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Abstract

Dynamic shading devices may greatly influence, mostly
depending on the pursued control strategy, the building
energy use and the occupants’ visual and thermal comfort
level. This paper presents a co-simulation framework to
simultaneously evaluate these aspects related to occupant-
centric control strategies for operable shading systems.
This is demonstrated for a South-oriented office case
study located in Rome and equipped with in-cavity
venetian blinds controlled through different mono- and
multi-objective control strategies. The results show that
the optimization of a single parameter has, at different
extents, drawbacks on the other domains of influence,
while multi-objective control strategies can provide a
trade-off between the different objectives considered.

Key Innovations

e an integrated co-simulation framework for
occupant-centric performance evaluation of
adaptive envelope technologies is presented;

e it integrates in a single workflow different BPS
tools as Energy Plus and Radiance, by means of
a Python-based simulation manager;

e it allows accurate calculations related to energy
use, visual and thermal comfort levels
considering mono- and multi-objective control
strategies for dynamic transparent facades;

e it saves time compared to data-integration
simulation strategies (visual comfort data pre-
calculation and integration in EnergyPlus EMS).

Practical Implications

The integrated simulation workflow proposed can play a
key role in devising and/or optimizing occupant-centric
control strategies for building envelopes, as it allows a
simultaneous and accurate evaluation of the effects of the
behavior of transparent dynamic fagades on building
energy uses, visual and thermal comfort aspects.

Introduction

Building performance could be enhanced beyond what is
currently achievable with “static” fagades, by means of
the integration of dynamic transparent technologies, such
as smart glazing, operable shadings, double skin fagades
etc. (Xiong and Tzempelikos, 2016). These are able to
modulate the amount of admitted solar radiation in
buildings by varying their properties in response to an
external input. Since their operation simultaneously

affects different interrelated physical domains (i.e. energy
use, visual and thermal comfort), a simultaneous
evaluation of the influence of their actuation on these
aspects is of foremost importance (Taveres-Cachat et al.,
2021).

The simplest type of control for the dynamic transparent
technologies is represented by open loop controls, in
which the decision making is based on sensed variables
not directly influenced by the actuation. The sensed
variables are typically external environmental variables,
such as: the vertical incident solar radiation, for which
Karlsen et al. (2015) tested thresholds of 100 and 150
W/m?; the external vertical illuminance, for which Yun et
al. (2014) considered thresholds in the range 10-40 klux;
the solar angle, which is typically used to set the blinds on
the cut-off angle to block the beam solar radiation (Shen
et al., 2014). Such controls, making use of sensed
variables directly measurable through sensor inputs, do
not usually require simulation models to be implemented.
However, they need a fine-tuning to be adapted to each
specific case and, most importantly, they do not ensure
the achievement of a certain performance objective.
These limitations can be overcome using more complex
control types. In closed loop controls, for example, the
sensed variable on which the actuation of a dynamic
transparent technology is based is a parameter directly
affected by its operation. For both open and closed loop
control, the dynamic component is usually controlled
through a set of predefined thresholds and if-then rules
and goes therefore under the name of Rule-Based Control
(RBC).

Closed loop could be more effective in achieving a certain
building performance target, since the decision making
could be directly related to the target indoor
environmental variables of interest. As an example,
Tzempelikos and Shen (2013) controlled a roller shade to
maintain the transmitted vertical illuminance below 9 klx
to avoid glare risk for the occupants. Nicoletti et al.
(2020), instead, controlled a venetian blind using the
indoor air temperature as driving parameter, with the aim
of maintaining it within the range of 21-25°C, identified
by the authors as thermal comfort range. However, the
experimental evaluation of closed loop sensed variables
in real buildings is not a trivial task, due to the accuracy
and granularity needed, and because the occupant’s
activities usually interfere with their measurement. For
these reasons, in closed loop controls, simulation models
could be used to predict the effects of the dynamic
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envelope component actuation on the sensed building
parameters (Piscitelli et al., 2019). Model-Based Control
(MBC) strategies allow the evaluation of derived accurate
energy and comfort parameters, as well as the
simultaneous adoption of performance objectives relative
to different domains. Xiong and Tzempelikos (2016)
controlled a roller shade through a simplified model
estimating the workplane illuminance based on the
illuminance on the window plane: the control aim was that
of maintaining the workplane illuminance within the
range 500 - 2000 lux, i.e. an amount of daylight sufficient
to perform a visual task, but not high enough to cause a
glare risk. The same Authors developed a model to
estimate the Daylight Glare Probability based on the
incident direct and diffuse illuminance and used it to
control a roller shade to minimize the occupant’s glare
condition. As regards thermal comfort, Park and
Augenbroe (2013) developed an MBC strategy aimed at
optimizing the occupants’ thermal comfort level adopting
as control variable the Predicted Percentage of
Dissatisfied. Navarro et al. (2019) recently developed a
control strategy accounting for the effect of the solar
radiation directly falling on the occupant on its thermal
comfort level, making use of the short-wave adjusted
Mean Radiant Temperature model introduced by Arens et
al. (2015). According to these studies, the short-wave
radiation can greatly influence the thermal sensation of
the occupant; however, this parameter is rarely
considered, leading to a potential underestimation of
overheating phenomena.

Most of the building envelope components control
strategies aim at optimizing a single objective (or
objectives which are pertaining to a single domain, such
as daylight and glare). Shen et al. (2014) demonstrated
that mono-objective strategies yield poor results for the
non-optimized objectives.

Designing, evaluating and optimizing multi-objective
control strategies for dynamic transparent fagades is not
an easy task from a simulation point of view. This is
mainly due to the intrinsic inability of the currently
available Building Performance Simulation tools in
simultaneously evaluating, in an accurate and
comprehensive way, the effects of the operation of
transparent adaptive technologies on energy and visual
comfort aspects (Loonen et al., 2017). As a consequence,
most of the studies evaluating the performance of
adaptive envelope components focus only on their effect
on energy related aspects, or visual or thermal comfort
aspects separately, not taking into account the mutual
influence between these domains.

In this paper a simulation framework aimed at providing
an integrated evaluation of the occupant’s visual and
thermal comfort aspects and energy use, in presence of a
dynamic shading system, is presented. This enables to
design, test and develop mono-objective and multi-
objective control strategies. The present simulation
framework is developed within a research project focused
on the design of occupant-centric automated blind control
strategies, with the aim to maximize occupant comfort in
real buildings by means of RBC and MBC strategies (and

to be tested on a real building in Rome, with ENEA). For
this purpose, a co-simulation approach is herewith
presented, and tested on a virtual case study, consisting of
a South-facing enclosed office located in Rome, modelled
on the basis of the ENEA office building. This approach
integrates, by means of bespoke Python scripts,
EnergyPlus for the thermal and energy analyses and
Radiance to evaluate the amount of entering solar
radiation for daylight and thermal comfort evaluations.

3.Methods

The co-simulation workflow proposed in this study is
aimed at assessing the impact of rule- and model-based
control strategies for operable shading devices on thermal
comfort, visual comfort and energy uses. This is achieved
by managing together a daylight simulation tool
(Radiance) and a thermal simulation tool (EnergyPlus)
through the python library (pyEp), allowing the exchange
of information between the thermal and the daylight
simulation within the simulation runtime (co-simulation).
Specifically, through Radiance it is possible to accurately
assess the visual comfort condition of the occupants, as
well as the solar radiation falling on them. The latter,
combined with the thermal simulation outcomes from
EnergyPlus, allows evaluating with a high degree of
accuracy the effect of solar radiation on the occupants’
thermal comfort level (including short-wave solar
radiation). Integrating thermal and daylight results during
simulation run-time allowed to carry out building
performance evaluation, not only considering RBC
control strategies for the shading device operation, but
also model-based controls aimed at maximizing occupant
comfort (visual and thermal), making its use suitable for
design and optimization processes of complex model-
based multi-objective control strategies.

Case study

The simulation workflow was developed with the aim of
evaluating and designing occupant-centric control
strategies which could then be implemented into the
Building Management System (BMS) of a real office
building in ENEA Casaccia Research Center (Rome,
Italy). A single South oriented enclosed office 3.91 m
wide, 4.51 m long and 3.19 m high was used as case study.
It is considered as surrounded by enclosed spaces with the
same thermal conditions, except for the exposed South
wall (3.91 m x 3.19 m). This wall is equipped with a
window 2.05 m wide and 1.75 m high (WWR = 0.42),
located 0.9 m above the floor and with a 0.30 m lintel on
all four sides. The external wall is a double masonry wall
with cavity insulation, with a thermal transmittance (U) of
1.45 W/m?K. The visible reflectance (Ryis) of the internal
surfaces was assumed as follows: ceiling = 0.63; walls =
0.81; floor = 0.41; furniture = 0.44; door = 0.05; window
frame = 0.61; external facade = 0.35; external ground =
0.2. The window is a Double-Glazed Unit (DGU)
equipped with an 8 mm float clear glass, a 22 mm Argon
(90%) filled cavity with integrated venetian blinds and a
44.2 mm low-e coated clear glass within a thermal break
aluminum frame (window U = 1.4 W/m?K). The cavity-
integrated venetian blinds consist of 12.5 mm wide white
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Table 1: glazing system optical properties.
Slat angle

[O] Tyis ['] Tsol ['] g [']

/ 0.78 0.45 0.57
0° 0.72 0.41 0.55
15° 0.58 0.33 0.48
30° 0.38 0.22 0.38
45° 0.19 0.11 0.26
60° 0.08 0.05 0.18
75° 0.03 0.02 0.13

aluminum slats (Ryis = 0.74, Rso1 = 0.69) spaced from each
other by 10 mm. Table 1 summarizes the glazing system
overall optical properties for the different slat angles
considered.

An ideal heating system is considered to maintain under
any condition a setpoint of 20 °C (occupied hours) and a
setback of 12 °C in the heating season (1% of November
to the 15" of April). No cooling system or mechanical
ventilation system was considered.

An infiltration rate of 0.001 m?/s was assumed, based on
the permeability class of the window (class 3). The
window opening is automated to maintain the minimum
primary ventilation requirement (ISO 16798, 2019) in the
occupied hours, while in the unoccupied hours outside the
heating period it is opened whenever the external
temperature falls below the upper adaptive comfort range
threshold (ASHRAE Handbook Fundamentals, 2013) and
the indoor air temperature is above the lower threshold of
the same range. The office is occupied from 8:00-12:00
and from 13:00 to 18:00 by two occupants, and 12:00-
13:00 by one occupant (office sedentary activity). The
equipment loads are set equal to 12 W/m? (ISO 16798,
2019). A dimmable, photosensor controlled lighting
system with the following features was considered:
installed power of 108 W (6x18 W fluorescent tubes);
ballast loss factor of 10%; photosensor standby power of
1 W. A target illuminance of 300 Ix was assumed, to be
maintained on the workplane through a combination of
daylight and dimmable artificial lighting.

The horizontal illuminance was assessed for a 4x8 grid of
sensors evenly distributed over the workplane and located
0.8 m above the floor. The glare condition of the occupant
was evaluated for a viewpoint 1.2 m above the floor
(height of the eyes of a seated person) and a view direction
rotated of 225° from the North. The thermal comfort
condition of the occupant was evaluated through the
simplified manikin presented in (Zani et al., 2019). The

[C ] o
£ - - - —Manikin
§§ gt — '. i - —Occupant view point
S & - - —Workplane

A

- = —Occupant view direction

3.91m

NS

£ 5
1.75m  0.50
Li 4.51m ﬂ

Figure 1: position of the manikin, the workplane
sensors and the occupant viewpoint and view direction
in the office plan

2.30m

position of the workplane illuminance sensors, viewpoint
and manikin are shown in Figure 1.

Simulation architecture, workflow and building-
performance indicators

Two different models of the case study were realized: a
thermal model through (EnergyPlus) and a daylight model
by means of (Radiance). The optical and thermal
properties of the different DGU+blinds configurations
considered (See Table 1) were calculated as BSDF
through the LBL software (WINDOW), to be used in both
the models above. The thermal and daylight simulations
were managed together through the Python library

(pyEp), which, by means of the Externalnterface

EnergyPlus module, is able to stop its simulation at each

timestep to perform external calculations, including

daylight simulations, and override its internal variables.

In more detail, the simulation workflow within each

timestep is structured as follows (see Figure 2):

a) pyEp stops the EnergyPlus simulation after
completing the energy and thermal calculations within
the timestep;

b) pyEp runs Radiance for the same timestep to assess
horizontal illuminance on the workplane, global
irradiance falling on the occupant and its glare
condition for all the blinds states considered;

¢) The daylight and thermal outcomes are processed to
evaluate the visual and thermal comfort level of the
occupant for all the blinds states. The most suitable
state is then defined according to the control strategy
selected for the operable blinds;

d) The blinds state is overridden in EnergyPlus and the
simulation is advanced to the next timestep.

The thermal comfort level of the occupant was evaluated

by considering in the calculation the effect of both the

long-wave and short-wave radiation. This was done by
first calculating the mean radiant temperature (MRT)

Control strategy decision process

I Optimal shading state
S ]
® [ _____Previoustimestep
5 Current timestep
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-% Thermal/Energy simulation Daylight simulation
E (EnergyPlus) (Radiance)
B Previous shading state All the shading states
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8
o
s
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Figure 2: scheme of the co-simulation workflow.

Proceedings of the 17th IBPSA Conference
Bruges, Belgium, Sept. 1-3, 2021

2681
https://doi.org/10.26868/25222708.2021.30754



INTERNATIONAL
BUILDING
PERFORMANCE
SIMULATION
ASSOCIATION

considering only the long-wave radiation contribution.
This value was then corrected by adding a AMRT factor
accounting for the influence of the short-wave radiation,
i.e. the solar radiation directly falling on the occupant
(Arens et al., 2015). This last quantity was calculated,
through Radiance, as the area-weighted average of the
irradiances on each of the 29 patches composing the
simplified manikin used for the thermal comfort
assessment, as in (Zani et al., 2018). Finally, from the
resulting solar-adjusted MRT, the operative temperature
(Top) was calculated and compared with the Top, comfort
range defined in ISO 15251 (2007) for naturally
ventilated buildings, based on the outdoor running mean
temperature. As already pointed out in recent studies
(Navarro et al., 2019), such solar-adjusted T, yields large
variations in the evaluation of the thermal comfort
condition of the occupants compared to the same
evaluation carried out through the non-adjusted Top. The
annual thermal comfort was evaluated by quantifying the
fraction of occupied hours in which the T, falls within
the Top comfort range relative to the comfort category 11
(ISO 15251):

T . _ Z?:1 ti(Top,1=Top=<Top,u)
op,comfort —

[-]

where: T, is the solar-adjusted operative temperature;
Top1 and Tepu are the To, comfort range limits; t; are the
occupied hours in which the Top falls within the Top
comfort range; n are the occupied hours in a year.
Moreover, whenever the thermal comfort requirement
was not met, the distance between the T, and the comfort
range limits was also calculated:

AT.. = {Top - Top,u' Top > Top,u
op Top - Top,l' Top < Top,l

where Top and Top,u are the Top comfort range limits.

The daylight quantities for the evaluation of the visual
comfort level of the occupant, as well as the solar
irradiance falling on the occupant, were computed
through Radiance. Specifically, the five-phase method
was used, since the direct radiation component is handled
separately from the diffuse one (sky vault and inter-
reflections), allowing a higher accuracy in the assessment
of the distribution of direct solar radiation in a room with
complex glazing systems (Lee et al., 2018). The visual
comfort level of the occupant was evaluated through two
distinct parameters, the Useful Daylight Illuminance
(UDI) and the Daylight Glare Probability (DGP). The
UDI (Mardaljevic et al., 2011) identifies the annual
fraction of occupied hours in which the daylight
horizontal illuminance on the workplane falls below
(UDIfell_shon), within (UDIachieved) or above (UDIexceeded) the
useful daylight range (100 1x — 3000 1x). Below this range
the daylight is considered too poor to perform a visual
task, while above it visual discomfort and glare issues
may occur. The DGP (Wienold and Christoffersen, 2006)
identifies the fraction of people dissatisfied with a
daylight environment. Moreover, the DGP range can be
divided into four daylight glare comfort classes (UNI EN
17037): imperceptible glare, perceptible glare, disturbing
glare, intolerable glare. In the present work, a DGP

n occ

[°C]

requirement of imperceptible or perceptible glare (DGP <
0.40) was assumed, in analogy to the requirement set for
the thermal comfort (Category II). The annual glare
comfort was evaluated by quantifying the fraction of
occupied hours in which the DGP falls below 0.40:

Y, ti(DGP<0.40) [-]
occ

n
Where t; are the occupied hours in which the DGP is lower
than 0.40; n are the occupied hours in a year.
The building primary energy use was evaluated through
the Energy performance index (EPy), defined as the total
primary energy yearly consumed by a building per unit
area and calculated as:

EP, = EPy + EP, [KWh/m%y]

where EPy and EPL are respectively the primary energy
consumed, on annual basis and per floor area, by the
heating and the lighting system, which are the only two
affected by the shading operations (given the absence of
a cooling system). The overall heating system efficiency
was assumed equal to 0.85, while a conversion factor
from electric to primary energy equal to 2.42 was used
(D.M. 26/6/2015).

Control strategies

DGPcomfort =

Different mono-objective and multi-objective control
strategies for the IGU cavity operable blinds are evaluated
and compared to two benchmarks:

- NoBlinds: absence of any shading device.

- CutOff: the blinds are set to the direct solar radiation
cut-off angle. This is a widespread control strategy
to prevent the solar radiation to fall on the occupant,
as this could determine the occurrence of both glare
risk and overheating (Van Moeseke et al. 2007). The
blinds are operated whenever the sky clearness
index (Perez et al., 1990) is above 1.2 (1: overcast
sky, 6: clear sky)

The multi-objective decision making of the control
algorithms considered in the present study can be
summarized in general terms through the following
equation:

blinds state = min (102 - fpcp + 107 - fr )

+ 1027 'fTop + 1029 'fview—out)

Where foep, fewp, fTops fyiew-out, are factors in the range 0-1
expressing the performance of each blinds state relative to
glare, workplane illuminance, thermal comfort and view-
out respectively. In more detail, fgw, represent the fraction
of workplane sensors showing an illuminance in the range
300 Ix — 3000 1x, fyiew-out considers the view-out allowed
by each state according to their slat angle (0: no blinds —
1: 75° slat angle), while the other factors are calculated as
follows:

00, DGP < 0.40
focp =10.5,  0.40 < DGP < 0.45
1.0,  if DGP > 0.45

0-0' Top,l cat I1 < Top < Top,u cat I1

fTop = 0'5' Top,l cat 111 < Top < Top,u cat 111
1.0, Top > Topucat 111 07 Top < Top i cat 111
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where the subscripts cat II and cat 111 refer to the thermal
comfort categories defined in (ISO 15251). The
coefficients a, B, v, d, to be defined in the range 0-3, are
the priorities given to each of the above f factors in the
control algorithm. By changing these coefficients, it is
possible to vary the priority of each factor in the definition
of the blinds state, while to not consider a given factor at
all they must be set equal to -oo. The most suitable blinds
state was selected in the occupied hours as the one
minimizing the above control equation outcome, while in
the unoccupied hours the blinds state was set to 75° in all
the daylight hours in which an internal air temperature
higher than 23 °C was measured (including in the CutOff
benchmark). By varying the parameters of the multi-
objective decision making equation above, the following
control strategies are considered, each one pursuing either

a different occupant comfort objective or a combination

of multiple ones:

e Opt_DGP: the most open blinds state able to keep the
DGP below 0.40 is used (o=1, f=-o0, y=-00, 6=0);

e Opt Ewp: the most open blinds state able to
maximize the number of workplane sensors whose
illuminance falls within the range 300 1x — 3000 Ix is
used (a=-00, B=1, y=-00, 6=0). A lower illuminance
threshold of 300 Ix was used instead of the UDI own
threshold of 100 Ix to match it with the workplane
minimum illuminance requirement.

o Opt_Top: the most open blinds state able to maintain
the solar-adjusted To, within the T,, comfort range is
used (a=-00, B=-0, y=1, 6=0). The available blinds
states range is limited to those with a slat angle lower
than the cut-off angle;

e Opt_Mlta: among the blinds states showing a DGP <
0.40, the most open one able to maintain the solar-
adjusted Top within the Top comfort range is used (0=2,
B=-o0, y=1, 6=0);

e Opt_Mltp: among the blinds states showing a solar-
adjusted Top within the To, comfort range, the most
open one able to maintain the DGP below 0.40 is used
(0=1, p=-o0, y=2, 6=0);

e Opt_Mltc: the most open blinds state simultaneously
minimizing glare and thermal discomfort is used (o=1,
B=-o0, y=1, 6=0). In this case the same priority is given
to the glare and thermal comfort performance.

4. Results

In Table 2 the yearly results relative to the primary energy
use and to the occupant’s visual and thermal comfort level
for all the control strategies are summarized. It is possible

to observe that all the multi-objective strategies show
equal outcomes for all the metrics analyzed, therefore
from now on they will be analyzed together under the
generic name Opt Mit. The similarity among all the
building performance indicators relative to these cases
can be explained considering that a control choice for the
blinds modulates the incoming solar radiation, which, for
the case study considered, has the same positive or
negative effect over both the occupant glare condition and
its thermal comfort level. This means that the same blind
state is always chosen by Opt Mita, Opt Mltg and
Opt_Mltc, regardless of o, y and & values, since this
optimizes at a time both visual and thermal comfort for
the occupant (while it might be otherwise in different
cases, i.e. different climate, orientation, building use,
presence of cooling system etc.). Figure 3 expresses as
contrasting aspects the energy performance (X-axis) and
the comfort levels (Y-axis) relative to each control
strategy. The optimal performance value for the EPg is 0,
while for the comfort variables it is 1 (varying within a 0-
1 range), therefore the theoretical optimal performance is
graphically represented by the chart upper left corner.
Figure 4 and Figure 5 instead show respectively the yearly
frequency of occurrence of each daylight glare comfort
class and the yearly cumulated frequency of different
AT,, intervals. The results show that the highest and
lowest primary energy uses were obtained for the
NoBlinds and CutOff strategies respectively, due to the
fact that the first transmits all the incident solar radiation
(reducing to the largest extent heating and lighting), while
the second blocks it for almost the whole year (with the
opposite effect on energy use). In the first case the solar
gains and the daylight availability are maximized, while
in the second these are significantly reduced. However,
not controlling the incoming solar radiation shows
significant drawbacks on all the comfort aspects analyzed,
for which NoBlinds obtained the lowest results, while in
the CutOff strategy these were sensibly improved. All the
control strategies considered show the ability to reduce
the building energy use in respect to the CutOff strategy,
while improving, at different extents, at least one of the
comfort aspect compared to the NoBlinds case. Among
these, Opt_E., showed the highest EPg value and a high
performance both relative to visual and thermal comfort.
As far as the former is concerned, a small occurrence of
intolerable glare (0.01) was observed, while limiting the
ATqp below 3 °C. For Opt DGP a lower EPg was obtained
in respect to Opt Eyp, but the latter performed better in
terms of both thermal comfort and workplane

Table 1: comfort and energy use annual results for all the control strategies analyzed.

NoBlinds _CutOff Opt DGP__ Opt Ep Opt Top Opt Mita Opt Mlts _ Opt Mitc
EPu [kWh/m?y] 4.64 6.41 5.55 6.41 5.09 5.60 5.60 5.60
EPc [kWh/m?y] 5.14 5.72 5.17 5.14 5.14 5.23 5.23 5.23
EPg [kWh/m?y] 9.78 12.13 10.73 11.55 10.24 10.83 10.83 10.83
DGP comfort [-] 0.80 0.98 1.00 0.99 0.89 1.00 1.00 1.00
UDIfen-short [-] 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01
UDILachieved [-] 0.68 0.91 0.78 0.99 0.77 0.82 0.82 0.82
UDIexceeded [-] 0.31 0.07 0.21 0.00 0.22 0.17 0.17 0.17
Top,comfort [-] 0.79 0.95 0.89 0.95 0.94 0.96 0.96 0.96
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Figure 3: Comfort versus energy use annual results.
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Figure 5: annual AT,, cumulated frequency.

illuminance. This strategy showed the ability to prevent
the occurrence of both disturbing and intolerable glare
conditions, but at the same it showed the worst
performance in preventing thermal discomfort, with a
AT,, above 0 °C for 11% of the occupied hours and a
maximum AT,, value higher than 5°C. The Opt T
strategy showed the lowest primary energy use, but also
the lowest visual comfort performance both in terms of
workplane illuminance and glare condition. The highest
frequencies of occurrence of both disturbing glare (5%)
and intolerable glare (6%) were obtained for this strategy,
while only during 6% of the occupied time overheating
was observed, with a maximum AT, below 3 °C.

For the multi-objective control strategy Opt MIt an EPy
similar to that observed for Opt DGP was obtained, but
the first showed a higher performance relative to both
thermal comfort and workplane illuminance. In terms of
glare protection these two strategies were able to prevent
the occurrence of both disturbing glare and intolerable
glare for the whole year, but the latter showed a slightly
lower frequency of occurrence for the perceptible glare
comfort class. As regards the thermal comfort
performance, Opt Mlt showed a slightly higher

performance than the Opt T,, and Opt E,, strategies,
with a Top comfort €qual to 0.04. The fact that a higher result
for the Topcomforr parameter was obtained for a multi-
objective strategy (Opt_MIt), compared to the one aimed
at optimizing thermal comfort (Opt Top), can be
explained considering that both these strategies assess the
influence of a blinds state on the occupant’s thermal
comfort level by evaluating the increase of the MRT
(AMRT) due to the amount of solar radiation transmitted
for that specific time step. Instead, there is no prediction
horizon over the influence of the entering solar radiation
on the mean radiant temperature of the room. However,
the Opt_MIt strategy, taking into account both visual and
thermal comfort aspects, is brought towards more closed
blinds states also when the solar radiation is not directly
falling on the occupant (preventing glare and/or too high
illuminance levels on the workplane at the same time). As
a consequence, the room radiant temperature is indirectly
controlled and kept lower with respect to the Opt Top
strategy, which instead operates the blinds exclusively
when the solar radiation is falling directly on the
occupant. As a result, Opt MIt shows to be more effective
than Opt_T,p in keeping the Top within its comfort range
in the mid-seasons, when the case study is in free floating
and the sole indoor air temperature may determine a
thermal discomfort condition, depending on the solar
gains. An example of this situation is shown for the 12
of September in Figure 6, in which it is possible to observe
that from 13:15 to 14:00 the operative temperature
relative to the Opt T, strategy exceeds the Top, comfort
range upper threshold, while this does not happen for
Opt Mlt. In order to minimize this effect, natural
ventilation could be introduced to reduce the room mean
radiant temperature.

Generally speaking, it is shown that all the mono-
objective control strategies considered, maximizing the
building performance related to their specific objective,
could present drawbacks on one or more of the aspects
they influence (both energy- and comfort-related). The
multi-objective control strategies instead do not optimize
a single aspect (even if values close to the optimum were
obtained both for the DGPcomfort and the Top.comfort), but
rather provide a trade-off between them (in terms of visual
and thermal comfort levels and energy use). Overall, it is
shown that Opt_E.p, aimed at mazimizing thenumber of
workplane sensors with illuminance in the range 300 Ix -
3000 Ix, is the most effective mono-objective control
strategy, as it optimizes the visual and thermal comfort
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Figure 6: T,, profiles comparison (12" September)
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condition of the occupants, yet its primary energy use is
second only to the CutOff. Opt Mlt instead shows the
same ability in preventing discomfort glare and thermal
discomfort as the mono-objective strategies aimed at
optimizing these single aspects, with an annual primary
energy use lower than both CutOff and Opt Ey, (-12%
and -7% respectively).

5. Discussion and Conclusion

The present paper introduces an integrated co-simulation
framework to simultaneously assess and control the visual
and thermal comfort condition of the occupants relative to
the operation of dynamic shadings. This was applied to an
enclosed office case study equipped with in-cavity
venetian blinds to evaluate the comfort and energy
performance relative to different mono- and multi-
objective control strategies. The co-simulation framework
presented was developed to design, test and optimize
control strategies for the venetian blinds, to be
implemented in the BMS of the office building case study
in ENEA Casaccia Research Center. Such approach
showed to be effective in predicting and optimizing
different comfort aspects, such as the occupants’ thermal
comfort, their glare condition and their visual task
illuminance levels. Different control strategies to operate
the blinds were considered to optimize the above aspects
individually and also to find a suitable trade off between
them. The simulation workflow presented, making use of
the Radiance five-phase method, allows to consider the
effect of the direct solar radiation passing through the
blinds with a high accuracy, resulting in a precise
evaluation of the visual and thermal comfort aspects
considered. In the present application, the venetian blinds
were represented both in the thermal and daylight
simulations by a Klems full angle basis BSDF, which
divides the incident and outgoing hemispheres into 145
discretized patches. Such discretisation implies a certain
inaccuracy when evaluating luminance-based metrics.
Nevertheless, an experimental assessment for the DGP
(Lee et al., 2018) showed that a deviation from measured
values lower than 10% occurs in 80.6%-91.7% of cases
for a 3-phase method simulation with a full Klems basis
BSDF, and in 81.8%-97.5% for a 5-phase method
simulation with a tensor-tree BSDF. Moreover, the above
errors result in an overestimation of the glare condition by
the simulation in the DGP range between 0.30-0.45 (Lee
et al., 2018). This, within this work, since the control
aimed at minimising the glare risk, would imply control
choices towards closer states of the venetian blinds, which
may influence the building energy uses, but without
causing an accidental glare condition to the occupants (in
line with the control aim).

The use of a 5-phase method, though, requires a high
computational effort, as, to accurately evaluate the direct
solar radiation, the sky has to be subdivided in a high
number of patches (5185). The DGP evaluation requires
an HDR image for each sky patch to assess its luminance
contribution. This operation, due to the high parameters
necessary to correctly consider the effect of in-cavity
blinds (-ab 5, -ad 5000, -lw 0.0001) is time-consuming.
To generate the 5185 HDR images necessary for a single

blinds state, named together daylight matrix,
approximatively 14 hours were necessary on a 8 cores
(2.8-3.8 GHz clock rate), 16 GB RAM machine.
However, such high computational effort is required only
once before the actual simulation, as it is required to
generate the matrices necessary to perform the
illuminance, luminance or irradiance calculations. These
were performed by the same machine, for a single
timestep, in a matter of seconds, while the whole annual
co-simulation process took up to 24 hours to be
completed. Therefore, the presented co-simulation
approach may be suitable not only for numerical
investigations, but eventually for online model-based
control of the actual dynamic shading device (provided a
proper model calibration is carried out). An obstacle in
such application is represented by the difficulty in directly
measuring, in real buildings, accurate visual and thermal
comfort metrics (i.e. DGP, workplane illuminance, solar
radiation on the occupant, etc..), since the occupants’
activities interferes in such measurements. This issue can
be overcome by using environmental variables, easier to
measure on site, either as proxy variables or as inputs for
simplified models to estimate the comfort condition of an
occupant. As an example of the two approaches, the
external illuminance on the window may be used as
control parameter to reduce the glare risk either by
comparing it to pre-determined thresholds (Yun et al.,
2014) or by feeding it to a model to indirectly estimate a
DGP value (Xiong and Tzempelikos, 2016). However,
both the correlation of proxy variables to specific visual
or thermal comfort levels and the definition and
calibration of simplified models are not trivial tasks.
Morevoer, each approach has its advantages and
limitations in terms of accuracy, simplicity of application
and computational effort required, therefore the
implications of their adoption in the control of a dynamic
shading device should be thoroughly investigated.

Future work will focus on three different objectives, the
first of which is relative to the application of variable
resolution tensor tree BSDFs to evaluate luminance-based
metrics in order to increase the accuracy of the assessment
of a discomfort glare condition. The second objective
regards the application of the proposed simulation
framework to optimize open and closed loop controls to
be implemented in the BMS of the building case study in
ENEA Casaccia Research Center. Finally, the third
objective regards the implementation of the framework
presented for the simultaneous assessment of visual and
thermal comfort in online model-based controls for an
actual dynamic shading device. This will also allow
investigating and improving the interaction between the
control of dynamic shading devices and the occupants.
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