.4-85.7%. Outside these ranges because the accuracy of 
the prediction formula might vary. By using the minDF prediction formula (Eq. (18)), 
the designer can assess calculate the minimum WWR for each room i () that ensures a minDF1t: considering Eq. (15), Eq. (17) can be rewritten as follows:



                                  (19)

Where the minDFC is the target minDF for European country C (e.g. minDFC = 2.2% for Estonia) according to the European standard EN17037. For instance, for Tvis = 63%, = 15.8°, and minDFc = 2.2% (Estonian context), the minWWR values calculated with 
Eq. (19) for different room depths (3.5, 4.5, 5.5, 6.5, and 7.5 m) are the following: 
53.0%, 68.1%, 83.3%, 98.4%, and 113.6%. Since WWR values above 90% are not technically viable in practice, the maximum room depth is 5.5 m (with minWWR = 83.3%) to ensure minDF = 2.2% according to the predicted values, which agrees with the rule of 

thumb proposed in previous investigation within the Estonian context: maximum room depth of 5.5 m with a minWWR of 86% (De Luca et al., 2018a). An example of use of the minWWR formula (Eq. (19)) to a case study is presented in section 3.7. 

Prediction of overheating risk

The aim of this section is to propose a formula for the estimation of the overheating risk of side-lit rooms in terms of the DH metric. The DH prediction formula could be used by architects and designers to facilitate and speed up assessment of the potential overheating risk of a determined room design or for room/window sizing during early design stages, without the need of complex and time-consuming simulations. Among 5120 simulated room combinations for each orientation, the critical orientations are 
the south orientations as can be seen in Figure 27. In the first part of this analysis, 
S orientation was considered since its mean DH value is the highest, leading to high relative deviations in terms of RMSE/ maxDHEST (with maxDHEST = 150 °C·h). 
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Figure 27. Mean DH value (among 5120 room combinations) for different room orientations. 

In general, DH related to any room combination with a certain orientation (Ori) (e.g. Ori = S) could depend on the design parameters such as g (g-value), , and  WFR. Thus, the general prediction formula can be written as follows:



                                                        (20)



According to Figure 28,  can be expressed linearly with  with g0=0.24 (-) for each room combination:



                             (21)



The linear correlation between   and  for each 
g-value is higher than 0.844 in terms of R2 (Figure 28a). Moreover, the dependency of the slopes from linear fitting functions (dotted lines from Figure 28a) with g-values is strongly linear (R2 = 0.969–0.977) (Figure 28c and 28d). Therefore, Eq. (21) can be rewritten as follows:



                              (22)

                     (23)

          (24)



Where A(g) and B(g) are the fitting coefficients related to the dotted lines displayed in Figure 28a. According to Figure 28b (Eq. (24)), the agreement between simulated and predicted DHS values is 0.924 and 0.215 in terms of R2 and RMSE/DHmax, respectively.
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Figure 28. Linear dependency between degree-hours (DH) for south oriented rooms for different 
g-values (g) () and DHS for g0 = 0.24 (-) () (a). Linear dependency between A(c) and B(d) coefficients and different g-values. Agreement between  from simulations and prediction formula (b) (Eq. (24)).

At the same time,  can be correlated linearly with  with =0° for each room combination:



                            (25)

The linear correlation between   and  for each  value is higher than 0.972 in terms of R2 (Figure 29a). Moreover, the depency of the slopes from linear fitting functions (dotted lines from Figure 28a) with  is strongly linear (R2 = 0.922–0.961) (Figure 29b). Therefore, Eq. (25) can be rewritten as follows:



                          (26)

                 (27)

          (28)

Where  and  are the fitting coefficients associated to the dotted lines shown in Figure 29a. Thus, Eq. (22) can be expressed as follows:



                        (29)



According to Figure 29b (predicted values calculated with Eq. (28)), the agreement between simulated and predicted DHS values is 0.945 and 0.183 in terms of R2 and RMSE/DHmax, respectively.

Finally,  can be expressed as a parabolic function with  as independent variable for each room combination according to Figure 30a (Eq. (29) and Eq. (31)). The dependency is strongly parabolic (R2 = 0.984) (Figure 30a):



                                  (30)

                        (31)



Moreover, Eq. (29) can be rewritten as follows:



           (32)

Where e1, e2, and e3 are the fitting coefficients associated to lines displayed in Figure 30a. According to Figure 30b (predicted values calculated with Eq. (32)), the agreement between simulated and predicted DHS values is 0.952 and 0.172 in terms of R2 and RMSE/DHmax, respectively. For the rest of room orientations, the RMSE/DHmax is below 0.20 (Table 12).
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Figure 29. Linear dependency between degree-hours (DH) for south oriented rooms for different 
g-values (g) () and () (a).  = 0.24 (-) and = 0°. Linear dependency between C (c) and D (d) coefficients and different  values. Agreement between  from simulations and prediction formula (b) (Eq. (29)).
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Figure 30. Linear dependency between degree-hours (DH) for south oriented rooms () and window-to-floor ratio (WFR) (a).= 0.24 (-) and = 0°. Agreement between  from simulations and prediction formula (b) (Eq. (31)).

As explained in this section 3.2, the 11 fitting coefficients (a1, a2, b1, b3, c1, c2, d1, d2, e1, e2, and e3) for the DH prediction formula (Eq. (32)) depend mainly on the room orientation (Table 6), room typology, natural ventilation control, HVAC settings, and opaque constructions materials. Meaning that each combination of natural ventilation control, room typology, HVAC settings, and opaque constructions materials, a calibration of the DH formula is needed. Each new calibration would require at least 11 minDF simulations. The calibration would have three steps, as shown in this section 3.2. Despite the substantial computational time savings (11 instead of 5120 DH simulations for each orientation), the accuracy of the prediction formula could be compromised. A DH relative deviation of 0.20 could be acceptable when the number of DH simulations is very 
large and the computational speed is the main design criterion. The proposed minDF prediction formula Eq. (18) can be used for parametric analyses that consider the following design parameter ranges: g-value = 0.27–0.61 (-), = 0–35°, rw = 3.5–6.5 m,
rd = 3.5–7.5 m, and WWR = 13.4–85.7%. An example of use of the DH formula (Eq. (32)) for window sizing is presented in section 3.7. 

Table 12. Fitting coefficients and relative deviation in terms of DH RMSE/maxDH (-) for different room orientations and fitting strategy explained in this section 3.2 (Eq. (32)). RMSE = Root Mean Square Error and maxDH = 150 °C·h according to the Estonian regulation. 

		 

		N

		NE

		E

		SE

		S

		SW

		W

		NW



		a1

		9.632

		5.943

		2.928

		2.003

		1.422

		1.771

		2.666

		4.409



		a2

		-1.255

		-0.308

		0.361

		0.548

		0.682

		0.598

		0.394

		0.000



		b1

		35.214

		90.872

		239.231

		347.875

		341.146

		309.132

		208.895

		86.555



		b2

		-9.763

		-24.273

		-61.272

		-87.680

		-86.024

		-77.670

		-53.236

		-22.904



		c1

		-0.027

		-0.031

		-0.025

		-0.012

		-0.006

		-0.014

		-0.027

		-0.031



		c2

		0.811

		0.978

		1.083

		1.046

		1.005

		1.060

		1.067

		0.928



		d1

		0.003

		0.007

		-0.207

		-0.525

		-0.384

		-0.624

		-0.236

		0.051



		d2

		-0.222

		-0.821

		-1.967

		0.215

		-0.411

		-0.441

		-5.783

		-2.907



		e1

		0.021

		0.032

		-0.018

		-0.060

		-0.058

		-0.074

		-0.062

		0.004



		e2

		-0.684

		-0.381

		5.115

		8.792

		8.771

		10.086

		8.930

		2.792



		e3

		4.659

		-1.021

		-46.563

		-65.734

		-68.171

		-70.123

		-61.321

		-27.913



		RMSE/maxDH (-)

		0.088

		0.159

		0.195

		0.183

		0.172

		0.179

		0.190

		0.156





Moreover, the consideration of a maxDH lower than 150 °C·h by local regulations would lower the accuracy of the DH prediction formula and higher polynomial fitting order might be needed to maintain an acceptable relative deviation. For a different climate, not only maxDH (defined by local regulations) would be different, but also the warm season considered typical HVAC settings, ventilation strategies, and envelope optical/thermal properties. Theoretically, all these aspects could influence on the accuracy of the prediction of the DH metric. 

According to minDF (Eq. (18)) and DH (Eq. (32)) prediction formulas, for g-value = 0.37, Tvis = 63%, and = 15.8°, the maximum room depth to fulfill both requirements is 5.5 m (Table 13). This is only possible for N, NE, and NW room orientations according to the predictions. This fact is supported also by rules of thumb for side-lit rooms without shading recommended in a previous investigation within the Estonian context (Abel Sepúlveda et al., 2020). 







Table 13. Predicted degree-hours (DH) (Eq. (32)) and minDF (Eq. (18)) values for room combinations that fulfil minDF ≥2.2% and DH ≤150 °C·h. The visible transmittance of the glazing (Tvis) is 63% and the g-value 0.37. The mean obstruction angle () is 15.8°. 

		Room orientation

		rd (m)

		WWR (%)

		DH (°C·h)

		minDF (%)



		NE

		3.5

		53.6

		44.9

		2.228



		

		

		64.3

		65.1

		2.731



		

		

		85.7

		118.1

		3.737



		

		4.5

		85.7

		70.1

		2.842



		

		5.5

		85.7

		46.5

		2.272



		N

		3.5

		53.6

		14.5

		2.228



		

		

		64.3

		24

		2.731



		

		

		85.7

		50.9

		3.737



		

		4.5

		85.7

		26.5

		2.842



		

		5.5

		85.7

		15.3

		2.272



		NW

		3.5

		53.6

		76.5

		2.228



		

		

		64.3

		95.8

		2.731



		

		

		85.7

		135.4

		3.737



		

		4.5

		85.7

		100

		2.842



		

		5.5

		85.7

		78.2

		2.272







[bookmark: _Toc104447130]Example of designing windows properties and dimensions using prediction formulas to balance daylight and overheating protection

For a certain room i, when minWFR = maxWFR (equivalent to minWWR = maxWWR) there is an unique combination of g-value and Tvis values that ensure the combined fulfillment between daylight provision and overheating protection.  For a certain Tvis value and room i, there is a maximum g-value () (Eq. (33) from the combination of Eq. (18) and Eq. (32)). 



                      (33)



If the window have a g-value lower or equal to , the room i will not be overheated (DH <maxDH). On the contrary, if the g-value is higher than , there room i will be overheated. For a Tvis range from 50% to 80%, the  values for each room i can be seen in Figure 31. For SE oriented rooms, the  value is much lower than for NW oriented rooms, this is because SE oriented rooms are more prone to overheating and therefore windows with low g-value are needed (Simson et al., 2017a). In addition, for rooms with NW orientation, depending on the Tvis considered the  values goes from 0.4 to 0.7 for Tvis values from 50% to 80%, respectively. In fact, for a certain room i when Tvis increases, minWWR decreases because there is no need for larger window sizes if the glazing system is more transparent. Thus, this leads to a decrease of maxWWR (considering during the design: minWWR = maxWWR), which allows a selection of a higher g-value. In summary, Figure 31 shows that highly transparent glazing systems with low g-values are preferred design solutions to achieve a good-balance between daylight provision and overheating protection.
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Figure 31.   Maximum g-value () for each room residential building located in Tallinn, Estonia (Tvis = 50–80%) to achieve a good balance between daylight provision and overheating protection (minWFR=maxWFR) (Eq. (33)). Room ID range 1–108 and 109–215 refers to SE and NW oriented rooms, respectively.

Specifically, the selection of windows constructions with TVis of 80% and g-value of 0.27 could achieve both performances in SE oriented rooms. For NW oriented room, 
a Tvis of 60% and g-value of 0.5 could achieve both performances. The minWWR for each room is shown in Fig 16. The minWWR values are between 40–60% and 52–72% for SE and NW oriented rooms, respectively. Thus, these minWWR differences for each room orientation  are due to slight variations of room depth () and obstruction level (). 
In summary, from these two analyses (Figure 31 and 32), the window construction 
could be selected depending on the room orientation (Tvis and g-values) and window size. Apart from the selection of the window’s g-value and Tvis, it is also possible 
to consider as design solution such different room depths (Sayın and Çelebi, 2020)  or orientation/typology of the building floor plan (Sepúlveda and De luca, 2020). However, the presented prediction formulas cannot be used in parametric analyses regarding 
the set point for the window airing operation (Simson, 2019) or nighttime ventilation 
(Voll et al., 2016b) since these design parameters were not considered as independent variables. 
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Figure 32. Minimum window-to-wall ratio (minWWR) for each room of the residential building located in Tallinn, Estonia (Tvis = 80% for SE rooms and Tvis = 60% for NW rooms) to reach sufficient daylight provision according to the EN 17037 (Eq. (18)). Room ID range 1–108 and 109–215 refers to SE and NW oriented rooms, respectively.

According to the case study, the prediction accuracy in terms of relative RMSE is 0.130 and 0.199 for minDF and DH values, respectively (Figure 33). For SE rooms, the deviations are lower than for NW rooms because of the lower g-value selected (0.27 against 0.50). In fact, the fitting accuracy decreases with the g-value, as can be seen in Figure 33b. Moreover, DH deviations are higher than initially calculated (0.156 from Table 13) because the case study only contains SE/NW oriented rooms (216 combinations), while for the calculation of 0.156 a wide range of room configurations was used (5120 combinations). 

A relative RMSE of 0.20 might not be acceptable for pure assessment purposes in existing buildings. Thus, the use of the coupled method might be justified during early design stages, when the number of simulations is very large and the accuracy is not the main priority. However, the coupled method is opposite to a “black box” approach, which is typical of machine learning-based multi-objective optimization approaches. Although the prediction of daylight and thermal performances can be very accurate (R20.99) but the training of the prediction models require much large datasets for each variable () (Wang et al., 2021). The coupled method can be represented graphically, which can be attractive for architects and designers, since these type of user-friendly 2D methods are key to process and communicate to the designer (Kleindienst and Andersen, 2012). 
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Figure 33.  Comparison between simulated and predicted minDF (a) and DH (b) values for each room. Room ID range 1–108 and 109–215 refers to SE (Tvis = 80% and g-value = 0.27) and NW (Tvis = 60% and g-value = 0.5) oriented rooms, respectively. The minDF and DH values were calculated for rooms with minWWR obtained with Eq. (18) and Eq.(32), respectively. RMSE = Root mean square error, minDFc = 2.2%, and maxDH = 150°C·h.

Firstly, the main advantage of using the prediction formulas is the minimization of the time-consuming design iterations to achieve the combined fulfillment of daylight and overheating performances in new buildings. Secondly, by using the graphical coupled method, designers and architects can understand the impact of their design decisions on the combined fulfillment of daylight and overheating requirements without conducting simulations. Therefore, the proposed method based on Eq. (18) and Eq. (32), can help architects and designers to make fast performance-driven decisions regarding window sizing process during early design stages.

[bookmark: _Toc104447131]Third phase: defining shading optical properties to provide sufficient glare protection according to the EN17037

Once building and facade level decisions are made the architect/designer by conducting  the first and second phase of the innovative workflow proposed in this thesis, the shading selection (interior roller shade) could be conducted efficiently by applying the third phase of the workflow. The third phase is based on the selection of certain daylight model decisions in order to speedup annual glare simulations without compromising accuracy (Paper IV). In this section, all the necessary sensitivity analyses to support the recommendation of efficient glare assessment methods, which constitute the third phase of the innovative workflow proposed in this thesis, are developed in this section. As mentioned, for a suitable assessment of DGP-based glare protection metric, it is necessary to calculate properly vertical illuminance and luminance distribution of the field of view. Therefore, this section is split into four sections: recommended Radiance parameter for static illuminance simulations are presented and justified in section 3.3.1,  comparison analysis of daylight calculation methods and material models for static glare calculation is presented in section 2.3.2, a criterion to choose daylight calculation method for dynamic glare calculations depending on the required computational time is developed and validated in section 3.3.3, and an evaluation of different sampling strategies for annual glare assessment in terms of computational time and accuracy is developed in section 3.3.4.

[bookmark: _Toc104447132]Setting Radiance parameters for illuminance calculations

This static analysis aims to investigate the influence of Radiance parameters and the openness factor (fabrics T100, T5, T3, and T1) on vertical illuminance at eye level calculated by different methods (3pm, 5pm, and rtrace). The analyzed time instant for this sensitivity analysis is 11:00 on February 5. At this time, the solar disk is in the field of view. It was assumed an acceptable relative deviation in terms of vertical illuminance of 15%. In Figure 34, the vertical illuminance at eye level calculated with the 3-phase method for different ad and ab parameters is shown. The minimum values of the ad and ab parameters to have an acceptable vertical illuminance are 5000 and 3, respectively.

The vertical illuminance at eye level calculated with the 5pm for different Radiance parameters can be seen in Figure 35. The Radiance parameters chosen for this sensitivity analysis are ad and MF in the direct sun coefficient simulation (cds). The ab and ad parameters for the 3-phase method were set to 10 and 65536, respectively (McNeil, 2013) to minimize the uncertainty from 3pm and 3pmD calculations. The minimum values of ad and MF parameters for the cds phase in order to have acceptable vertical illuminance calculated by the 5pm are 500 and 3, respectively.

Figure 36 shows the vertical illuminance at eye level calculated with the rtrace method for different ad and ab parameters. The minimum values of ad and ab parameters to have acceptable vertical illuminance are ad 500 and ab 4, respectively. Previous investigation regarding complex 3D textiles used an ab parameter of 5 for the time-point DGP calculations (Mainini et al., 2019).  In summary, the ad parameter does not have significant influence on illuminance calculations when an analytical BRTDfunc model is applied to characterize the optical behaviour of fabrics. However, the ab and MF parameters have relevant influence on the results, with 3 and 4 being the minimum recommended ab parameters when using the 3pm and rtrace method, respectively. 
The minimum MF parameter for 5pm simulations is 3.

[bookmark: _GoBack][image: ]

Figure 34. Relative deviation (with respect to the consecutive previous ab value: 2 relative to 1, 3 relative to 2, etc.) of vertical illuminance at eye level (Ev) calculated with the 3-phase method (11:00 February 5) for different ad, ab parameters, and fabrics T100 (upper left), T5 (upper right), T3 (bottom left), and T1 (bottom right).
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Figure 35. Relative deviation (with respect to the consecutive previous ab value: 2 relative to 1, 3 relative to 2, etc.) of vertical illuminance at eye level (Ev) calculated with the 5-phase method (11:00 February 5) for different ad, ab parameters, and fabrics T100 (upper left), T5 (upper right), T3 (bottom left), and T1 (bottom right).



[image: ]

Figure 36. Relative deviation (with respect to the consecutive previous ab value: 2 relative to 1, 3 relative to 2, etc.) of vertical illuminance at eye level (Ev) calculated with the rtrace method (11:00 February 5) for different ad, ab parameters, and fabrics T100 (upper left), T5 (upper right), T3 (bottom left), and T1 (bottom right).



[bookmark: _Toc104447133]Selecting methods and material models for static DGP calculations

The aim of this static analysis is to study the influence of different Radiance materials, angular resolutions to represent the BSDF data, and daylight calculation methods on vertical illuminance, DGP, and luminance maps. Two time steps were considered: February 5 at 11:00, when the solar disk is in the field of view, and 16:00, when the solar disk is not in the field of view (but a bright patch from direct solar transmission onto the east-oriented wall is present). In this study, one viewing direction is selected: 45° towards the window. This analysis focused on three isotropic fabrics: T5, T3, and T1 (section 2.3.3), which were modeled using different Radiance materials (BRTDfunc, BSDF, and aBSDF) and angular resolutions (Klems basis and tensor tree). Four BSDF datasets were generated considering tensor tree formalisms (resolutions -t3 7, -t3 8, -t3 9, and -t4 5 by using the BSDF2ttree method (section 2.3.4). Two Radiance materials were used: aBSDF (with peak extraction algorithm) and BSDF (without peak extraction algorithm) materials. An additional BSDF dataset using the Klems angular description (145x145 patches) was generated and modeled with aBSDF material (with peak extraction). Radiance parameters for the simulations are indicated in Table 8. Here, the ambient bounces and ambient divisions were set to ab = 4 and ad = 500, respectively, according to Figure 36. However, this ad value leads to an underestimation of the illuminance when tensor-tree BSDF formats without peak extraction are used with rtrace. In order to get acceptable results in this case, the ad parameter has to be increased to ad = 1e6 (Ward et al., 2021). This leads to 51 times more CPU time when using tensor-tree BSDF formats without peak extraction in the DGP calculation. On the other hand, it was demonstrated that the results of the 5pm do not improve in a conclusive fashion when either the ad or the MF parameters are increased. The luminance maps for fabrics T5, T3, and T1 are displayed in Figure 37. In general, the rtrace and 5pm methods show good agreement in terms of vertical illuminance, DGP values, and luminance distributions. 
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Figure 37. Luminance maps, vertical illuminances, and DGP at 11:00 (first three columns) and at 16:00 (last three columns) on February 5, in Freiburg, Germany, generated by the 5pm (upper row) and rtrace (bottom row) methods when using isotropic fabrics with different openness factor (5%, 3%, and 1%) defined with an analytical BRTDfunc model.

The results of the comparison are shown in Figure 38 and Figure 39. The comparison is very different, depending on whether the solar disk is in the field of view or not. 
If the solar disk is not within the field of view, all analyzed cases predict a similar DGP, which ranges between 0.24 and 0.26. The difference in vertical illuminance calculated by the different methods ranges between 200 lux and 400 lux. The lowest value of vertical illuminance is obtained with the 3pm, which scatters the light into large solid angles (Klems patches), sometimes leading to discrepancies for point-in-space calculations. 
It is, however, known that the 3pm calculates the average illuminance over a plane reliably and is therefore suitable for daylighting calculations. 

For the time step in which the solar disk is in the field of view, the discrepancies among the different methods are significant. The reference values for the comparison are those calculated by directly applying the BRTDfunc material in the ray-tracing calculation, because this material is the one used to generate the BSDF. The material definitions and BSDF resolutions that get closer to the reference value are t45a and Klemsa, both applying the peak extraction algorithm. A tensor-tree format without peak extraction must have a resolution of exponent 9 (29) to reach a DGP value within ±0.05 of the one calculated for the reference case (by using ad = 1e6). The peak extraction algorithm combined with the tensor-tree format does not improve the comparison.

It can be concluded that the choice of the optical representation of the fenestration has a critical impact on the DGP calculation. As reported in the literature (Lee et al., 2018a, 2018b), the 3pm is not suitable for DGP calculations when the solar disk is in the field of view. However, due to its simplicity and low computational requirements, 
the Klems BSDF with peak extraction (aBSDF Radiance material) might offer an efficient representation of anisotropic fabrics with a main view-through component for glare calculations.



[image: ]

Figure 38. Vertical illuminance at eye level (left column) and DGP values (right column) at 11:00 (February 5) for different daylight methods, Radiance materials, and fabrics (T5 (first row), T3 (second row), and T1 (third row)). The suffix a refers to the Radiance material aBSDF. The number of ambient divisions (ad parameter) is 1024, 500, and 1e6 for 5pm, rtrace (BRTDfunc and aBSDF material), and rtrace (BSDF material). Discontinuous line refers to the reference value (BRTDfunc material).
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Figure 39. Vertical illuminance at eye level (left column) and DGP values (right column) at 16:00 (February 5) for different daylight methods, Radiance materials, and fabrics (T5 (first row), T3 (second row), and T1 (third row)). The suffix a refers to the Radiance material aBSDF. The number of ambient divisions (ad parameter) is 1024, 500, and 1e6 for 5pm, rtrace (BRTDfunc and aBSDF material), and rtrace (BSDF material). Discontinuous line refers to the reference value (BRTDfunc material).

























[bookmark: _Toc104447134]Choice of the fastest method for dynamic glare assessment

For annual simulations, the number of time steps, scenes and CFSs affect the CPU time, which can be decisive in determining the most suitable daylight calculation method. Typically, the number of time steps in annual glare simulations is referred to daytime hours (4380). The number of different scenes depends on the number of view positions and directions to assess glare risk as well as the different geometrical models (geometrical variations of the 3D model that represent the interior/exterior scenes). 
As mentioned in section 1.6, the 5pm reuses information referring to the scene. Nevertheless, a direct simulation based on the DC (phase cds) must be conducted for every window state, which may compromise the use of the 5pm when the number of different facade states or scenes is large. Moreover, the rtrace method does not reuse information for the scene or the sky, being slower than the 5pm for annual DGP calculations without a sampling strategy. Annual glare analyses with different Radiance parameters and sampling strategies could justify the use of one or the other method. 

The first objective of this section is to define the CPU time required by any annual glare assessment when using the rtrace and 5pm methods. This time analysis is based on formulas that represent the coding structure of the required Radiance commands to run the rtrace method and 5pm simulations (Subramaniam, 2017). The second objective is to propose a criterion based on CPU time for the selection of the daylight method depending on the annual glare analysis of interest. The independent variables that define any annual glare analysis are the number of scenes (), number of time steps (), and the number of CFSs considered (). Thus, the CPU time required by the 3pm can be expressed as follows:



                                                    (34)

Where: 

 = CPU time required to create a sky vector (S) (the same for illuminance calculations and rendering generation),

 = CPU time required to create the view (V) and daylight (D) matrices (for illuminance calculations and rendering generation),

= CPU time required for the multiplication of the matrices V, T, D, and S (for illuminance calculations and rendering generation).

The CPU time required by the 5pm for the direct 3pm (3pmD) is the following:



                                                 (35)     

Where: 

 = CPU time required to create a sky vector (SD) with the exclusive contribution of the sun (the same for illuminance calculations and rendering generation),

 = CPU time required to create the octree (black plastic material), view with ab = 1 (VD), and daylight with ab=0 (DD) matrices (for illuminance calculations and rendering generation), 

= CPU time required for the multiplication of the matrices VD, T, DD, and SD (for illuminance calculations and rendering generation),



The CPU time required by the cds phase of the 5pm is the following:



                                                 (36)



Where: 

 = CPU time required to create a sky vector (Scds) with only the contribution of the sun and selected Reinhart sky subdivisions (MF) (the same for illuminance calculations and rendering generation),

 = CPU time required to create the suns (the same for illuminance calculations and rendering generation) and material map generation (for rendering), 

= CPU time required to create the octree (black plastic material) and sun coefficient matrix Ccds (for illuminance calculations and rendering generation),

= CPU time required for the multiplication of the matrixes Ccds and Scds (for illuminance calculations and rendering generation).



The computational time required by arithmetic operations of all results from the previous phases (3pm, 3pmD, and cds) can be expressed as:



                                                                        (37)

Where: 

 = CPU time required by the arithmetic combination of the results from the phases 3pm, 3pmD, and cds (for illuminance calculations and rendering generation).



Finally, the CPU time required by the 5pm is the sum of all the previously defined CPU times:

                                                          (38)



In addition, the CPU time required by the rtrace method is the following:



                                                                      (39)

Where: 

 = CPU time required by the sky and octree generation (common for illuminance calculations and rendering) and the commands rtrace (for illuminance calculations and rendering generation) and command evalglare (for DGP calculations).



Combining equations (38) and (39), it can be expressed mathematically whether the rtrace method is faster than the 5pm for the same generic daylight glare analysis:



                                                                       (40)

                                                       (41)      

                                                            (42)  

        

In order to speed up the glare calculations, it was proposed to analyse fewer time steps when using rtrace than when using the 5pm. Furthermore, equation (42) can be rewritten as follows:

                                          (43)



where h and H are the time steps for rtrace and for the 5pm, respectively. The maximum number of time steps when using rtrace (Eq. (44)) () depends on time parameters (), the number of scenes (n), number of CFSs (c), and the number of time steps considered when using the 5pm (H).



                                                  (44)



For an initial annual glare evaluation (considering clear sky conditions), only one window state is considered () and the most problematic viewpoint/direction is analyzed (). This initial annual glare assessment is key to identify time steps with a risk of daylight glare. In practice, these time steps could be analyzed when comparing different shading devices that could provide a desired degree of glare protection. Thus,  can be expressed as follows:



                                                        (45)



The value of the time parameters depends on the Radiance parameters and the machine used to run the glare simulations. It was used 25 cores of a Linux machine cluster of 56 CPUs to run all the simulations (Processor Intel(R) Xeon(R) CPU E5-2697 v3 @ 2.60GHz). The Radiance parameters used for each phase of the 5pm are shown in 
Table 8. In practice, at least an initial static calculation using rtrace and 5pm is necessary in order to calculate all the time parameters that can be seen in Table 14.  



Table 14. Values of all time parameters for rtrace and 5pm calculations when using –n 25 (Eq. (45)).

		

		Parameter

		Value 

(seconds)



		











5pm

		

3pm

		

		0.1



		

		

		

		8453.2



		

		

		

		6.0



		

		

3pmD

		

		0.05



		

		

		

		520.2



		

		

		

		5.5



		

		



cds

		

		0.1



		

		

		

		1.0



		

		

		

		22125



		

		

		

		3.0



		

		Arith. comb

		

		6.1



		rtrace ab=[1, 2, 3, 4, 5]

		

		[7.0, 32.4, 60, 72.6,77.6]







The graphical representation of Eq. (45) can be seen in Figure 40. The fastest method to assess glare risk in terms of DGP, depending on the combination of  and , can be determined from Figure 40. Thus, the 5pm is faster than the rtrace method for all the points above the line which represents. By contrast, for all the combinations of  and  below the line, the rtrace method is faster than the 5pm for the annual glare analysis of interest. 

A typical annual simulation of 4380 time steps with 5pm delivers results 7 times 
faster than the rtrace method with ab 5 (from Eq. (38) and (39)). On the other hand, 
a single-hour 5pm simulation (without precalculated matrices) requires the same CPU time as 174 hours simulated with the rtrace method. For ab 2, the feasible range of  is between 522 and 2097 hours when a single scene and CFS are considered. Nevertheless, the range of  is between 174 and 699 hours for ab 5. Thus, there is high potential to speed up annual glare simulations by selecting adequate sampling strategies. A simple criterion based on CPU time was defined for the selection of the fastest method to be used in annual glare assessments. In addition, the proposed expressions Eq. (34), Eq. (38), and Eq. (39) can be used as prediction formulas to approximate CPU time required by daylight calculation methods such as 3pm, 5pm, and rtrace, respectively. 



[image: ]

Figure 40. Maximum number of time steps to run with rtrace method depending on the number of time steps chosen to run the 5pm (for one scene and one window state).

In cases in which many annual simulations are required, it might be advisable to calculate in advance the computational cost of alternative sampling strategies. 
The formulation presented in section 3.2, in particular Eq. (38) and Eq. (39), can be used for this purpose. The computational cost of the SV5 sampling strategy (DGP calculated for the daily visible sun hours once every 5 days) is calculated by the 5pm and rtrace methods for the T1 fabric and a viewing direction 45° towards the window (Table 15). The required CPU time by the 5pm to solve for 168 hours/year is 9.8 hours against 
3.6 hours when using rtrace (-ab 4). The predicted CPU time shows good agreement with actual CPU times. For the calculation of 168 DGP values, one window state, and one scene, the rtrace method with ab 4 is faster than the 5pm according to Figure 41. 
The graph also shows, on one hand that rtrace method than the 5pm for a SD7 sampling strategy (298 DGP values). On the other hand, the 5pm is faster than rtrace for a SD1 sampling strategy (2190 DGP values).



Table 15. CPU times for different daylight methods, fabric T1, viewing direction 45° towards to the window, and sampling strategy SV5 (168 hours/year).

		 

		5pm 

		rtrace (-ab 4)



		Predicted

CPU time (h)

		9.6 

		3.4 



		Real 

CPU time (h)

		9.8

		3.6 
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Figure 41. Maximum number of time steps to run with the rtrace method depending on the number of time steps chosen to run using the 5pm for different sampling strategies (for one scene and one window state). SDK and SVK are sampling strategies based on selected daytime and “sun visible” hours each K days of the semi-annual period, respectively.

[bookmark: _Toc104447135]Sampling strategies to speedup annual glare calculations 

The aim of this analysis is to propose efficient sampling strategies for annual glare assessment under clear sky conditions. The annual glare protection was quantified with the annual glare metric fDGPt defined by the European standard EN 17037 (maximum fDGPt = 5%). In this case, the CFS was defined as a combination of a solar-control double glazing unit (DGUSC) “ipasol neutral 50/27” (τnh = 49%) (INTERPANE Glasgesellschaft mbH, 2018) and an isotropic fabric T1 as the interior shading system. Fabrics T1, T3, 
and T5 were selected to cover a range of fabrics with openness factor between 1% and 5% for accuracy comparisons. However, only T1 was analyzed in terms of CPU time since time parameters are similar in both cases (Table 14). The chosen viewing direction of the room occupant is 45° towards the window plane (critical scenario). As demonstrated in section 3.3.4, it is necessary to define the number of time steps of the simulation in order to establish the most computationally efficient method to run an annual glare assessment. The analyzed sampling strategies are shown in Table 16. Since only sunny skies should be considered in the glare evaluation, the simulation of only half of the year (from winter to summer solstice) already provides all sun positions in the sky and reduces the computational time by half. Another sampling strategy consists of simulating only the time steps where the solar disk is in the field of view (“visible” sun hours). Thus, the number of hours of “visible” sun hours depends strongly on the scene elements such as viewing position/direction, window size, room orientation, etc. This strategy assumes that no diffuse and/or specular reflection of the sun on any surface of the scene or the shading device will cause glare when this is not in the field of view, which is a reasonable assumption in many cases.

The maximum number of time steps is associated with the sampling strategy SD1 (2190) daylighting hours for a half-year simulation), which is the sampling strategy proposed by the EN 17037 standard for clear skies. The required CPU time is 21.3 h 
(Eq. 38) and 66.9 h (Eq. (39)) when using the 5pm and the rtrace method (ab = 4), respectively. Therefore, the 5pm was chosen to run the annual glare analyses using the different sampling strategies defined in Table 16. The Radiance parameters used in the simulations can be seen in Table 8. In addition, an aBSDF Radiance material with Klems angular resolution and peak extraction was used to model the CFS for the direct sun coefficient calculation (phase cds).  



Table 16. Sampling strategies and their associated number of time steps. SDn/SVn represents the sum of daily daytime/visible sun time steps each n days during the first semimanual period. 

		(Sampling strategy) Number of time steps

		December 21- June 21



		

		Daytime

		Visible sun



		



Day steps



		1

		(SD1) 2190

		(SV1) 820



		

		3

		(SD3) 703

		(SV3) 276



		

		5

		(SD5) 420

		(SV5) 168



		

		7

		(SD7) 298

		(SV7) 119



		

		9

		(SD9) 227

		(SV9) 94



		

		11

		(SD11) 180

		(SV11) 77







The time steps considered by each sampling strategy can be seen in Figure 42. In this analysis, the frequency of DGP calculation (day steps) was varied from 1 (daily) to 11 (once every 11 days). The first step is to compare the required computational time for each sampling strategy (Figure 43). The CPU time can vary from 21 hours to approximately 9 hours depending on the sampling strategy used. For a day step of 1, 
the consideration of visible sun (SV1) instead of daytime hours decreases the CPU time by 35% compared to strategy SD1.



[image: ]

Figure 42. Time steps considered by each sampling strategy. The horizontal axis represents the days of the first half of the year and the vertical axis represents the hours per day. SDn (upper row)/SVn (bottom row) represents the sum of daily daytime/visible sun time steps each n days during the first semimanual period.



[image: ]

Figure 43. Required CPU time for the 5pm depending on the sampling strategy.

Once analyzed the sampling strategies in terms of CPU time, it is necessary to compare these sampling strategies in terms of accuracy. Sampling strategy SD1 was set as the reference sampling strategy because it has the maximum number of time steps within the sampling strategies presented. Figure 44 shows the absolute deviation of the fDGPt value for each sampling strategy from that for strategy SD1 when using T1, T3, and T5. Sampling strategies based on daytime hours (SD1, SD3, SD5, SD7, SD9, and SD11) can produce a maximum absolute fDGPt deviation up to 1.2%, 2.4%, and 2.5%, when using T1, T3, and T5, respectively. Consideration of only the “sun visible” hours (SV1, SV3, SV5, SV7, SV9, and SV11) leads to a maximum absolute fDGPt deviation up to 1.7%, 3%, and 3.5%, when using T1, T3, and T5, respectively. 

A good trade-off between accuracy and CPU time depends on the shading device and the number of hours of visible sun for a certain view position and direction. From the cases analyzed, a sampling strategy SD7 can be safely applied assuming an absolute f0.45 (fDGPt with DGPt = 0.45) deviation of less than 1% (CPU reduction of 57% by using with the rtrace method (-ab 4) with respect SD1 with the 5pm). If a f0.45 deviation of 2% was acceptable, e.g. for comparing design alternatives, a sampling strategy SV5 would be appropriate (CPU time reduction of 76%). There are also other approaches to reduce the simulation time of annual glare simulations based on GPU technology (Jones, 2019) or the novel Raytraverse method (Wasilewski et al., 2021) which should be further investigated.
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Figure 44. Absolute deviations in terms of the annual glare metric defined by EN17037 (fDGPt) for different sampling strategies and isotropic fabrics: T1 (a), T3 (b), and T5 (c). The sampling strategy SD1 (daytime hours each day during the semi-annual period) was set as the benchmark for the deviation calculation.

















[bookmark: _Toc104447136]Conclusions

This thesis presents an innovative workflow to help architects to design buildings with adequate levels of solar access, daylight provision, and protection against overheating and daylight glare. This proposed workflow consists of three design phases. During the first phase, the proposed multi-objective workflow is recommended to help architects and designers to make decisions to building level to ensure adequate solar access levels according to the Estonian standard. In the second phase, rules of thumb and prediction formulas are used to facade level to ensure a good balance between daylight provision and overheating protection. Finally, in the third phase, efficient shading system selection is recommended to ensure a certain glare protection level according to the European standard EN17037:2018. 

The first objective of this thesis is to propose an easy-to-use multi-objective optimization workflow based on solar access to help architects and designers to design buildings orientation, massing, and envelope efficiently. The second objective is to propose rules of thumb obtained from analyzing the effect of different daylight assessment criteria on the combined fulfillment of daylighting and overheating protection requirements and its implications for the design of residential and office rooms in Estonia. The third objective is to develop daylight and overheating prediction formulas that can help architects and designers to efficiently select window type during early design stages. The fourth objective of this thesis is to propose efficient assessment methods to assess glare protection defined by the European standard EN17037.



The main research outcomes are as follows:



1. Regarding the window sizing process, within the context of the European standard EN17037, the fulfillment of a target minimum DF of the half of the reference plane closer to the window side (minDF) in side-lit rectangular rooms implies the fulfillment of a target minimum DF in at least 95% of the reference plane (Paper II);



2. The definition of a prediction formula based on polynomial fitting for the estimation of minDF based on visible transmittance of the glazing, room depth, window-to-wall ratio (WWR), and obstruction angle parameters is viable in terms of computation time with a relative accuracy of 0.21 for any European country. Moreover, the definition of an overheating risk prediction formula based on polynomial fitting for the estimation of the Degree-hour (DH) metric, which is used by the Estonian regulation, based on g-value, window-to-floor ratio (WFR), and obstruction angle parameters is viable in terms of computation time with a relative accuracy of 0.21 for the design of residential buildings within the Estonian context (Paper III); 



3. Regarding shading selection process, for the particular case of fabrics with a view-through specular component without light-redirecting effects, the combination of a low-resolution BSDF, such as the Klems format, and a peak extraction algorithm, such as the one offered by Radiance’s aBSDF material, provide a suitable representation for glare analysis using the 5pm or rtrace methods. Furthermore, for fabrics in which rotational invariance can be assumed, a representation based on the Radiance BRTDfunc material can be useful, because it only requires the normal-normal transmittance, the 
normal-diffuse transmittance and the cut-off angle of the fabric (Paper IV). 



The potential applications of the results for architects and designers are as follows:



1. We recommend the use of the multi-objective optimization method presented in this thesis in the early design stages of residential buildings in cold climates. How to exploit the SA requirements to optimize the building performance using different multi-objective criteria is investigated. This workflow is especially suitable when the SA regulations are strict, such as the Estonian context. First decisions as building orientation, windows location, building footprint, and buildable volumes are critical, since they characterize the solar access of the existing and new buildings. Other requirements related to daylight provision, overheating, energy consumption, or glare protection could be fulfilled with a suitable design of interior layout and façade (Paper I);



2. The proposed coupled method based on minDF and DH prediction formulas has big potential to help designers to consider a performance-driven criterion based on daylight provision and overheating risk requirements during early design stages design. Thus, they could create interior floor and window sizing plans efficiently. Combining the prediction formulas, the window’s size and properties (g-value and visible transmittance) that ensure the combined fulfillment of minDF-based and DH-based requirements can be calculated and represented graphically. By using this design approach, designers can save considerable time required by daylight and energy simulations because there is no need to conduct time-consuming iterative design processes based on simulations to design well daylit and not overheated buildings (Paper III);



3. When evaluating glare protection of different shading device, a suitable sampling strategy for annual glare risk assessments can make a time 
step-based ray-tracing method (the rtrace method in this paper) more computationally efficient than the alternative five-phase method. For cases in which no diffuse and/or specular reflections of the sun from any surface of the scene or the shading device will cause glare when this is not in the field of view, a sampling strategy that takes into account only the hours when the solar disk is in the field of view can reduce the computational time considerably. This strategy can be combined with semi-annual evaluations (for clear skies) and a suitable sampling strategy (e.g. one day per week) to further reduce the computational time. The sensitivity analysis of Radiance parameters for the rtrace method presented in the study can help to optimize the computational cost of simulations. Thus, by using this methodology, designers could efficiently compare several CFSs in terms of annual glare protection performance during early design stages of the building design process (Paper IV). 





The main potential applications of the results for regulation makers are as follows:



1. The Estonian daylight standard EVS 894:2008/A2:2015 has limited reliability in properly predicting the daylight potentials of building interiors. In many cases, it overestimates daylight availability for different orientations. Therefore, it is necessary to increase the awareness about the need to promote a new and more efficient daylight regulation in Estonia. This will be done considering the new European standard EN 17037 also analyzed in this study, since there is a strong disagreement between the Estonian standard and the European Standard EN 17037 in assessing the daylight for residential and office buildings. This aspect should be considered in the development of the guidelines for the new daylight regulation, establishing minDF-based requirements proposed in the EN 17037. Hence, this research will contribute to the development of the compulsory building daylight regulation (Paper II);



2. Evidence strengthens the findings of the existing literature about the conflicting requirements of overheating in building regulations and the Estonian daylight standard. Considering the new European standard, the requirements will not change significantly. However, if the daylight regulation incorporates the results of the dynamic daylight analysis presented in this thesis, the conflicts will increase because larger glazed areas will be necessary to fulfill the daylight requirement. Nevertheless, several cases that fulfill both requirements will increase when passive measures such as window airing or fixed shading are adopted. This suggests, firstly, the synergistic formulation of daylighting and overheating protection requirements in new building regulations to make it easier for designers to fulfill both daylight and overheating protection requirements. Secondly, this suggests the promotion of the use of building design features such as efficient materials and passive measures to reduce overheating while ensuring appropriate daylight levels (Paper II);



3. The author recommends to regulation makers the consideration of the coupled method based on prediction formulas proposed in this thesis. European countries might adopt DH-based overheating protection requirements with climate-dependent thresholds as benchmark to assess overheating risk in buildings. Furthermore, the achievement of the combined fulfillment between DF-based daylight provision requirements according to the European standard EN17037 and DH-based overheating protection requirements in buildings would be much simpler and affordable (At least, no daylight simulations are needed during the design process within the European framework, thanks to the work in this thesis) during the early design stages (Paper III);

[bookmark: _Toc104447137]Future work

Regarding the mutlti-objective optimization method in the early design stages of the design of residential buildings in cold climates part of the first phase of the workflow, different criteria are considered and the entire possible building envelope are evaluated and the maximum fitness value searched. This brute-force approach could not be affordable in terms of computational time when the number of design alternatives are very large (e.g. more than 200). Future work is to apply optimization algorithms such as genetic algorithm in large optimization design cases. Additionally, this method will be implemented in a Grasshopper tool for Rhinoceros to help architects and designers to choose between possible building design strategies.

For the development of the rules of thumb part of the second phase (simplified method) of the workflow, the effect of different daylight assessment criteria on the combined fulfillment of daylighting and overheating requirements and its implications for the design of residential and office rooms in Estonia, are recommended for a specific cost-optimal (within the Estonian context) triple glazed system (Tvis = 0.63, g-value = 0.37) and fixed shading type. In addition, the control algorithm for the window airing system was based on a basic set point (25 °C) between the heating set point (21 °C) and the overheating limit (27 °C) (defined in the Estonian regulation), with the window airing position of 10%. The rules of thumb used in this study might have lacked some special cases in terms of combined fulfillment that deserve further study from an architectural point of view. Furthermore, different assumptions in terms of window airing control and complex fenestration systems (glazing and shading system) have different impacts on daylight provision and risk of overheating. Therefore, future research should conduct sensitivity analyses for different window airing controls, glazing systems, and switchable shading devices. Another future path could be the development of prediction models to estimate the daylight provision and risk of overheating in Estonian buildings. Finally, this study can help architects, designers, and engineers understand the good practices not only in early design stages of the design of the buildings but also in the retrofitting stage to achieve satisfactory levels of indoor comfort in buildings.

The coupled method based on prediction formulas, which is part of the detailed method used in the second phase of the workflow, was applied to a single case study located in a cold climate. Moreover, an accuracy of 0.21 for minDF and DH predictions might not be acceptable for some design criteria. It was studied side-lit room typology specific to Estonia. Thus, the viability of the proposed coupled method based on prediction formulas should be further quantified for different climates, construction materials, and room typologies (e.g. rooms with multiple orientations). The accuracy of DH predictions was quantified for a specific combination of HVAC settings recommended for the Estonian context by local regulations and previous investigations. Settings such as the natural ventilation strategy (e.g. openable area and temperature set point), infiltration rates, construction materials, or occupancy profiles are influenced in practice by specific local regulations of each European country. Therefore, further investigations should study the validity of approaches based on DH prediction formula in different climate and regulation contexts. Finally, this coupled method will be implemented as an interactive tool such as a Grasshopper plug-in for Rhinoceros 3D that could be used not only by architects and designers as a design tool but also for educational purposes. This interactive tool could be included in a general framework to optimize the design of residential buildings within the Estonian context.

Regarding efficient annual glare assessment based on the selection of optimal Radiance parameters, in practice, this decision depends on the trade-off between illuminance/DGP accuracy and CPU time. A lower ab parameter can be very valuable in early design stages of the building design process when glare risk in multiple indoor spaces with several fabrics must be assessed. Moreover, for daylight glare assessment considering building occupants positions different from those closer to the window, optimal ab parameters might vary from those recommended in this thesis and therefore, must be further studied. There are also other approaches apart from annual glare assessment methods based on the selection of optimal Radiance parameters, daylight calculation methods, CFS modelling techniques, and sampling strategies to reduce the simulation time of annual glare simulations based GPU technology (Jones, 2019) or the novel Raytraverse method (Wasilewski et al., 2021) which should be further investigated.
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[bookmark: _Toc104447139]Abstract

A novel workflow for early design stages to ensure daylight and summer thermal comfort in buildings 

Human-centric design has become one of the central criteria in architectural design. Indoor comfort in buildings has a critical impact on occupants’ health and cognitive performance.  Designers have to consider multiple building performances such as indoor comfort during early design stages of design process. The achievement of a good level of indoor comfort in buildings typically includes a balance between visual comfort and protection against overheating, which can be challenging for architects and designers. There is a lack of integrated methods and studies that help designers to understand the impact of their design decisions during early design stages at different levels: building (orientation, shape, volume, and interior floor plan), facade (windows location, windows size, and windows construction), and shading level (shadings type, and optical/thermal properties of the shadings) on building overall performance consisted partially on solar access, daylight provision, glare protection, and overheating risk. This thesis presents a general workflow to help architects to design buildings with adequate levels of solar access, daylight provision according to the two standards in force in Estonia and low overheating risk according to Estonian regulations. In addition, this thesis presents methods to speed up the early design stages design process of office buildings with adequate levels of solar access, daylight provision, and glare protection according to the European standard EN17037:2018. 

A single-room simulation-based methodology was applied to assess the daylighting and overheating performance in side-lit rooms within the Estonian context. In the first part of this thesis, the aim is to investigate the effect of different daylight assessment criteria on the combined fulfillment of daylighting and overheating requirements and its implications for the design of residential and office rooms in Estonia (Paper II). Moreover, it was developed daylight and overheating prediction formulas that can help architects and designers to conduct efficient window sizing process during early design stages (Paper III). Finally, glare calculation methods in terms of accuracy and computational time were benchmarked (Paper IV). In the second part of this thesis, the methods developed from the first part of the thesis were applied to cases studies. In first place, it was used a proposed easy-to-use multi-objective optimization workflow to help architects and designers to design building envelope efficiently in Tallinn, Estonia (Paper I). The second step consists of using daylight and overheating prediction formulas to select window’s size and properties to achieve a good balance between daylight provision and overheating risk protection in a new residential building (Paper III). In third place, it was used efficient assessment methods based on sampling strategies and optimized modeling decisions such as the selection of Radiance parameters or optical model of complex fenestration systems to assess glare protection according to the European standard EN17037 (Paper IV). 

Within the current situation in Estonia, the results show that 30% of the combinations fulfill the mean DF requirement but not the sDA requirement. Moreover, there is an agreement between the Estonian standard EVS 894:2008/A2:2015 and European standard EN 17037:2018 for only 54% of room combinations. The addition of window airing increases the maximum window-to-wall ratio by 50% in residential rooms. Regarding the definition of the building envelope, multi-objective criteria based on  volume and solar access achieve the best trade-off solutions with volume ratios higher than 20% and ratio of the windows that fulfill the solar access requirements higher than 57%. Regarding the window sizing process using the minDF and DH-based prediction formulas, the minimum window-to-wall ratio (minWWR) to fulfill minDF-based requirements and maximum g-value to fulfill at the same time DH-based requirements for any room design can be calculated or represented graphically. The prediction accuracy in terms of relative RMSE is up to 0.20 for minDF and DH values (Paper III). 
For efficient annual glare assessment, based on semi-annual and five days per week simulations for visible sun positions; sampling strategies can decrease the CPU time for annual glare simulations up to 86% when considering clear sky conditions. The most suitable method for DGP simulations depends strongly on the Radiance parameters and the chosen sampling strategy (Paper IV). 

The results suggest a synergistic formulation of daylighting and overheating requirements in new building regulations to make the combined fulfillment easier for the designers (Paper II). By using these methods, designers can minimize the number of design iterations during early design stages, as well as the required computational time required by daylight and energy simulations (Paper I and II). The proposed coupled method based on minDF and DH prediction formulas has big potential to help architects and designers to achieve the combined fulfillment between daylight provision and overheating protection during early design stages within the Estonian context.  A suitable sampling strategy for annual glare risk assessments can make a time step-based 
ray-tracing method more computationally efficient than the alternative matrix-based methods (Paper IV). For cases in which no diffuse and/or specular reflections of the sun from any surface of the scene or the shading device will cause glare when this is not in the field of view, a sampling strategy that takes into account only the hours when the solar disk is in the field of view can reduce the computational time considerably. This strategy can be combined with semi-annual evaluations (for clear skies) and a suitable sampling strategy (e.g. one day per week) to further reduce the computational time. 
The sensitivity analysis of Radiance parameters for the rtrace method presented in the study can help to optimize the computational cost of simulations. Thus, by using this methodology, designers could efficiently compare several complex fenestration systems in terms of annual glare protection performance during early design stages of the building design process. 































[bookmark: _Toc104447140]Lühikokkuvõte

Uudne töövoog projekteerimise algfaasis, et tagada päevavalgus ja suvine soojusmugavus hoonetes

Inimkesksest disainist on saanud arhitektuurse disaini üks keskseid kriteeriume. Sisemugavusel hoonetes on kriitiline mõju elanike tervisele ja kognitiivsele jõudlusele. Disainerid peavad projekteerimisprotsessi varases projekteerimisetapis arvestama mitmete hoone jõudlusega, näiteks siseruumide mugavusega. Hoonete siseruumide mugavuse hea taseme saavutamine hõlmab tavaliselt tasakaalu visuaalse mugavuse ja ülekuumenemise eest kaitsmise vahel, mis võib olla arhitektidele ja disaineritele keeruline. Puuduvad integreeritud meetodid ja uuringud, mis aitaksid disaineritel mõista oma projekteerimisotsuste mõju projekteerimise algfaasis erinevatel tasanditel: hoone (suund, kuju, maht ja sisemine korruseplaan), fassaad (akende asukoht, akende suurus, ja akende ehitus) ning varjutuse tase (varjundite tüüp ja varjundite optilised/soojusomadused) hoone üldises toimimises koosnes osaliselt päikesevalguse juurdepääsust, päevavalguse tagamisest, pimestamise kaitsest ja ülekuumenemisriskist. Käesolevas lõputöös esitatakse üldine töövoog, mis aitab arhitektidel projekteerida hooneid, millel on piisav päikese ligipääsu tase, päevavalguse tagamine vastavalt kahele Eestis kehtivale standardile ja madal ülekuumenemisoht vastavalt Eesti eeskirjadele. Lisaks tutvustatakse käesolevas lõputöös meetodeid, kuidas kiirendada projekteerimisprotsessi varajastes etappides büroohoonete projekteerimisprotsessi, kus on piisav päikesevalguse, päevavalguse tagamise ja pimestamise kaitse vastavalt Euroopa standardile EN17037:2018.

Külgvalgustusega ruumide päevavalguse ja ülekuumenemise näitajate hindamiseks Eesti kontekstis kasutati ühetoalist simulatsioonipõhist metoodikat. Käesoleva lõputöö esimeses osas on eesmärgiks uurida erinevate päevavalguse hindamiskriteeriumide mõju päevavalguse ja ülekuumenemise nõuete kombineeritud täitmisele ning selle mõjusid Eesti elu- ja bürooruumide projekteerimisele (töö II). Lisaks töötati välja päevavalguse ja ülekuumenemise ennustusvalemid, mis aitavad arhitektidel ja disaineritel korraldada tõhusat akna suuruse määramise protsessi varases projekteerimisetapis (Paber III). Lõpuks võrreldi pimestamise arvutamise meetodeid täpsuse ja arvutusaja osas (IV paber). Käesoleva lõputöö teises osas rakendati juhtumiuuringutes lõputöö esimesest osast välja töötatud meetodeid. Esiteks kasutati välja pakutud hõlpsasti kasutatavat mitme eesmärgi optimeerimise töövoogu, et aidata arhitektidel ja projekteerijatel tõhusalt kavandada hoone välispiirdeid Tallinnas (Paber I). Teine samm seisneb päevavalguse ja ülekuumenemise ennustusvalemite kasutamises akna suuruse ja omaduste valimiseks, et saavutada hea tasakaal päevavalguse tagamise ja ülekuumenemisohu kaitse vahel uues elamus (Paber III). Kolmandaks kasutati tõhusaid hindamismeetodeid, mis põhinesid valimivõtustrateegiatel ja optimeeritud modelleerimisotsustel, nagu näiteks Radiance parameetrite või komplekssete kattesüsteemide optilise mudeli valimine, et hinnata pimestamise kaitset vastavalt Euroopa standardile EN17037 (Paber IV).

Eesti praeguses olukorras näitavad tulemused, et 30% kombinatsioonidest täidab keskmise DF nõuet, kuid mitte sDA nõuet. Pealegi on Eesti standardi EVS 894:2008/A2:2015 ja Euroopa standardi EN 17037:2018 vahel kokkulepe vaid 54% ruumikombinatsioonide kohta. Aknatuulutuse lisamine suurendab eluruumides maksimaalset akna ja seina suhet 50%. Hoone välispiirete defineerimisel saavutavad mahul ja päikese juurdepääsul põhinevad mitmeeesmärgilised kriteeriumid parimad kompromisslahendused, mille mahusuhted on suuremad kui 20% ja päikese juurdepääsu nõuetele vastavate akende osakaal üle 57%. Seoses akna suuruse määramise protsessiga, kasutades minDF- ja DH-põhiseid ennustusvalemeid, minimaalne akna ja seina suhe (minWWR), et täita minDF-põhiseid nõudeid ja maksimaalne g-väärtus, et täita samaaegselt DH-põhiseid nõudeid mis tahes ruumi jaoks. disaini saab arvutada või graafiliselt esitada. Suhtelise RMSE ennustustäpsus on minDF ja DH väärtuste puhul kuni 0,20 (Paber III). Tõhusaks iga-aastaseks pimestamise hindamiseks, mis põhineb poolaasta ja viis päeva nädalas toimuvatel simulatsioonidel nähtavate päikesepositsioonide jaoks; diskreetimisstrateegiad võivad selge taeva tingimusi arvestades vähendada iga-aastaste pimestamise simulatsioonide protsessori aega kuni 86%. DGP simulatsioonide jaoks sobivaim meetod sõltub tugevalt kiirguse parameetritest ja valitud proovivõtustrateegiast (IV artikkel).

Tulemused viitavad päevavalguse ja ülekuumenemise nõuete sünergilisele sõnastusele uutes ehituseeskirjades, et muuta projekteerijate jaoks kombineeritud täitmine lihtsamaks (Paber II). Neid meetodeid kasutades saavad disainerid minimeerida projekteerimise iteratsioonide arvu varajastes projekteerimisetappides ning päevavalguse ja energiasimulatsioonide jaoks vajalikku arvutusaega (Paber I ja II). Kavandataval minDF ja DH ennustusvalemitel põhineval sidemeetodil on Eesti kontekstis suur potentsiaal aidata arhitektidel ja disaineritel saavutada päevavalguse tagamise 
ja ülekuumenemiskaitse kombineeritud täitmine projekteerimise varases etapis. 
Iga-aastaseks pimestamisriski hindamiseks sobiv proovivõtustrateegia võib muuta ajasammupõhise kiirjälgimise meetodi arvutuslikult tõhusamaks kui alternatiivsed maatriksipõhised meetodid (IV artikkel). Juhtudel, kui päikese hajutatud ja/või peegeldav peegeldus stseeni üheltki pinnalt või varjutusseadmest ei põhjusta pimestamist, kui see ei ole vaateväljas, proovivõtustrateegia, mis võtab arvesse ainult tunde, mil päike vaateväljas olev ketas võib arvutusaega märkimisväärselt vähendada. Seda strateegiat saab kombineerida poolaasta hindamiste (selge taeva puhul) ja sobiva proovivõtustrateegiaga (nt üks päev nädalas), et arvutusaega veelgi vähendada. Uuringus esitatud rtrace meetodi Radiance parameetrite tundlikkuse analüüs võib aidata optimeerida simulatsioonide arvutuskulusid. Seega saavad disainerid seda metoodikat kasutades tõhusalt võrrelda mitut keerulist kattesüsteemi iga-aastase pimestamiskaitse toimivuse osas hoone projekteerimisprotsessi varases projekteerimisetapis.
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