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In 2019, the building sector was accountable for emitting 12GtCO,, equivalent to 21 % of global GHG emissions.
To achieve carbon neutrality by 2050, the building sector must change its pace. One of the ways to achieve this
goal is through the installation of dynamic solar shadings in buildings. This study focuses on a single office in two
locations characterised by a temperate climate: Liege (Belgium) and Milan (Italy). Two control strategies are
designed for Venetian and Roller blinds, one with and one without glare evaluation. They both integrate hori-
zontal illuminance, room occupancy, indoor operative temperature and vertical irradiance according to a multi-
criteria approach based on ISO 52016-3. The control strategy aims to balance visual comfort, heating, artificial
lighting and cooling energy needs and considers user satisfaction by evaluating the shading activation time. The
control algorithms are applied and validated on a DesignBuilder shoebox model. Regardless of location, the
control strategy that includes glare control improves the user’s visual comfort in terms of light quantity and
discomfort glare. However, a total annual energy needs increase is registered independently of the shading.
Conversely, if glare is not included in the control strategy, control of thermal loads is observed. This work
contributed to developing ISO 52016-3 shading control scenarios for offices and is intended for shading pro-
ducers, solar shading associations, facade engineers, facility managers and the scientific community working on
solar shading simulation and analysis.

One potential solution to decreasing the environmental impact of
buildings and reaching European targets is the installation of dynamic
solar shadings in office buildings [5]. This technological solution can
improve visual and thermal comfort for users near windows while

1. Introduction

In 2019, the building sector was responsible for 31 % of the global
final energy demand, 18 % of global energy demand, and the emission of
12 GtCO2, corresponding to 21 % of global GHG emissions [1]. Rising
temperatures caused by climate change will lead to even higher cooling
energy needs [2]. Consequently, the building sector needs to accelerate
its transition to achieve climate neutrality by 2050. To enable this, the
European Union is guiding the building sector towards improving en-
ergy efficiency, requiring, among all the measures, the application of a
smart readiness rating for non-residential buildings [3]. This scheme
will evaluate the building’s capability to adapt to energy systems and
occupants’ needs [4].

reducing the energy consumption of office buildings [6,7]. However, the
issue is finding a user-accepted control strategy that balances these latter
aspects [8]. As suggested by Karlsen et al. [9], this entails ensuring users
have a good view of the outside and daylight, which may conflict with
the achievement of indoor visual comfort and energy-saving goals.

The scientific literature has primarily focused on developing auto-
matic control strategies for daylight harvesting to reduce either elec-
trical lighting or cooling/heating loads in cold climate areas [10]. Few
studies have adopted a multi-criteria approach combining daylight,
view, glare, and lighting/cooling/heating energy savings. This research
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Abbreviations

BC Base Case

CV(RMSE) Coefficient of Variation of the Root Mean Square
Error

DGI Discomfort Glare Index

DGP Daylight Glare Probability

Epon Horizontal illuminance on the work plane

EMS Energy Management System

Lol w Vertical Irradiance on the Window

MBE Mean Bias Error

OF Openness Factor

RB Roller Blinds

S1 Strategy including glare evaluation

S2 Strategy not including glare evaluation

Top,in Indoor Operative Temperature

VB Venetian Blinds

VBO Venetian Blinds with slat angle of 0°

VB45 Venetian Blinds with slat angle of 45°

addresses this knowledge gap by designing a new shading control al-
gorithm for two shading technologies (Venetian blinds (VB) and Roller
blinds (RB)), which includes all the above-listed parameters. The algo-
rithm’s effectiveness is evaluated by comparing the performance of a
single office with and without dynamic solar shadings in two locations,
Liege (Belgium) and Milan (Italy). The following question will be
investigated: What is the optimal shading control strategy in a temperate
climate to maximise office occupants’ satisfaction and visual comfort
while reducing the annual building energy need for heating, cooling and
artificial lighting?
Practically, it means to answer the questions here below:

e How do we hierarchise daylight, glare, and energy needs?
e How does the control strategy influence annual energy needs, visual
comfort, and user satisfaction?

The novelty and added value of this work lie in designing a novel
multi-criteria algorithm, which, concerning the choice of parameters
and indicators to be included in the algorithm, complies with the new
ISO 52016-3 standard (International Organization for Standardization
(ISO), 2023). Moreover, the algorithm optimises visual comfort, annual
lighting, cooling and heating energy needs based on all-year simula-
tions. User satisfaction is also considered through an a-posteriori eval-
uation of the shading activation time that impacts view to the outside
and daylight availability. The last added value is that the designed al-
gorithm is tested for two shading technologies and locations in
temperate climate areas, regions yet to be widely addressed in a scien-
tific community mainly focused on cold climate zones [11].

The study involves and has an impact on multiple stakeholders. In
the short term, the work implements a multi-criteria control algorithm
that focuses on office occupants (especially the ones seated close to
windows) and could be reused in further studies on more complicated
adaptive facades. In the long term, the work addresses producers of
shading devices, solar shading associations and facade designers, aiming
to develop new, cost-efficient, intelligent and easy-to-integrate dynamic
solar shading systems that could accelerate building renovation in
Europe. Moreover, by guiding facility managers to adopt people-centric
shading control strategies, dynamic shadings could contribute to deliv-
ering not only more efficient offices but also more comfortable and
livable buildings.

The paper is organised as follows. Section 2 reviews shading control
algorithms studied in the literature, identifying the knowledge gaps
addressed in this work. Section 3 describes the methodology adopted,
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presents the case study and its location, describes the control strategies
for the selected shading technologies, and describes the model valida-
tion and the postprocess of simulation results. Section 4 presents the
control algorithms and their impact on annual energy needs, visual
comfort, and user satisfaction. Section 5 discusses key findings, final
recommendations, strengths and limitations of the work, implications
on the practice for the mentioned stakeholders, and potential future
research pathways. Section 6 concludes the paper.

2. Literature review

The building envelope acts as a physical barrier between the interior
and exterior of a building. It is directly exposed to weather elements and
their short- and long-term variations, which affect the users’ comfort
and the building energy consumption in a contradicting way [12].
Adaptive facades have been developed to provide user comfort and
reducing energy needs [13]. According to ISO 52016-3, these building
components are defined as “components with properties that vary as a
function of specific situations or events” such as set points, occupant
intervention or complex algorithms, and can adapt to the variations of
the environmental conditions, weighing the Indoor Environmental
Quality (IEQ) and energy needs of the building [14] both in Winter and
Summer [15,16].

The design of dynamic solar shadings requires the selection of
appropriate shading technology, material and facade position. The
choice of technology and material depends on several factors such as
climate, building orientation, prevailing wind conditions, building
height, building character, regional preferences, building construction
details, user expectations and behaviour ([17]; W. [18-20]). Venetian
Blinds (VB) and Roller Blinds (RB) are the most commonly used dynamic
shading technologies in office buildings. VB are made of horizontal
orientable equally-spaced louvres. They are effective in providing
thermal comfort, visual comfort and privacy. RB mainly controls glare
and daylighting [21]. They are usually made of fabric characterised by
its light and solar energy transmittance and reflection, thickness,
openness factor (OF) and colour. This technology can also provide a
good view of the outside if the correct combination of and colour is
chosen [22].

Once the shading type is chosen, the effectiveness of dynamic
shadings depends on the implementation of a proper control strategy.
Automatic control systems are preferred over manual controls because
they better manage lighting, energy loads, and user comfort, with
different results according to the climate (if heating or cooling domi-
nated) [23,24], the building orientation and the window size [25].
However, the control design must include occupant-facade interaction
[26] and the occupant’s perception of comfort [27] to be effective. Users
are more satisfied and productive if automatic control systems comply
with their preferences, such as the possibility of overruling them [28] or
providing a view of the outside and daylight access [29-31]. On the
other hand, if control algorithms are energy-efficient but do not provide
occupants’ comfort and satisfy their needs, users override or disable
control systems [30,32], resulting in higher building energy use [33].

The field of building control systems has seen a growing interest in
recent years, with researchers focusing on developing control algorithms
to improve the energy efficiency and occupant comfort of buildings.
Three broad categories of control algorithms can be distinguished:
threshold controllers, blocking controllers, and mode and scene con-
trollers [34]. With threshold controllers, blinds are activated according
to the solar radiation level on the facade. However, this control strategy
is deemed ineffective in minimising the energy demand [23], purpose
that would require shading control strategies based on indoor conditions
[35]. Blocking controllers move blinds according to the sun’s position,
allowing to control glare and keep proper illuminance levels while
reducing cooling and lighting energy needs compared to fixed shadings
[36-38].

Mode and combine vertical irradiance,

scene controllers
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temperature, illuminance on the work plane and glare risk. Table 1 re-
sumes some of the studies adopting this type of shading control.
Regarding visual comfort, these studies agree that shading algorithms
guarantee glare control and proper horizontal illuminance on the work
plane. In terms of energy needs, they show that the use of shadings in-
creases the heating energy needs due to the loss of solar gains in Winter,
suggesting the importance of introducing in the shading control strategy
the evaluation of indoor temperature to benefit from daylight and solar
gains during Winter. Following the same logic, shading activation re-
duces cooling energy needs and overheating hours. Finally, concerning
artificial lighting, energy needs are higher or lower according to the
user’s preferences (e.g., the level of accepted horizontal illuminance on
the work plane) and the type of lighting control. In fact, non-dimmable
luminaires would induce higher lighting energy needs than an ideal
lighting control. Combining the results obtained for heating, cooling and
lighting, the literature shows that the use of shading control algorithms
allows for a reduction in building energy use, especially in locations
where cooling loads are high, and hence the negative impact on lighting
and heating demand does not offset the decrease in cooling energy
needs.

These results highlight the importance of adopting a methodology
based on a hierarchy of multiple factors to successfully designing
shadings [39]. However, few studies employed a multivariable control
strategy due to their design complexity. Most studies focus on daylight
performance. Thermal performance analysis is limited [39], the view is
neglected in 2/3 of the studies due to its difficult quantification, and
none of the studies adopting a closed-loop control considered user
preferences as an input. Therefore, the main control inputs are
daylighting and glare, and most of the literature on automatic control is
focused on daylight to reduce artificial lighting or heating and cooling
energy. None of the studies investigated daylight, view, glare, lighting,
and energy savings altogether [11]. Here lies the main knowledge gaps
in the literature [35]: an integrated automatic control to cover human
comfort objectives and energy altogether is needed [11]. This is what
this study aims to do: design a new control strategy that optimises and
properly hierarchises visual comfort (in terms of light quantity and glare
comfort), heating, cooling and artificial lighting energy needs, consid-
ering user satisfaction related to the view to the outside through the
evaluation of shading activation time.

The control algorithm is designed following the new ISO 52016-3
(2023) (ISO, 2023), which provides a methodology for calculating en-
ergy needs for heating and cooling, considering the integration of
adaptive building envelope elements. ISO 52016-3 suggests parameters
to be included in shading control scenarios and their relative thresholds,
according to the most used indicators in literature and the available
sensor technologies (to measure them in real applications). Moreover, it
provides reference control scenarios for different shading technologies
(VB, RB and electrochromic glazings) and building uses (residential and
non-residential). They are obtained by combining the considered pa-
rameters and selecting, among the 144 combinations that can be ob-
tained, the 20 most relevant that are finally associated with a different
extension of the shading and into a different slat angle.

3. Methodology

This work applies the so-called modelling approach, a methodology
based on creating a numerical model of the building under study to test
the control algorithm. The research has been conducted in accordance
with the framework depicted in Fig. 1.

After conducting a literature review, the focus shifted to data
collection about the site, building, and solar shadings. Based on the
collected data, it was possible to make the building model using
DesignBuilder and define the control strategy to adopt. The control
strategy was divided into two parts: during working hours, where the
primary aim was to provide visual comfort to the users while max-
imising their satisfaction, and outside working hours, where the focus
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was on minimising energy needs.

The algorithm, written in the Energy Management System (EMS)
language on DesignBuilder and was tested on the office model. The re-
sults were post-processed in Excel to analyse the shading behaviour and
the impacts of the control algorithm on visual comfort, energy needs and
view to the outside.

To conduct this research, boundary conditions and hypotheses were
established. Firstly, the study focuses on a single office built in a
temperate climate and oriented towards the South. The office’s orien-
tation is fixed, so the impact of the room orientation on the shading
performance is not analysed. The office is occupied by a single user, who
can assume two orientations: obliquus (45°) and perpendicular to the
plane of the window. The variation in the activity type or the number of
occupants is beyond the scope of this study.

Regarding building systems, the office is equipped with heating,
cooling, and mechanical ventilation. Since the study focuses on the
control algorithm’s design and its impact on the visual and energy
performance of the office, the HVAC system is auto-sized by the soft-
ware, and its type remains constant across different simulations.
Therefore, the impact of varying heating, cooling, and lighting system
types is not analysed. Natural ventilation is only possible during the day,
as is the case in the reality of the case study. Hence, the evaluation of the
nocturnal passive cooling effect provided by natural ventilation is out of
the scope.

Concerning the envelope, considering the building type and climate,
a solar control double glass unit was adopted for all the window con-
figurations, with and without shading. Two shading technologies were
selected and tested: external VB (with a fixed slat angle of 0° and 45°)
and external RB. The choice to keep VB’s slat angle fixed is related to the
cost of sun azimuth and elevation sensor, which led us to exclude the
sun’s position from the control strategy. Finally, due to a software lim-
itation, the shading can only have two states: fully up and fully down. It
is not possible to partially shade the window.

3.1. Climatic analysis

Two cities were selected in this work: Liege and Milan (Fig. 2). Liege
corresponds to the location of the real case study building and was
chosen to represent the temperate climatic conditions of Northern
Europe. Milan, instead, is characterised by hotter and more humid
Summer conditions and, hence, by higher cooling loads. Moreover, it is
the city with the most significant office stock volume in Southern
Europe’s temperate regions [43].

The climatic analysis of Liege was conducted utilising the.epw file of
Beek, which represents the climatic conditions associated with Bierset-
Liege Airport in DesignBuilder. For Milan, the.epw file of Milan avail-
able in DesignBuilder was used. Data analysis was conducted using
Climate Consultant (Ligget et al., s.d.).

3.1.1. Climatic analysis of liege

According to the Koeppen-Geiger climate classification [44], Liege is
characterised by a Cfb climate, i.e., a temperate oceanic climate with
cool summers and mild winters for its latitude. The warmest months are
July and August. In July, the highest average temperature is recorded,
while in August, the maximum temperature reaches 36 °C. Tempera-
tures exceed the comfort range of 20-24 °C from May through
September. Additionally, the highest solar radiation is registered in the
hottest months of the year, leading to an increase in heat gains in the
office.

Concerning global horizontal illuminance, the monthly average
illuminance exceeds 1000 lux throughout the year, with a peak of 3700
lux in July. The maximum absolute value registered is 96000 lux, which
could cause a severe visual discomfort inside the office.

Based on the Givoni diagram, when the external air temperature
passes 20 °C, the installation of a shading system is the most effective
solution to improve thermal comfort in the office.
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Table 1
Summary of the studies on the design of control strategies for dynamic shading, with the independent variables introduced in the algorithms and the outcomes
analysed.

Ref. Year Control algorithm independent variables Study Results
Indoor Solar Occupancy  Glare Horizontal Vertical Desktop Sun Shading objective
temperature  irradiance risk illuminance illuminance illuminance  position  fraction
on the work
plane
[23] 2015 X X X X X Energy Reduction in
needs, glare primary energy
discomfort, use, especially
overheating in locations
with high
cooling loads
[35] 2007 X X Energy Increase in
needs, heating
thermal demand,
comfort, reduction in
visual overheating
comfort hours
[36] 2001 X Cooling and Reduction in
lighting cooling and
energy needs,  lighting energy
illuminance use, glare
level control, proper
illuminance
levels
[371 1998 X Illuminance Cooling and
level, cooling  lighting
and lighting reduction,
energy needs increased
daylight
availability

compared to
static blinds

[38] 2021 X X X Lighting Reduction in
energy needs,  lighting energy
visual use, better glare
comfort control and

view to the
outside

compared to
cut-off strategy

[40] 2002 X X X Energy Increase in
needs, visual lighting energy
comfort, use, improved
daylight visual comfort
distribution, (glare and
shading horizontal
movement illuminance on

the work plane)

[41] 2017 X X X Energy Reduction in
needs, visual total energy
comfort, needs, uniform
view to the indoor
outside illuminance

when shading
activated

[30] 2023 X X X Thermal No impact on
comfort, thermal
visual conditions,
comfort, multi-objective
view to the control with
outside, user intermediate
satisfaction shading

position
provides
sufficient
daylighting
conditions and
view-out
maximization
while avoiding
glare

[9] 2016 X X X X Energy Compromise
needs, visual between energy
comfort, needs, visual

(continued on next page)
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Table 1 (continued)
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Ref. Year Control algorithm independent variables Study Results
bjecti
Indoor Solar Occupancy  Glare Horizontal Vertical Desktop Sun Shading objective
temperature  irradiance risk illuminance illuminance  illuminance  position fraction
on the work
plane
shading comfort and
activation shading
time activation time
depends on the
chosen control
algorithm
[42] 2019 X X X Lighting Annual lighting
energy needs, energy use
visual varies
comfort, according to
shading user’s
movement preference
profiles
[27] 2019 X X X User The higher the
satisfaction daylight
(daylight) availability and
the closer the
user to the
window, the
higher is the
user
satisfaction
Literature review
l | l
Climatic analysis Case study definition Choice type of shadings
Milan (ltaly) e
¢ 5 & p—
Liege Bl ‘
(Belgium)
Time
Altitude Orientation . .
Latitude Envelope characteristics I\Ollr::rt;tl'on
Azimuth Levels of illumination Movements
Temperature Heating setpoint
Solar irradiation
v
Choice of the control strategy
! l
During working hours Outside working hours
J ! !
> Control algorithm -r. > Numerical modelling -r. )
G % r
Validation and Postprocess > ool

Fig. 1. Study conceptual framework.

Considering that the climatic analysis is done on a typical meteoro-
logical year (that does not consider the effects of climate change),
installing solar shadings is supposed to be even more relevant to limiting
overheating and cooling load in summer. Ultimately, this solution could
improve worker visual comfort as well.

3.1.2. Climatic analysis of milan

Milan falls under the Cfa climate category, as per the Koeppen-Geiger
climate classification [44]. This climatic zone is characterised by a
humid subtropical climate with hot and humid summers and cool to
mild winters. The warmest month is July, with a maximum average
temperature of 33 °C and the highest solar radiation. During the months
of May to September, temperatures exceed the comfort range of
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Fig. 2. Koeppen-Geiger classification for Liege, Belgium (50°38'1.43”N, 5°34'2.96E) and Milan, Italy (45°27'51.37’N, 9°11'22.24"°E). Modified after from
Ref. [44] (H. E. [45]).

20-26 °C. Particularly, from June to August, temperatures can remain
above 27 °C for the entirety of working hours.

The monthly average for global horizontal illuminance is constantly
above 800 lux, with a peak of 3600 lux in July. The maximum absolute
value recorded is 74000 lux. Hence, the installation of a shading system
is crucial also in this location to enhance the visual and thermal comfort
of the worker.

3.2. Case study definition and choice of the type of shadings

The research is centred on a single office in building B52 of the
University of Liege. The building comprises two parallel blocks at the
North and South of the building connected by a central block charac-
terised by a vast circulation space. The first two blocks have their main
axis in the direction North-South and are occupied by offices and labo-
ratories. They are built on five levels ranging from —2 to +2, with level
—1 located at the street level at an altitude of —3.24 m. Building plans
and elevations are provided in the Appendix for reference.

The office under consideration is situated at level 0 of the Southeast
block. The office has a dimension of 3.10 x 5.90 m, with its primary axis
oriented in the North-South direction (Fig. 3). The office is adjacent to
offices on the West, East, top and bottom, with a corridor on the North
and the outside on the South. The office’s window is 160 x 160cm and
can only be opened when the room is occupied, as per security reasons.
The office is occupied by one user, who works at 1.3 m from the window
and can assume two positions, one facing the window (with an orien-
tation of 180°) and the other obliquus to the window (with an orienta-
tion of 135°) (Fig. 4).

In the present case, the type of window opening influenced the se-
lection of shadings in terms of technology and fixing mechanism. Spe-
cifically, the horizontal pivot opening of the window prevented the
installation of a shading system fixed on the extrados of the window.
Consequently, external VB and RB fixed on the window frame were
adopted, which can turn solidly with the window. M Gross surface Net surface

The selection of grey-coloured screens was made to preserve the
building’s character given by its stainless-steel finishing. Furthermore, a Fig. 3. Office plan and section.
glass fibre and PVC tissue was chosen for the RB, as it allows users to
have a good view of the outside while being fully opaque from the
outside when the screen is rolled down. The main properties of the
chosen VB and RB technologies are summarized in Table 2.
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Fig. 4. User’s orientation in the office. Perpendicular to the window (180°) on the left, obliquus (135°) on the right.

Table 2

Main properties of the selected VB and RB technology.
VB
Property Value
Distance glass-shading 35 mm
Slat depth 25 mm
Slat distance 18.75m
Slat thickness 0.22 mm
Thermal conductivity 221 W/(m " K)
Slat angle 0/45°
Slat reflectance 90 %
RB
Property Value
Thickness 55 mm
Light transmittance 11.6 %
Openness factor 5%
Solar energy transmittance 12.4 %
Solar energy reflection 59.8 %

3.3. Choice of the control strategy

The control strategy employed for the two types of shading is the
same and is designed to maximise the visual comfort of the worker while
minimising the impact on the office’s energy needs. To satisfy those
requirements, the control strategy is separated into two blocks, one for
working hours and one for non-working hours. During working hours,
the primary objective is maximising visual comfort, which requires
providing the correct illuminance on the desk and avoiding glare. Dur-
ing summertime, this requirement must be combined with the limitation
of solar gains and the impact on the view to the outside. Outside working
hours, the aim is minimising energy needs. During Winter, this means
taking advantage of solar gains, which, on the contrary, must be limited
during Summer.

Meeting these requirements brings us to make contrasting choices
regarding shading control. For instance, shadings need to be rolled down
to prevent glare, but this limits natural daylight availability and vision to

the outside during working hours. Conversely, to maximise heat gains
during Winter and reduce the heating needs, shadings must be deacti-
vated, resulting in high glare discomfort for the worker.

Satisfying all requirements necessitates introducing, defining hier-
archies and finding an optimum trade-off among the following param-
eters (Table 3): occupancy, indoor operative temperature, vertical
irradiance on the window, horizontal illuminance on the work plane (i.
e., 0.80 m) and discomfort glare index (DGI) at the head level (i.e., 1.20
m).

Occupancy is used to differentiate between the control strategies for
occupied and unoccupied hours. Indoor operative temperature (Typ,ir) is
introduced to characterise the thermal conditions of the office, accord-
ing to ISO 52016-3. Vertical irradiance on the window (I, ), as per ISO
52016-3, helps distinguish between day and night. Horizontal illumi-
nance on the work plane (Ep ) identifies the low daylight conditions
and events, according to ISO 52016-3. It is the only index that considers
the contribution of both natural and artificial light. For this reason, it is
used in EN 12464-1 to define the minimum illuminance threshold in
workplaces (500 lux for offices where the main activity is writing,
typing, reading, and data processing) [46].

DGI at the head level identifies the conditions and events for glare
occurrence. While ISO 52016-3 suggests using Daylight Glare Proba-
bility (DGP), DesignBuilder’s only available index to evaluate discom-
fort glare is DGI [47]. DGI is calculated for two user orientations: one
with the occupant’s view direction of 180° (i.e., the occupant looking
towards South, according to DesignBuilder convention), and one at 135°
(i.e., South-East). This double evaluation allows to consider in the model
a certain degree of freedom in occupant’s adaptation and response to
eventual visual discomfort during working hours.

Table 3 displays the selected setpoints for the considered parameters.
Specifically, the Ej, o, setpoint was chosen to be 600 lux instead of the
500 lux suggested in EN 12464-1. The rationale behind this decision was
that users tend to request a higher illuminance level on the work plane in
the case of natural lighting.

As for Typ,in, the setpoint was selected to achieve optimal control of
shadings in the early morning. The cooling setpoint of 25 °C allows for
activating the shadings in the early morning when solar gains are

Table 3
Independent variables considered in the study, with correspondent sub-variables, indicators, units of measure and thresholds adopted.
Variable Sub-variable Indicator Unit Value Reference
Indoor conditions Room occupancy Desk presence - 0 = occupied /
1 = unoccupied
Light quantity Horizontal illuminance on the work plane — Shading on (Ej, on) Lux 600lux at 0.80 m /
Temperature Indoor operative temperature (Top,in) °C 25°C /
Glare Discomfort Glare Index (DGI) - 22 at1.20 m Hopkinson’s scale
User’s orientation Occupant view direction ° 180°/135° /
External conditions Solar irradiance Vertical irradiance on the window (L;o;) W/m? 150W/m? [9]
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already present and the office is still unoccupied. This action helps to
limit overheating during the day since the effect of solar gains takes
some hours to be perceptible due to the building’s inertia.

In the calculation of the number of hours with discomfort glare, a
DGI limit of 22 at 1.20 m was considered since the maximum recom-
mended value for DGI in offices is 22, according to Hopkinson’s scale
[10,48]. Finally, the setpoint for I, ,, was chosen based on literature [9,
49] and considering the type of building and the fenestration size.

To isolate the impact of visual comfort evaluation on energy needs,
two different control algorithms were designed: one including the glare
evaluation (S1) to maximise the user’s visual comfort, and one without
glare evaluation (S2), focusing on controlling thermal loads.

3.4. Numerical modelling

The model and the algorithm have been designed in DesignBuilder
V.7.0.1.6 [50]. The model includes only the analysed office and not the
overall building because, to analyse the effect of shadings on the office
performance, the office envelope neighbouring the other offices and the
corridor is assumed adiabatic. The office is modelled as a single thermal
zone, whose gross and net areas are defined according to the Cened
handbook [51] (Fig. 3).

Table 4 resumes the main model inputs for building envelope, heat
gains, activities, and systems As for the envelope, we can highlight that
the properties of the combination glazing/shading were obtained from
simulation using the Window software [52].

Concerning heat gains, activities and systems, the operating schedule
for building systems was assumed to be the same as the occupancy
schedule (Monday through Friday, from 08.00 to 18.00). Mechanical
ventilation is employed to regulate humidity and air quality, with nat-
ural ventilation as an option in warm outdoor conditions (when the
temperature is between 15 and 25 °C) or when the cooling system is not
activated and the indoor temperature rises above 27 °C. These temper-
ature constraints for natural ventilation are imposed to minimise heat
losses during Winter and heat gains during Summer.

Finally, lighting control was activated to evaluate the impact of
control strategies on artificial lighting needs. A 1-step lighting control
was modelled, where lights can be in one of three states: on, off, and half
power. Two control points were considered, one at 1.30 m from the
facade and the other at 1.30 from the opposite wall (Fig. 5). The first one
triggers artificial lighting activation when the horizontal illuminance on
the work plane is lower than 500 lux. The second control point is posi-
tioned in the unoccupied office space, where, since no working tasks are
performed, lights can be turned on at a lower threshold, here fixed at
300 lux.

3.5. Validation and postprocess

The office’s wing of the case study building was audited between
2015 and 2018 [55]. The model was validated using the average data for
monthly delivered heating and lighting electricity energy over the three
years. For this scope, the whole office’s wing of the building was
modelled on DesignBuilder. The monitored data and simulation results
obtained are compared in Fig. 6. Lighting simulation results correspond
to the monitored values, with a maximum error of &+ 0.2 kWh/m?.
Instead, simulated heating overestimates the real delivered energy,
except for January and February. This discrepancy can be due to the
weather file used in the model, the occupancy schedule and the holiday
calendar.

According to ASHRAE Guideline 14-2002 [56], two indicators are
used to evaluate the reliability of a building energy simulation model:
the Mean Bias Error (MBE) and the Coefficient of Variation of the Root
Mean Square Error (CV(RMSE)). They are calculated according to the
following equations:

Table 4
Model inputs for office envelope, activity, systems and heat gains.
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BUILDING ENVELOPE

Opaque elements

Parameter Value Reference

U-value external wall 0.416 W/(m? - K) ULiege technical office

U-value internal wall 2.869 W/(m?-K)  ULiege technical office
adjacent to office

U-value internal wall 2.288 W/(m? - K) ULiege technical office
adjacent to corridor

U-value floor 1.873 W/(m? - K) ULiege technical office

Window frame

Material Wood ULiege technical office

Glazing

Stratigraphy 6-12 (air)-4 with ULiege technical office

Light transmittance

Solar energy
transmittance

Shading coefficient

U-value

Glazing + VB45

Light transmittance

Solar energy
transmittance

Shading coefficient

U-value

Glazing + VBO

Light transmittance

Solar energy
transmittance

Shading coefficient

U-value

Glazing + RB

Light transmittance

Solar energy
transmittance

Shading coefficient

U-value

solar control
71 %
36 %

0.41

1.50 W/(m? - K

20 %
10 %

0.10

1.27 W/(m? - K

70 %
36 %

0.41

1.27 W/(m? " K

7 %
4%

0.05

1.30 W/(m? " K

ACTIVITY, SYSTEMS AND HEAT GAINS

Parameter
Occupancy schedule

Heating setpoint
Cooling setpoint
Heating system COP
Cooling system COP
Natural ventilation —
Indoor maximum
temperature
Natural ventilation —
Outdoor minimum
temperature
Natural ventilation —
Outdoor maximum
temperature
Illuminance level for
artificial lighting
activation
Discomfort Glare Index
Equipment gain

Lighting gain
People gain

Ventilation + Infiltration

gain

Value
Mon-Fri,
08:00-18.00
20°C

26 °C

3.9

2.9

27 °C

15°C

25°C

500/300 lux at

0.80 m

22 at 1.20 m
11.77 W/m?

11 W/m?
123 W/person

0.85 vol/h

<

<

<

<

ULiege technical office
ULiege technical office

ULiege technical office
ULiege technical office

Window
Window

Window
Window
Window
Window
Window

Window
Window
Window
Window
Window

Window
Window

Reference
/

ISO 17772-1 [53]
ISO 17772-1 [53]
/
/
/

EN 12464-1 European
Committee for
Standardization [46]
Hopkinson’s scale

“Generic working area” DB

occupancy template
/

“Generic working area” DB

occupancy template
EN 16798-1 [54]
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Fig. 5. Position of the lighting control points in the office.

Monitored and simulated monthly delivered energy
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Fig. 6. Comparison of monitored and simulated monthly delivered energy for
heating and electricity for the office’s wing of the case study building.
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Where m; and s; are, respectively, the measured and simulated data at
point i and n is the number of data points.

In the case of monthly calibrated data, MBE should be lower than +
5 % and CV(RMSE) lower than 15 % [56]. In this project, MBE for
heating and electricity are —4% and 0 %, respectively, and CV(RMSE)
are 4 % and 2 %. Hence, ASHRAE requirements are satisfied, and the
building energy model is reliable.

Subsequent simulations were run on the single office energy model.
Four cases were simulated:

Table 5
Dependent variables considered in the study, with correspondent sub-variables,
indicators and units of measure.

Variable Sub-variable Indicator Unit
Visual Light Working hours above/below the Hours/y
comfort quantity horizontal illuminance setpoint
Glare Working hours above the glare Hours/y
setpoint
Energy need Heating Annual heating need (kWh/
m?)/y
Cooling Annual cooling need (kWh/
m?)/y
Lighting Annual lighting need (kWh/
m?)/y
User’s View to the Working hours with activated Hours/y
satisfaction outside shading
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e Case 0: office without shadings (BC)

e Case la: office with VB and a fixed slat angle of 45° (VB45)
e Case 1b: office with VB and a fixed slat angle of 0° (VBO)

e Case 2: office with RB

The simulations were run for a typical meteorological year, with an
hourly and 30-min timestep. The indicators listed in Table 5 were
examined to evaluate and compare the algorithm performance in both
Liege and Milan. The total monthly and annual electrical energy needs
were calculated according to the following formula (Equation 1):

_ Ep E.
" CoP, ' COP,

+E;

Equation 1 Total annual/monthly electrical energy needs.

where Ej, is the thermal energy need for heating, E, is the thermal
energy need for cooling, Ej is the lighting energy need, and COP;, and
COP, are the annual averaged COPs of heating and cooling systems,
respectively.

As for visual discomfort, the number of working hours with hori-
zontal illuminance lower than 600 lux and higher than 2000 lux (which
is the threshold corresponding to a too-bright environment [57]), and
the number of working hours with a DGI higher than 22 were calculated.
The percentage of discomfort hours over the total occupied hours was
calculated for both indicators and was subsequently lowered by 5 %
according to EN 16798-1 [54], which states that comfort is ensured if the
parameter does not overcome its defined threshold for more than 5 % of
occupied hours.

Finally, according to the research delineated within Section 2,
shading activation keeps users from looking outside, diminishing their
overall satisfaction. The variable “user satisfaction” aims to quantify this
aspect. Since this study constrains the operational states of shading
devices to binary conditions (either "fully opened" or "fully closed”),
occupant satisfaction regarding external views is calculated based on the
percentage of working hours per year during which shading is activated.

4. Results

In this section, the designed control algorithm is presented. Its per-
formance is evaluated with respect to its impact on office lighting,
heating and cooling energy needs, visual comfort, and user satisfaction.
Only the most significant outcomes are presented in this paper. Addi-
tional data, such as the analysis of the shading activation profiles
throughout the year, monthly office energy needs, and daily visual
comfort over the year, are available in the results chapter of Bertini’s
thesis [58].

4.1. How do we hierarchise daylight, glare, and energy needs?

Fig. 7 represents the designed shading control algorithm including
glare evaluation (S1). The algorithm adheres to the following steps:

1. Initially, the office’s occupancy status is ascertained to prioritise
energy needs minimisation during periods of vacancy and enhance
user comfort when occupied.

Upon confirmation of occupancy:

2. The DGI at the occupant’s head level is assessed in two distinct ori-
entations (180° and 135°). Should discomfort arise in both positions,
evidenced by a DGI exceeding 22 (according to the Hopkinson’s
scale, as described in section 3.3), shadings are activated, i.e., RB or
VB are fully rolled down, and, in the case of VB, the slat angle is fixed
at 0° or 45°. Otherwise, the analysis shifts to thermal loads.

3. Thermal load evaluation encompasses the consideration of two pa-
rameters: Iy, exceeding 150 W/mz, and Ty in surpassing 25 °C.
Shading is not activated if at least one of the two parameters fails to
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not activated

Shading
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Shading
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Shading
not activated

Fig. 7. Control algorithm - Strategy including the glare evaluation (S1).

meet its specified criterion. Conversely, if both these thresholds are
met, Epoq is subsequently evaluated. As stated in section 3.3, I
threshold is defined according to literature, type of building and
fenestration, while Ty, i, is fixed at 25 °C to limit solar gains in the
early morning. By combining these choices, this strategy endeavours
to harness solar gains during Winter (deactivating the shading) while
aiming to minimise them only throughout Summer.

4. To prevent the activation of artificial lighting and to offset the
reduction in solar gains with an increase in lighting gains, Ep o is
assessed post-shading activation, and shading is activated if Ejp o,
remains above 600 lux. This latter threshold, as explained in section
3.3, aims to consider the user tendency of requiring higher illumi-
nance levels on the work plane in case of natural lighting.

If the office is not occupied:

5. The strategy pivots towards minimising thermal loads, thereby
mitigating the risk of overheating and the subsequent elevation of

N

~
s> 150 w/mg\\
7 Py N Yes

cooling loads upon system reactivation, particularly at the onset of
the workweek and during morning hours. This objective is achieved
by considering Iy and Typin, as delineated in step 3 of the
algorithm.

S2 mirrors the logic of S1 but omits glare evaluation in step 2 (as
depicted in Fig. 8).
Two observations regarding the control strategy are noted:

1. DGI in step 2 is evaluated when the shading is not activated. This
precaution aims to stabilize the shading activation profile since
activating the shading reduces DGI below 22, prompting the algo-
rithm to deactivate the shading.

2. In step 4, En on is consistently evaluated with the shading activated to
avoid the necessity for artificial lighting due to the shading’s
deployment.

Occupied? P

AN P //\\
T /|sw, > 1;0 W/mz\ \\\

No.

55
\\Tou.m >25°C? P

Yes.

'
N
/ Mg

P
(\ Enon > 600lux? >

Shading
not activated

. P
N o
~.
Yes No;l
Shading Shading
activated not activated

P

.

S Tonin>25°C?
Y -

Shading

not activated

Shading
activated

Fig. 8. Control algorithm — Strategy not including the glare evaluation (S2).
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Annual electrical energy needs for artificial lighting, heating and cooling
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Fig. 9. Comparison of annual energy needs for artificial lighting, heating and
cooling between the base case without shadings, and the cases with the inte-
gration of Venetian blinds with a slat angle of 0° and 45°, and of Roller blinds.
Case of Liege (L) and Milan (M).

4.2. How does the control strategy influence annual energy needs?

Fig. 9 compares the annual lighting, heating, and cooling energy
needs for the selected shading technologies, control algorithms, and
locations.

Regarding artificial lighting and heating, Liege has higher energy
needs than Milan. However, the significantly higher cooling energy
needs make Milan the location with the highest total annual energy
needs.

Comparing S1 (including glare evaluation in the algorithm) and S2
(not including glare evaluation), we can observe that (except for VB0 in
Liege) independently from the location, we always register a reduction
compared to the BC regarding cooling energy needs. In the case of Liege,
with S1, the maximum is registered with RB (from 0.27 to 0.17 kWh/
mZ/year, i.e., —36 %), while the less effective solution is the VBO (from
0.27 to 0.24 kWh/mZ/year, i.e., —13 %). In the case of Milan, among the
dynamic solutions with glare evaluation, the highest reduction is
registered with RB (from 1.26 to 0.97 kWh/mz/year, i.e., —23 %) and
the lowest with VBO (from 1.26 to 1.11 kWh/mz/year, i.e., —12%). With
scenario S2, we register a lower reduction in cooling needs than SI.
Despite this, S2 is the only scenario that allows the reduction of the total
annual energy needs of the office. In fact, in both locations, the highest
total annual energy needs reduction is registered with RB controlled
with the strategy S2 (from 4.45 to 4.41 kWh/m?/year, i.e., —0.9 %, in
Liege; from 5.02 to 4.87 kWh/mZ/year, i.e., —3%, in Milan). This result
is because, due to the logic of the strategy, heating and lighting are the
same as the BC, while cooling is reduced from 0.27 to 0.23 kWh/m?/
year (—16 %) for Liege and from 1.27 to 1.11 kWh/mZ/year (=12 %) for
Milan.

In strategy S1, instead, the cooling reduction is offset by an increase
in heating and lighting increase. In fact, in all strategies including glare
evaluation, heating and lighting energy needs increase compared to the
BC. In the case of Liege, with RB, lighting and heating energy needs
increase from 2.7 to 4.3 kWh/rnZ/year (+60 %) and from 1.48 to 1.57
kWh/m?/year (+6 %) compared to the BC, respectively, resulting in the
highest increase in annual energy needs (+6 %). In Milan, with RB,
lighting and heating energy needs increase from 2.5 to 4.1 kWh/m?/
year (+66 %) and from 1.26 to 1.37 kWh/mz/year (+9 %), respectively
(compared to the BC). The resulting total annual energy needs increase
from 5.02 to 6.48 kWh/m?/year (+29 %).

Lighting, heating and cooling trends agree with the shading prop-
erties presented in Section 0. Glazing with VB0 has the highest light
transmittance among the selected shading technologies, while RB has
the lowest. This property justifies the significative impact of RB
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activation on lighting energy needs compared to the other solutions. On
the other hand, the solar energy transmittance of VBO is the highest,
inducing a lower impact of its activation on heating energy needs and
reducing its advantage in terms of cooling energy needs compared to the
other solutions.

Similar results have been found by Norouziasas et al. [59], who
applied the control scenarios provided by ISO 52016-3 to a similar office
building in Brussels. Like our study, they observed a reduction in cooling
energy needs and an increase in lighting energy needs with the instal-
lation of RB and VB. However, unlike our study, they concluded that RB
outperformed VB regarding energy performance. This outcome is
because the office analysed by the other researchers has a comparable
lighting energy need but a significantly higher cooling energy need than
ours in the case without shading.

4.3. How does the control strategy influence visual comfort?

Fig. 10 compares the discomfort hours due to a too-high or too-low
illuminance on the work plane for different shading solutions, control
strategies and locations.

In Milan, a lower percentage of discomfort hours due to low and high
illuminance levels is registered, leading to a lower total number of
discomfort hours than in Liege. In Liége, we have 43.7 % of discomfort
hours in the BC. 20.4 % are due to a low level of illuminance (lower than
500 lux); 23.3 % are due to a high level of illuminance (higher than 2000
lux). For Milan, we have 35.6 % of discomfort hours in the BC. 14.2 %
are due to a low level of illuminance, while 21.4 % to a high level.

Comparing the control scenarios, we observe a reduction in the total
discomfort hours by installing VB45 and VB0 with strategy S2. In fact, if
shading is not included in control algorithm, the hours with a high level
of illuminance are (—1 for VB45 and -4% for VBO in Liege; —0.7 and
—6.9 % in Milan). Instead, the percentage of discomfort hours given by a
low level of illuminance remains unchanged. No difference is observed
in the case of RB.

With scenario S1, instead, discomfort from a high illuminance level is
brought to 0. However, due to the increase in the hours with low illu-
minance, a total discomfort hours benefit is obtained only with VBO, for
which the total amount of discomfort hours is lower than the BC (—5.3 %
in Liege, —8.4 % in Milan). With this control strategy, the worst result is
obtained with RB, followed by VB45 (both with glare evaluation
included in the control strategy). With RB, we arrive at 70.3 % of
discomfort hours in Liege (+26.6 % compared to the BC) and 62.1 % in
Milan (+26.5 % compared to the BC).

Also this trend is consistent with the study of Norouziasas et al. [59],
who observed an increase in hours of insufficient illuminance with the

Visual discomfort risk - Horizontal illuminance on the work plane
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Fig. 10. Comparison of the impacts of shadings on yearly visual discomfort
hours compared to the base case (no shading). Analysis of discomfort hours due
to high and low illuminance on the work plane. Case of Liege (L) and Milan (M).
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Visual discomfort risk - Discomfort Glare Index 180°

=) |

80%

80%

D 40% 76 76 76 76

0 7 7l 65 71 71

z 577

w 48

2 20% 39

= 30

c

5 22

<]

3 L M L M L M L M L M L M L M

c 0%
Base case Venetian Venetian Venetian Venetian Roller Blinds  Roller Blinds
No Shading Blinds 45° Blinds 45° Blinds 0° Blinds 0° (S1) (82)

(s1) (82) (s1) (82)

Type of solar shading

% occupation hours exceeding 5% range with DGI>22

Glare 180°

Fig. 11. Comparison of the impacts of shadings on yearly visual discomfort
hours compared to the base case (no shading). Analysis of discomfort hours due
to glare, with the user orientation at 180°. Case of Liege (L) and Milan (M).

installation of dynamic shading, passing from 4935 without shading to
6458 and 6693 with VB and RB, respectively. On the opposite, S2 has no
impact on illuminance and glare discomfort.

Considering all the technologies and control strategies, both loca-
tions obtain the best results with VBO in the scenario S1.

Fig. 11 compares the discomfort hours due to glare for different
shading solutions, control strategies and locations. In terms of discom-
fort glare, in Milan, we register a higher percentage of discomfort hours
if the user faces the window, independently from the shading technology
and control strategy. Since the scenario S2 does not include the glare
evaluation, in both locations, installing a shading system controlled by a
scenario S1 is the most effective solution to reduce discomfort hours.
The best results are obtained with RB in both locations: in the case of
Liege, discomfort hours drop from 70.9 % to 22 %, while in Milan, from
76.4 %, we arrive at 29.7 %. VB0 provide the worst performance in both
locations (57.1 % and 65.5 % of discomfort hours in Liege and Milan,
respectively).

With a user orientation of 135° (Fig. 12), we observe an opposite
situation compared to the orientation of 180°. In fact, we register a
lower percentage of discomfort hours in Milan than in Liege. In both
locations, installing a shading system controlled by the shading algo-
rithm S1 allows us to bring to 0 the discomfort hour, except for VBO,
where we still have 10.9 % and 8.3 % of discomfort hours in Liege and
Milan, respectively. The most remarkable aspect is the significantly
better performance of VB0 without glare evaluation in Milan compared

Visual discomfort risk - Discomfort Glare Index 135°
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Fig. 12. Comparison of the impacts of shadings on yearly visual discomfort
hours compared to the base case (no shading). Analysis of discomfort hours due
to glare, with the user orientation at 135°. Case of Liege (L) and Milan (M).
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to Liege. This result is because, in Milan, this shading solution has a
higher activation time than in Liege. In all the other cases, the activation
time is the same in both locations, as presented in the following section.

Glare results highlight the critical role of shadings in regulating vi-
sual comfort in office buildings. Shadings should be widely installed to
provide users with proper indoor environmental quality, especially for
those seated closer to the windows and exposed to outdoor weather
conditions and variations. However, considering also the results ob-
tained in terms of energy needs and illuminance on the work plane, the
logic of the control algorithm should be carefully designed and evalu-
ated due to its potentially negative impact on energy needs and visual
comfort.

4.4. How does the control strategy influence user’s satisfaction?

With control strategy S1, shadings are activated for 51 % of the
working hours, a percentage reduced to 0-6% and 0-13 % (in Liege and
Milan, respectively) with strategy S2 (Fig. 13). Hence, with glare con-
trol, natural daylight and view to the outside are precluded for half of
the user’s working time, limiting the user’s satisfaction. This is partic-
ularly true for VB with a slat angle of 45°, which significantly obstruct
the user’s view, and for RB, which allow for the view to the outside
thanks to shading material properties but limit the daylight availability
due to the low light transmittance (7 %, as highlighted in Table 4). This
result justifies the significant rise in artificial lighting described in sec-
tion 4.2, and aligns with the conclusion of O’Brien et al. [60], who
observed that discomfort often triggers blind closure. However, when
the shades remain closed and electric lighting is used instead of daylight,
overall energy use is significantly impacted.

Instead, without glare control, shading is rarely activated during
working hours, explaining why S2 reduced annual office energy needs
but had no impact on glare and illuminance discomfort. Except for VBO,
the activation time is the same in both locations. This difference in
shading activation for VBO justifies the different trend in the cooling
advantage observed with S2 explained in Section 4.2. According to the
algorithm’s logic explained in Section 4.1, the shading activation profile
suggests that when the selected shading technologies are activated, the
illuminance requirements on the work plane are never met, and shading
is not activated. Finally, the analysis of the shading activation time
suggests that the difference in visual and energy needs performance for
the selected shading technologies are mainly related to the shading
properties, being the results for each control scenario obtained at parity
of activation time.

User’s satisfaction - Shading activation hours
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Fig. 13. Comparison of shadings activation hours during working hours. Case
of Liege (L) and Milan (M).



A. Bertini et al.

5. Discussion

In this study, two control strategies are designed and evaluated, one
including glare evaluation (S1) and the other without glare evaluation
(S2). Both strategies have the same logic and algorithm blocks (except
for the glare discomfort evaluation), and their main objective is to bal-
ance the user’s visual comfort and building energy needs by maximising
visual comfort during working hours and minimising thermal loads
outside working hours. The results presented can be summarized in the
following recommendations:

1. Using the control strategy S1 if visual comfort is the priority. If
combined with the installation of VBO, this solution provides the best
compromise between visual comfort improvement and impact on
office energy needs.

2. Preferring S2, if the priority is reducing energy needs, since the
shading activated only during non-occupied hours. However, in this
case, we recommend allowing the user to modify its position to
reduce glare discomfort.

The present study boasts different strengths, which contribute to the
comprehensiveness and robustness of the research. Firstly, the designed
control algorithm results from multiple iterations. Once the thresholds
presented in Section 3.3 were fixed, parameters were progressively
added to the control algorithm, different parameter sequences were
tested, and the most appropriate combination was identified according
to the results of all-year energy and visual comfort simulations. Sec-
ondly, the choice of the parameters to be included in the algorithm and
the assessment of the designed control strategy is based on ISO 52016-3,
a new standard yet to be applied in literature in its final version.
Furthermore, simulations have been conducted for an office building in
a temperate zone. As this latter is a climatic area relatively underex-
plored in the literature, two locations were selected to compare and
validate the obtained results’ trends. Finally, the user is included in the
study not only in terms of office occupancy but also by evaluating the
shading activation time, which affects the user’s satisfaction with the
designed control strategy, and by providing the user with the possibility
to react to visual discomfort during working hours by modifying his/her
position.

The work also has some limitations, that can be detected in the
control algorithm, shading technology and its modelling. Concerning
the control algorithm, the definition of the most appropriate threshold
for all parameters was based on Standards and literature. However,
there is a lack of related literature on multi-criteria control algorithms,
and threshold suggestions for single parameters, such as vertical irra-
diance on the window, are not consistent [9,30,49]. Hence, a sensitivity
analysis should be conducted to consolidate the choices done. Regarding
the shadings, the technologies used in this study are the ones included in
ISO 52016-3. However, there are more innovative technologies that are
more effective for thermal load and visual comfort control (e.g., VB with
movable slats). Furthermore, the shading technologies were only
applied on/off (without allowing for a partial activation) and with fixed
VB slats. In ISO 52016-3, the reference control scenarios allow partial
extension of the blinds and changing slat positions. Moreover, ISO
52016-3 includes control scenarios for automated and manual control,
thereby considering the impact of less-responsive occupants and the
hysteresis in the activation of the blinds. In an extensive case study
report [61], using a publicly available Excel tool, all these options were
tested and demonstrated, which resulted in recommendations for
further refinement of the control scenarios, aiming at a future amend-
ment of ISO 52016-3. This latter case study report raises the importance
of providing open access control algorithm codes and tools to test many
control strategies on the same case study and define key criteria to
develop an effective shading control algorithm.

Our study raised different questions to be tackled in future works.
Our study followed a simulated-based methodology. Observation field
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research should be conducted in future using properly designed surveys
[62] and on-site experimental data collection. On the one hand, col-
lecting experimental data would allow us to compare and validate
simulation results and consider the user’s perception and acceptance of
the suggested algorithm. On the other hand, this approach would enable
us to refine the parameter thresholds according to user preferences and
not only to literature.

The effectiveness of the proposed control algorithms could also be
evaluated on mixed-mode and free-running buildings. This test would be
helpful to analyse the effectiveness of this retrofit solution in those areas
historically characterised by a heating-dominated climate, where
buildings are not widely equipped with cooling systems and that, due to
the effects of climate change, are no more thermally comfortable for
users. Finally, we suggest further implementing the algorithm by
introducing, firstly, a combination of internal and external shadings to
integrate technologies suitable for thermal load control to solutions
more appropriate for glare control and, secondly, the possibility to
partially activate the shading to control direct solar radiation in the
office, while providing enough daylight and view to the outside.

6. Conclusion

The study of dynamic solar shading entails several knowledge gaps,
with the design of an appropriate control strategy being the most sig-
nificant one. This work aimed to develop a new multi-criteria control
strategy for a south-facing single office and two locations in a temperate
climate zone (Liege and Milan) in line with the new ISO 52016-3. Two
control algorithms were designed and applied to three types of shadings
(VBO, VB45 and RB), one with glare control (S1), which aims to maxi-
mise the user’s visual comfort, and the other without glare evaluation
(S2), which focuses on controlling thermal loads.

The findings reveal that, regardless of the location and shading type,
if a multi-criteria control strategy properly hierarchises the considered
parameters and is designed to consider its impact on building energy
needs, visual comfort and user satisfaction simultaneously, adaptive
building envelope components allow to find a balance between visual
comfort and building energy needs and to choose the most appropriate
scenario according to the building management priorities. In fact, by
adopting S1 here designed, it is possible to find a compromise between
the reduction of glare discomfort and high-illuminance discomfort hours
and the increase of total annual energy needs due to the significant rise
in lighting energy needs caused by a high shading activation time (that
compromises also daylight availability user’s view of the outside).
Conversely, with S2, shading moves only during non-working hours.
Hence, visual comfort is not improved, but total annual energy needs are
reduced, thanks to the positive impact of shadings on cooling load, and
view to the outside and daylight availability are not limited.

Considering the shading technologies, RB induce the highest increase
in lighting energy needs since it has the lowest solar energy transmission
among the considered solutions. Conversely, VBO limits the impact on
artificial lighting, but has a lower impact on heating and cooling energy
needs. Accordingly, RB has the worst performance in control of low-
illuminance discomfort hours and the best in glare control. VBO pro-
vides opposite results.

In conclusion, to balance visual comfort, energy needs, and user
satisfaction, if visual comfort is the priority, S1 should be preferred,
especially when coupled with VBO. Contrarily, if energy needs reduction
is the primary objective, S2 should be adopted. Considering user satis-
faction in the choice of the shading control strategy, it is important to
note that, with S1, the worker has limited access to daylight and outside
view for half of the working time. Hence, if this criterion is dominant, S1
should be coupled with the installation of RB to keep a good view of the
outside. With S2, on the opposite, the user is exposed to important visual
discomfort conditions since the shading is active only when the office is
not occupied. Hence, if this control strategy is adopted, the user should
at least be able to adapt his/her orientation to minimise glare
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Fig. A.1. Plan of the typical floor and elevations of the building B52 of the University of Liege. In yellow the studied office.
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