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Preface

The participation of about 100 attendees at the fifth
Building Simulation Applications BSA2022 Confer-
ence, one of the first IBPSA conferences held entire-
ly in presence after the pandemic outbreak, can cer-
tainly be claimed as a step forward in the process of
overcoming the constraints and limitations imposed
by the years of the Covid-19 pandemic.

11 conference sessions in two parallel tracks, 66
presentations reporting the contributions by more
than 180 authors are some of the most significant
figures of this event. In addition, confirming an in-
ternational profile and its inclusivity call, the
Conference saw a small but significant presence of
delegates from abroad, especially from Austria and
India.

As the previous editions, BSA 2022 focused on
providing an overview of the latest applications of
building simulation in the following three main
fields: the use of simulation for building physics
applications, such as building envelope and HVAC
system modelling and their design and operation
optimization; global performance and multi-domain
simulations; the development through simulation of
new methodologies, regulations, as well as new
calculation and simulation tools.

Nonetheless, the times urged to address indoor air
quality, the main topic of this edition, emphasizing
the role of simulation to assess strategies able to
ensure healthy and safe indoor conditions for occu-
pants.

The engaging opening speech about “The Role of
IBPSA and Post-Covid Simulation” by Prof. Lori
McElroy, President of IBPSA, was followed by two
innovative and capturing keynotes, “Simulation and
Optimization: Supporting Building Decarboniza-
tion” by Prof. Paolo Baggio, University of Trento,
Italy, and “Going Digital — Infrastructure Modeling
for Resilience and Decarbonization”, by Dr. Drury
B. Crawley, vice-President of IBPSA.

The conference also devoted some time to the analy-
sis and discussion of the use of building simulation
among building professionals and specialists in
terms of education: The “3t Student School on
Building Performance Simulation Applications”

addressed the use of building performance simula-

tion in the context of building rating systems and in
relation with BIM. We also had an interesting con-
versation with Lori McElroy on the topic of “Build-
ing Simulation in the Profession: Work in Progress”,
discussing the current most critical aspects and
challenges. Finally, after the conference closing cer-
emony on the third day, the “Round Table for De-
signers and Practitioners” featured four professional
experiences about the use of building simulation,
with a discussion about errors, challenges, and op-
portunities.

The fifth edition of the BSA conference represented
an opportunity to restart and revitalize the process
of reducing the gaps between academia and the
professional world, of rethinking the role of build-
ing simulation in the design practice for future
buildings, and of opening in the face of unprece-
dented challenges and opportunities of a new post-

pandemic society.

Andrea Gasparella, Free University of Bozen-Bolzano
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Abstract

The ready-made garment (RMG) sector is an essential
contributor to the economy of Bangladesh. Most RMG
buildings in the country are often found to be inefficient
in terms of natural light, energy consumption and the
thermal comfort of the workers. Computational model-
ing, simulation and optimization analysis could be used
during the building planning and design phases to effec-
tively integrate these three issues and improve the work-
ing environment. This research first evaluates both day-
lighting and energy performance of a real-world existing
air-conditioned RMG factory building in Dhaka. Next, an
optimized design solution is proposed for the factory.
Finally, we correlate the relationship between design
variables and performance metrics. Nine independent
variables (north, south, east and west window-to-wall
ratios and shading; and skylights) are identified to evalu-
ate performance. The variables are connected with para-
metric sliders (value expressed by a range of numbers
despite a constant value), so that performance can be
checked for different possible configurations. Rhinoceros,
Grasshopper, ClimateStudio, Octopus, TT toolbox, and
Energy plus™ software with plugins are used to conduct
the optimization process. Genetic Algorithms are used to
narrow down the optimization results and identify the
best options that comply with the multi-objective goal.
Predicted Percentage of Dissatisfaction (PPD) is also ana-
lyzed for the best options identified from the optimiza-
tion process. The result shows the balanced option (best
for both daylighting and energy) with changed materials

satisfies the thermal comfort of users.

1. Introduction

Ready-made garment (RMG) factories in Bangla-
desh have been heavily criticized for their working
conditions. More than 80 % of the export earnings
of Bangladesh come from the RMG sector (Islam,
2021) and about four million people are involved in
this industry. In the factories, workers are engaged
in sewing, ironing, packing, tailoring, operating
machines and other labor-intensive works. Due to
the nature of their work and the heat generated
from machinery, the indoor environment of the
factories is often uncomfortable and workers suffer
a range of health problems that affect the individu-
al as well as the overall productivity of the factory.
In RMG factories, along with other physical condi-
tions, the quality of the luminous environment is
affected by poor natural lighting systems and high
internal heat gain from artificial lighting (Hossain
& Ahmed, 2013). This creates an intolerably hot
and uncomfortable working environment for the
workers that is non-compliant with national and
international standards. Since lighting directly af-
fects visibility, light is critical to the productivity,
safety and healthy working conditions of workers
(Zohir & Majumder, 2008). Industrial workers
spend more than 90 % of their lives in artificial
luminous environments and in such conditions,
natural light could work as medicine (Gligor,
2004). Different studies have shown that lighting is
one of the biggest consumers of power in the RMG
sector, accounting for around 21-35 % of the total
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energy consumption (EAC, 2009). Much work has
been done to reduce the power consumption of
machinery in RMG factories; however, develop-
ments in the areas of lighting, heating and ventila-
tion are limited (Godiawala et al., 2014).
Appropriate use of daylight and removing gener-
ated heat by effective natural and/or artificial ven-
tilation systems can be an effective means to re-
duce energy consumption and excessive cooling
load. With the appropriate use of technology, it is
anticipated that the energy consumption in the
building sector can be reduced to about 30 % to
80 % (Gupta, 2017). Due to current environmental
concerns, energy saving has become the leading
driving force in modern research (Bojic et al,
2013). Appropriate architectural design can reduce
the energy consumption of heating or air condi-
tioning systems significantly (Kalmar & Csiha,
2006). The EU energy policy in the buildings sector,
including technical solutions and legal procedures,
aims to improve the energy performance of build-
ings and guarantee human comfort (Tronchin &
Tarabusi, 2013).

In recent times, to ensure workers’ comfort and
productivity, the construction of fully air-
conditioned factory buildings with excessive artifi-
cial lighting has been gaining in popularity among
owners and management of RMG factories in
Bangladesh. Electricity-based carbon-intensive air
conditioning and lighting systems can result in a
significant amount of energy consumption. On the
other hand, the use of daylight with passive or
hybrid ventilation systems requires less energy to
operate, while at the same time having less impact
on the environment, carbon emissions and climate
change. Using a case study approach based on a
real RMG factory in Dhaka, this research presents a
system for improving indoor lighting conditions
and comfort by integrating passive strategies for
the existing garment factories of Bangladesh. The
research addresses the growing threat to worker
health and productivity from the visual and heat
stress that may be caused by climate change and
seeks to identify sustainable passive strategies that
will not add to the burden of greenhouse gas emis-

sions.

2. Case Study

The case building is an 864-square-meter factory
building with a pitched roof (Fig. 1). The building
is north facing (Fig. 2: top) towards the access road.
The roof is made of a metal sheet adjacent to a
truss frame structure (Fig. 2: bottom). The north
facade of the factory has two large gates (6 meters
x 2.5 meters) made of steel. During working hours,
these two gates remain closed for security purpos-
es. So, for simulation modeling, the north fagade of

the base case was provided with no opening.

v

Fig. 1 — Rhinoceros model for case RMG factory (top) and top
view of the roof (bottom)

A Kestrel 5400 pro instrument was installed inside
the factory to measure air temperature, relative
humidity (RH), wind speed, and black and wet
bulb globe temperatures (Table 1). Three wireless
tag loggers made by OnSolution were also placed
at different locations inside the factory to measure
temperature and RH. The collected data were
cross-checked with the base case simulation model-

ing for validation.

3. Method

This study seeks to test and verify the effectiveness
of optimization processes in the tropical climatic

context, in this case, Bangladesh. Based on the
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RMG factory described in Section 2, the internal
conditions were optimized for the target parame-
ters of daylighting and energy consumption. There
are six main steps for the research, as explained

below.
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Fig. 2 — North side view of the case factory building (top), floor
plan (middle), and inside view of the RMG factory (bottom) (pic-
tures by Photographer Md M A R Joarder, 2020)

The first step is to select an RMG building for a
case study. This research selected a single-storey
RMG building constructed with steel and brick,
located in northwest Dhaka (Fig. 2). The factory
undertakes garment manufacture, from cutting
through sewing and ironing to packing. A physical
survey was conducted in the first step to measure
the existing configuration and collect the climate
data (Table 1) that is required for simulation analy-

sis.

Table 1 — Indoor and outdoor mean maximum temperature (Tmax)
and mean minimum relative humidity (RHmin) between 08:00 and
18:00 on the days the factory was operating in 2021

Indoor Outdoor

January (n=308 hours over 28 days)

Tmax ('C)  28.6 24.5
RHmin (%) 442 50.3
March (n=264 hours over 24 days)
Tmax ('C)  29.6 33.3
RHmin (%) 59.9 38.8
September (1=286 hours over 26 days)
Tmax ('C)  30.1* 32.6
RHmin (%)  62.4* 64.3
All of 2021 (1=3234 hours over 294 days)
Tmax ('C)  30.9" 30.6
RHmin (%) 5877 55.9

*30 hours of missing data not included
~ 39 hours of missing data not included

The second step was to prepare the 3D model us-
ing the data collected during the physical survey.
The simulation of the base case factory building
was carried out at this step. Materials and other
information for zones were transferred into simula-
tion settings and Grasshopper scripts accordingly.
In this script, the workflow could be divided into
six parts. Part A was the components for develop-
ing the building geometry (floor, wall, roof, win-
dow, shading and skylight). The geometry was
connected to components in Part B for energy and
daylighting modeling. In this part, material selec-
tion for individual elements of the building, sensor
grid settings for daylighting, zone settings, adia-
batic and boundary condition settings were operat-
ed. The daylight model was connected to compo-
nents in Part C for daylighting simulation. In this
part, various simulation-related settings were iden-
tified (e.g., the number and name of the objectives
and ClimateStudio Result [CSR] settings). Part D
connected both the energy model from Part B and
the daylighting simulation output from Part C for
energy simulation. Part E was the components for
optimization. Part F was the components for data
output (Fang, 2017).

The third step was to run the optimization process
for Option 1 (the best option for daylighting).
Grasshopper script was prepared for modeling the
case space with parametric design variables. Phe-
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notype toggle in Octopus is connected with day-
light performance batteries (LEED: Leadership in
Energy and Environmental Design credit; sDA:
Spatial Daylight Autonomy; ASE: Annual Sunlight
Exposure; and Mean Illuminance) and energy per-
formance batteries were skipped, as the best day-
lighting option was the target. As windows have a
large-scale impact on daylighting and thermal
comfort considering their size, orientation and
shading configurations, as well as on the energy
consumption of the building, it was thus necessary
to optimize window design for maximum benefit
(Aman, 2017).

The fourth step was to run the optimization pro-
cess for Option 2 (the best option for energy). The
overall procedure was similar to daylighting opti-
mization. The difference was only in the optimiza-
tion objective, which is Energy Use Intensity (EUI),
and CO: emissions. Daylighting performance bat-
teries were skipped here, as the best energy option
is the target. Therefore, the Phenotype toggle in
Octopus was connected with EUI and CO:2 only.
The fifth step was to run the optimization process
for option 3 (the balanced option for daylight and
energy both). In this step, three performance objec-
tives (e.g., sDA, ASE and EUI) were identified to
run the simulation. Octopus by default found the
minimum value of each objective, so the objective
to be maximized (sDA) should be multiplied by -1.
Pareto Frontiers with the trade-off between each
performance metric were found after the optimiza-
tion process.

In the final (6") step, Percentage of Mean Vote
(PMV) and Predicted Percentage of Dissatisfaction
(PPD), analyses were carried out to check thermal
comfort inside the factory space. ClimateStudio
and Grasshopper were used to run this analysis as
well. Five simulations were run in this step (for
Base case, Opl- Daylighting, Op2- Energy, Op3-
Balanced, and Op4- Balanced and changed materi-
als). Comparing the results of these five simula-
tions, the best one complying with both the Ameri-
can Society of Heating, Refrigerating and Air-
Conditioning Engineers (ASHRAE) standard and
the Bangladeshi standard (BNBC, 2020) and which
could provide thermal comfort inside the factory,

was identified.

4. Simulation and Results

In this research, the percentage of windows and
skylights, and depth of shading was explored for
optimal daylighting and energy performance.
There were no windows and shading on any of the
facades of the factory building, and no skylight on
the roof. For the modeling of the optimization pro-
cess focusing on daylighting and energy, the
placement of the doors and the interior partitions
was not considered. The model was developed
with Rhinoceros 7.1 (Fig. 1) and Grasshopper
scripting. ClimateStudio 1.1 plugins were used for
simulation. Existing data collected through factory
visits were used for zone settings while simula-
tions were conducted. There were 26 daylighting
sensors evenly spaced at a height of 0.75 meters
above the floor. Some building parameters were
fixed throughout the optimization process: the
height of the building from the ground to the edge
of the pitched roof was 5 meters; windows were
considered from 0 to 100% of the facade; areas of
skylight were considered from 0 to 20% of the roof
surface.

Building material details found during the physical
survey were used in the model. To avoid excessive
heat gain or heat loss from the skylight, an insulat-
ed translucent material was used as its glazing
material. The material had a U-value of
0.45 W/(m2K). The reflectance of the ceiling, floor,
interior, exterior walls, and shading were 0.8, 0.2,
0.5, 0.5, and 0.8 respectively. The windows had a
transparent material with visible transmittance of
0.65. Skylights had a translucent material with a
transmittance of 0.24. Nine independent design
variables for the building geometry were analyzed:
north, south, east and west windows to wall ratios
[WWR] and shade; and Skylights. Table 2 shows
the minimum (0 % for WWR, 0.0m for shade and
2 % for skylight) and maximum (100 % for WWR,
2.0 m for shade and 20 % for skylight) values of the
variables and the ranges used during simulation
analysis. The daylighting simulation output in-
cluded sDA and ASE.

The energy simulation output Included annual
heating, cooling, equipment and lighting energy
loads. Since the equipment load stays the same for

studied design options, it was not considered. The
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energy optimization objective was to ensure the
minimum total energy load. The total energy load
was the sum of heating, cooling, and lighting
loads. EUI was also calculated by dividing the total
energy load by the occupied floor area of the facto-
ry building.

Table 2 — Design variables and ranges for simulation analysis

Variable Minimum Maximum

1 WWR-
North
@ No windows Full-wall win-
= dows
2 WWR-
East

% No windows Full-wall  win-
dows

3 WWR-
South

~ No windows Full-wall win-
% dows

% No windows Full-wall  win-
dows

5 Shade s

@\\ No shade

2.0m shade

2.0m shade

% No shade

2.0m shade

Se

@ No shade

No shade 2.0m shade
9 Skylight ’
2 % 20 %

4.1 Base Case Modeling and Analysis

The first simulation was conducted for the base
case, to understand the existing status of the build-
ing in terms of daylighting and energy perfor-
mance. The model was prepared considering the
exact dimensions of the building collected during
the physical survey. The weather data file for Dha-
ka was used during the simulation process. The
building was counted as air-conditioned and val-
ues of independent variables (windows, shading
and skylight) were set to 0 (zero) representing the
existing building. Simulation results for LEED
credit, sDA, ASE, mean illuminance values, EUI
and CO: emissions were 0, 0 %, 0 %, 0 Ilx,

223 kWh/(m? yr) and 198 kgcoze/(m? yr), respective-
ly.

4.2 Optimization of Daylighting

The second simulation was conducted for the best
daylighting results (Option 1). In this simulation,
the population size was set to 20 and maximum
generations were set to 10. In total, 200 iteration
process were carried out to identify the best day-
lighting results. Pareto Front algorithm identified
the best configurations among these combinations.
Four daylighting performance objectives (LEED
credits, sDA, ASE and mean illuminance) were set
to run this optimization process. Table 3 shows the
results of the simulation. LEED credit, sDA, ASE
and mean illuminance values for the best daylight-
ing case results are 3, 1 (100 %), 0.134 (13 %) and
1003 1x, respectively. In Fig. 3 (top), Pareto Front 3-
dimensional graph shows the optimized results
along with the Pareto Frontier (marked with a red

circle).

4.3 Optimization of Energy

The third simulation was conducted to find the
best energy consumption (Option 2). The process is
similar to the prior simulation. The only difference
is that two energy performance objectives (EUI and
CO:2 emissions) were set to run this optimization.
In Table 3, the third column presents the values of
the independent variables that resulted from the
optimization process and which were identified
through the Pareto Front algorithm. The EUI and

CO: emissions for the best energy case are
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56 kWh/(m? yr) and 46 kgcoze/(m? yr), respectively.
In Fig. 3 (middle), the Pareto Front 3-dimensional
graph shows the studied iterations with the opti-
mized one highlighted.

Table 3 — Optimization results for three different options

Design Op1 Op2 Op3
Variables (Day- (Energy)  (Balanced)
lighting)
WWR- North (%) 82.5 40 100
WWR-East (%) 43 4 10
WWR-South (%) 7.5 24 22.5
WWR-West (%) 80 34 10
Shading-North (m)  1.17 1.86 1.58
Shading-East (m) 1.72 0.95 1.04
Shading-South (m) 1.52 0.09 1.84
Shading-West (m) 0.32 0.39 1.01
Skylight (%) 23 10 7
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Fig. 3 — Pareto Front analysis for daylighting optimization (top),
energy optimization (middle) and multi-objective optimization
(bottom)

4.4 Optimization of Balanced Option

A Pareto optimization aims to find the trade-off
front (ParetoFront) between multiple outcome ob-
jectives. The Octopus plugin handled the multi-
objective optimization process using Pareto-Front
algorithms (Aman et al., 2021). The fourth simula-
tion was conducted for Option 3 (the balanced op-
tion for daylighting and energy combined). The
simulation process was similar to the prior two
simulations. Fig. 4 (top) shows the factory model
while the optimization process of Op3 is running.
Fig. 4 (bottom right) shows the ranges slider of
nine variables in the Grasshopper script for this
optimization. A large number of combinations are
possible among these nine variables and within
their ranges. Fig. 4 (bottom left) shows the values
of six performance metrics (LEED credit, sDA,
ASE, mean illuminance, EUI and CO: emissions)
generated in this process. Later, three performance
metrics (sDA, ASE and EUI) were considered for
Pareto Front analysis to make the process simpli-
fied. The outcomes of the simulation studies are
presented in Table 3 (fourth column, Op 3 Bal-

anced; the values of design variables).

She (8 K
—{ 92.2 5
 wcoimam —
1 56.4 }

Fig. 4 — Rhinoceros model showing simulation process (top);
results for six performance objectives appeared in Grasshopper
script (bottom left); and Grasshopper slider for parametric design
(bottom right)
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In Fig. 3 (bottom), Pareto Front 3-dimensional
graphs show different optimized results and loca-
tions (marked with a red circle) of the Pareto Fron-
tier (the best one). sDA, ASE and EUI values for
balanced option case are 0.90 (90 %), 0.09 (9 %) and
89 kWh/(m?2yr), respectively.

Comparing the results of performance metrics for
the base case (explained in Section 4.1) and the
balanced option case reveals that the latter is per-

forming effectively.

4.5 Thermal Comfort Analysis

By understanding the thermal behavior of the ex-
isting situation of factory buildings, owners can
improve the indoor environment quality to in-
crease their production (Sayem et al., 2011). The
fifth simulation was conducted for analyzing the
PPD. In this process, thermal comfort performance
was checked for Base case, Op1 (daylighting), Op2
(energy), Op3 (balanced) and Op4 (balanced and
changed materials). Design variables found in pre-
vious simulation results (presented in Table 3)
were used in this study. In the base case, variables
remain 0 (zero), as there were no windows, sun-
shades and skylights in reality. In Op4, variables
were kept similar to Op3 (balanced), except for the
changes of material for the roof and wall. 300 mm
concrete, 80 mm insulation and 80 mm cement
screed were used for the roof and walls. ClimateS-
tudio’s default script for spatial comfort analysis in
the Grasshopper interface was used to run the PPD
simulation. The building was considered non-AC
during this simulation. Keeping the model static,
the PPD analysis was performed by changing the

values of design variables presented in Table 3.

80
70
60
50
(%) 40
30
20
'10 I
0
Base Op1: Op 2: Op3: Op 4: Balanced
case Daylighting ~ Energy Balanced and changed
materials

Fig. 5 — PPD results for the base case, daylighting, energy, bal-
anced, and balanced and changed materials

In the case of Op4, in the Grasshopper script, roof
and wall materials were changed from zone set-
tings. Fig. 5 shows that the PPD value for the base
case is 70 %, for Opl 32.9 %, for Op2 34.4 %, for
Op3 359 % and for Op4 17.3 %. Although in
ASHRAE standard below 10 % is recommended for
thermal comfort, the value of 17.3 (below 20 %) for
Op4 is also acceptable in the context of Bangladesh
climate. The other 4 options do not comply with
the ASHRAE standard and Bangladesh Standard
(BNBC, 2020).

5. Conclusion

The global increase in demand for energy has gen-
erated pressure to save energy. Consequently, en-
ergy-efficient buildings are an important factor
related to the energy issue (Jahangir et al., 2014).
High-energy performance buildings can save pri-
mary energy and reduce CO: emissions. Optimiza-
tion processes successfully present the ability to
adapt to various design environments and provide
design options with significant performance im-
provement. As a result, this method can be consid-
ered a valid approach (Fang, 2017). This research
conducts three optimization processes and the re-
sults show that the configuration of the variables is
changed in terms of Op1 (daylighting), Op2 (ener-
gy), and Op3 (balanced) (Table 3). The research
recommends variables of Op3 (balanced) for RMG
buildings in the context of Bangladesh, as it com-
plies with both daylight and energy optimization.
On the other hand, in the case of thermal comfort
analysis, Op4 (balanced and changed materials)
shows the best results among the options studied.
In a nutshell, the features for RMG buildings in the
climatic context of Bangladesh are: WWR-north
100 %, WWR-east 10 %, WWR-south 22.5 %, WWR-
west 10 %, shade depth north- 1.35 m, shade dept
east- 1.58 m, shade depth south- 1.63 m, shade
depth west- 1.55 m, skylight- 10 %, roof and wall
materials: 300 mm concrete, 80 mm insulation, and
80 mm cement screed performed the best among
the options studied in terms of daylight penetra-
tion, energy consumption and providing thermal
comfort. The features can be incorporated as strat-
egies for sustainable RMG building design in Bang-
ladesh.
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Nomenclature

AC Air Conditioning
ASE Annual Sunlight Exposure
ASHRAE  American Society of Heating, Refrig-

erating and Air-Conditioning Engi-

neers

CSR ClimateStudio Results

EUI Energy Use Intensity

LEED Leadership in Energy and Environ-
mental Design

PMV Percentage of Mean Vote

PPD Predicted Percentage of Dissatisfac-
tion

RH Relative Humidity

RMG Ready-Made Garment

sDA Spatial Daylight Autonomy
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Abstract

Ceiling fans have been widely used for decades for provid-
ing thermal comfort in warm environments. They are an
effective means of completely avoiding the use of energy-
intensive air conditioning systems in milder environmen-
tal conditions and of reducing the use of such systems in
more severe and hotter thermal environments. Ceiling
fans can generate an immediate cooling effect on people,
as they act on both sensible and latent heat exchange be-
tween the human body and the moved air. However, one
of the major potential limitations of ceiling fans is that they
generate non-uniform velocity profiles, and their effect is
highly dependent on the mutual position between body
and fan. Thus, it is essential to carefully evaluate the posi-
tion in which they are installed to maximize their cooling
effect where needed by people. CFD is a powerful tech-
nique for investigating the air velocity field generated by
different ceiling fan configurations. Due to its high de-
mand for computational power and the need for having
stable models, previous studies proposed different ap-
proaches to model ceiling fans in CFD with some simplifi-
cations. As the available computational power increases,
so does the possibility of creating more realistic models,
but too little is known about when the benefits produced
by more complex models are overtaken by their computa-
tional costs. The aim of this study was to compare the re-
sults obtained by using two approaches to include the ceil-
ing fan into a CFD model, namely a detailed model of the
geometry of the fan and a simplified implicit approach
that emulates the effect of the fan only. The results illus-
trate that (a) both models capture the main regions of the
air flow, (b) the implicit model provided considerably
more accurate air speed values, (c) the computational time
of the model with blades is one order of magnitude higher,
and (d) fan geometry and meshing are the most critical is-

sues in the model with blades.

1. Introduction

Ceiling fans have been widely used for decades for
providing thermal comfort in warm environments.
They are an effective means of completely avoiding
the use of energy-intensive air conditioning systems
in milder environmental conditions, and of reduc-
ing their usage in more severe and hotter thermal
environments (Babich et al., 2017a; Pasut et al., 2014;
Schiavon & Melikov, 2008). Ceiling fans can gener-
ate an immediate cooling effect on people, as they
act on both sensible and latent heat exchanging be-
tween the human body and the moved air.
However, one of the major potential limitations of
ceiling fans is that they generate non-uniform veloc-
ity profiles, and their effect is highly dependent on
the mutual position between body and fan (Babich
etal., 2021). Thus, it is essential to carefully evaluate
the position in which they are installed to maximize
their cooling effect where needed by people.
Computational fluid dynamics (CFD) is a powerful
technique for investigating the air velocity field gen-
erated by different ceiling fan configurations. Due
to its high demand for computational power and the
need for having stable models, previous studies
proposed different approaches to model ceiling fans
in CFD with some simplifications (Babich et al.,
2017b). As the available computational power in-
creases, so does the possibility of creating more re-
alistic models, but too little is known about when
the benefits produced by more complex models are
overtaken by their computational costs.

The aim of this study was to compare the results ob-
tained by using two approaches to include the ceil-
ing fan into a CFD model, namely a detailed model
of the geometry of the fan and a simplified implicit
approach that emulates the effect of the fan only.
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2. Methodology

In this study, two identical set-ups were created in
CFD apart from the ceiling fan. In the former, the
fan was modeled as a ring to which a body force was
applied, while in the latter the actual geometry of
the blades was included. As a result, a moving mesh
was used in the latter, while this was not needed in
the former. Both models were validated with meas-

ured air velocity values.

2.1 Features Common to Both Models

In this study, the key features that are common to
both models were taken from a CFD model origi-
nally developed for thermal comfort studies (Babich
et al., 2017b).

The geometry comprises an environmental chamber
in which only a 120-cm-diameter ceiling fan was in-
stalled (Fig. 1). 36 monitoring points were placed in
the model (3 heights; 12 points per height distrib-
uted on each level as shown in Fig. 2) in the very
same locations of the original measurements.

An unstructured mesh with ten prism layers (added
adjacent to the walls to accurately model the bound-
ary layer near surfaces) was adopted.

Transient simulations were performed to better mo-
del the real behavior of the ceiling fan. In the origi-
nal model, 3-minute simulations were performed. In
this study, the simulation time was reduced to 1-mi-
nute to decrease the computational effort. To ensure
that this was not altering the model results, a pre-
liminary test was performed. Using the original air
speed values (available for each time step of the
3-minute simulation for all 36 point), the average air
speed in each monitoring point was calculated for a
set of 60 s intervals (from 0 s — 60 s to 110 s — 170 s).
The results showed negligible variations for a study
that aimed at comparing two types of ceiling fan CFD
modelling. For most points, the ratio between stand-
ard deviation and mean (i.e., the mean of the means
of each interval) values was equal to 4 % or less (for
instance, in point “centre 1300”7, the std is 0.06 m/s,
the mean 2.05 m/s, and their ratio 2.9 %). Only at a
very few points was this ratio higher than 10 %. How-
ever, all these points were at a higher level (70 cm or
130 cm above the floor) and far from the fan axis, and
therefore in regions in which air speed values are

considerably lower and less relevant.
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Fig. 1 — CFD model of the environmental chamber. In yellow, 36
monitoring points (Babich et al., 2017b)
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Fig. 2 — Plan view of the environmental chamber with the meas-
urement locations (Babich et al., 2017b)

Convergence criteria were set equal to 1e-05 for the
RMS residuals, and an adaptive time step as a func-
tion of RMS Courant number was chosen, with the
limit for the RMS Courant number set equal to 5.
The SST (Shear Stress Transport) k-w turbulence
model was selected as it gave the most accurate re-
sults in the original study (best match with meas-
urements).

All CFD simulations were performed with ANSYS
CFX version 2021. For the mesh, ICEM CFD was
used for its advanced capabilities. All simulations
were performed using a workstation equipped with
16 GB RAM and a 6-core Intel Xeon Gold 6154 CPU.
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2.2 Fan Implicit Model (Without Blades)

In this former model (Fig. 1), the ceiling fan was
modeled as in the original study (Babich et al,
2017b). A ring with the same diameter and distance
from the ceiling (30 cm) as the actual fan was cre-
ated. At the centre of the ring, a cylindrical solid el-
ement was added to emulate the fact that, in a real
ceiling fan, no air emanates from the centre. A mo-
mentum source defined by means of cylindrical
components was applied to this ring: axial compo-
nent 55 kg m2 s2 (push air downwards), theta com-
ponent 8 kg m=2 s2 (rotational movement), and ra-
dial component 0 kg m=2 s2. This model led to a
1,933,004-element mesh.

2.3 Fan Explicit Model (With Blades)

In this second model (Fig. 3), the ceiling fan was
modeled in more detail by implementing its three
blades and central part. To enable the rotation of the
fan, two domains were defined in the CFD model,
namely a rotating domain (i.e., the cylindrical ele-
ment shown in Fig. 3), which contained the fan, and
a static domain (i.e., the remaining part of the room).
One interface was used to link the two domains
(lower and upper circles, and vertical side as shown
in Fig. 3). In CFX, a “general connection” interface
model and “transient rotor stator” were chosen. For
mass and momentum, a “conservative interface
flux” was used. The selected mesh connection
method was “general grid interface” (GGI).

In this case, the model required a rotational velocity
as an input, and this was set equal to 290 rpm, which
was the corresponding rotational velocity for which
the original model (Babich et al., 2017b) was devel-
oped. In this model, the total number of mesh ele-
ments is 2,088,669 (rotating domain = 217,150; re-
maining part of the room = 1,871,519).

Fig. 3 — Ceiling fan with blades

3. Results

For both models, this section presents their capabil-
ity of capturing the main regions of the air flow gen-
erated by the ceiling fan, the predicted air speed val-

ues, and the computational power required.

3.1 Regions of the Air Flow

Both modeling approaches capture the key qualita-
tive features of the air flow generated by a ceiling
fan (Fig. 4 and 5). In both cases, the main typical re-
gions of the air flow can be identified (Jain et al,,
2004; Wang et al., 2019), namely the region below
the fan in which the highest speeds occur (excluding
the small area immediately below the motor — also
captured by both models), the regions near the floor
and then the walls in which air (after having hit the
floor) moves horizontally and then vertically to fi-
nally return to the blade areas, and lastly the re-
maining part of the room in which the lowest air
speed values are usually recorded. In the region be-
low the fan, like in previous studies (Babich et al.,
2017b), the downward flow diverges with a variable
half-cone angle depending on which time-step is an-
alyzed.

However, by using the same scale (0.0 m/s to
2.0 m/s) to show the results of both models, it clearly
appears that the absolute air speed values generated
by the two modeling approaches are considerably
different, the values obtained with the detailed
model being significantly lower in almost all re-
gions of the flow. This difference is particularly evi-
dent in the region below the fan in which the highest
values are expected. On the other hand, there are no
regions or other qualitative aspects of the flow that

seem to be better captured by the detailed model.

el v = e

. L.

0
[m s*-1] e B8 ™

Fig. 4 — Air speed distribution - model without blades (scale from
0.0 m/s to 2.0 m/s)
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Fig. 5 — Air speed distribution - model with blades (scale from 0.0
m/s to 2.0 m/s)

3.2 Air Speed Values

Comparing the air speed values calculated by the
two models and the measured values taken from
previous studies (Babich et al., 2017b), in all 36
points the figures of the detailed model are consid-
erably below the predictions of the implicit model
(Fig. 6). Moreover, in most points, the output of the
model without blades is much closer to the meas-
ured values that the predictions of the model with
blades.

At the two higher levels (130 cm and 70 cm above
the floor), the trend is very similar. Below the center
of the fan and in the other points located in the re-
gion below the blades (1200 and r500), the air veloc-
ity obtained with the detailed model is approxi-
mately half the values generated by the implicit
model, and the latter are usually in good agreement
with measured values. Only in one (point r200 at 130
cm height) does the model without blades also un-
derestimate the air speed, but it is still considerably
closer to the measured value.

Focusing on the points that are more distant from
the fan (r800 to r2000, i.e., 80 cm to 200 cm away
from the fan rotational axis), air speed values are
typically below 0.5 m/s, but even in this region the
model with blades outperformed the one with
blades by providing results that are closer the meas-

urements.
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Only in the points placed under the perimeter of the
ceiling fan (which are r600, north, west, south and
east) the trend is less clear. Both models show lim-
ited capability of capturing this region, which is
characterized by rapid air speed variations. For the
model without blades, this was already noted when
it was originally developed (Babich et al., 2017b). On
the other hand, modeling the blades did not lead to
any noticeable improvement in this region of the
flow.

At the lowest level (10 cm above the floor), the
model without blades consistently underestimated
the air speed values at all 12 points, and in none of
them it proved to be superior to the model without
blades.

Thus, overall, the model with blades did not lead to
better results in any of the regions of the air flow,
being considerably less accurate (i.e., less close to

measured values) than the implicit model.

3.3 Computational Effort

The computational effort required to complete the
simulations is considerably different (Table 1). Us-
ing exactly the same workstation and hardware-re-
lated settings, the total clock time of the model with
blades is one order of magnitude higher than the to-
tal clock time of the model without blades. While the
former simulation was completed in less than 4

hours, the latter required nearly 9 days.

Table 1 — Computational time

Total Total
Model . .
clock time clock time
Without blades 1.354e+04 s 3h 45m 40s
With blades 7.643e+05 s 8d 20h 18m 20s
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Fig. 6 — Simulated (60 s average) and measured (Babich et al., 2017b) air speed values

4. Discussion

The results of this study showed how the model
without blades in which the ceiling fan is implicitly
modeled by applying a body force to a cylinder pro-
vided more accurate air speed values in less than a
tenth of the time, while qualitatively capturing all
the main regions of the air flow. Thus, in this study,

this modeling approach proved to be superior to a

more detailed approach by all aspects. Since the im-
plicit model had previously been fully validated
based on experimental data (Babich et al., 2017b), it
was expected to be accurate. However, the consid-
erably lower accuracy of the model with blades was
less predictable. Therefore, questions arise as to
why this happened, and if and when using a model
with blades might be the best solution.
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In this study, several key parameters were identical
in both models. Both used the SST k-w turbulence
mode. For the implicit model, previous studies (Ba-
bich et al., 2017b) showed that this turbulence model
led to the best agreement with measured values by
testing several Reynolds Averaged Navier-Stokes
(RANS) turbulence models. For the model with
blades, although some tests could be performed,
there are no evident reasons to think that the use of
a different RANS model, such as the widely used
Re-Normalisation Group (RNG) k-¢, might signifi-
cantly change the results. It might be also possible
to explore the usability of other approaches to sim-
ulate the turbulence, such as large eddy simulation
(LES). While the benefit (intended as better results)
should be assessed, an increase in the computational
time and in the set-up time would be certain.
Moreover, in both modeling approaches, an adap-
tive time step was set by using the same target,
which is RMS Courant number equal to 5. For the
turbulence model, also in this case there is no reason
to assume that using a stricter target would consid-
erably affect the results of the model with blades.
However, the likelihood of a considerable increase
in the computational time would be very high.
Focusing on the model with blades, the elements
that are therefore more likely to explain the poor
performances are the geometry of the fan, its mesh-
ing, and the interface between the two domains (ro-
tating and stationary).

While in the implicit model the geometry is largely
simplified (only dimensions of the total and central
motor diameters are required), a considerably larger
number of geometrical parameters are needed when
the blades are modeled. If a computer-aided draft-
ing (CAD) file is made available by the fan manu-
facturer, then the main effort is usually the cleaning
of the geometry to remove all those small details
that are required for production, but not CFD simu-
lations, since they would be likely to increase the
number of mesh elements and therefore also the
computational time. However, an oversimplifica-
tion might lead to inaccurate results.

On the other hand, if a CAD file is not made available,
the geometry must be created by the modeler starting
from the measurement taken on the actual fan. In this
case, the accurate representation of the blades is usu-

ally the most difficult and time-consuming part (es-
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pecially when there are multiple curvatures and var-
iations of the profile). This is the approach used in
this study. Further details could be added to try to
improve the model predictions, but this is likely to
increase the computational time, too.

Likewise, the use of a finer mesh in the rotating part
might enhance the results. In this study, the mini-
mum size of the surface mesh (on the fan surface)
was 8 mm. This can be further reduced, and the
overall meshing approach investigated in more de-
tail. However, also in this case the computational
time is likely to grow.

Focusing on the interface between the two domains,
different settings might be evaluated, such as using
three separate interfaces for the cylinder that encap-
sulates the fan to enable its rotation (upper circle,
lower circle, and vertical side — Fig. 3). However,
there are no evident reasons to expect considerably
better results due to a change in the modeling of the
domain interface only (ANSYS 2015).

Thus, fan geometry and meshing are likely to be the
two most critical issues to be addressed to improve
the capabilities of the model with blades. Although
this study showed the higher accuracy and lower
computational cost of an implicit ceiling fan model,
its main limitation is the fact that each rotational
speed requires different values for the momentum
source, and the definition of the most appropriate
values needs experimental data. The outcome might
be a discrete set of momentum values (particularly
useful for fans with a finite number of rotational
speed levels) or a function that calculates the mo-
mentum values for any given rotational speed
(more appropriate when direct current — DC — mo-
tors are used). On the other hand, an explicit CFD
model of a ceiling fan uses the rotational speed as
an input and therefore would not need experimental
validation for multiple rotational speeds.

Thus, the main open question is whether it was bet-
ter to develop an implicit model (the main effort is
the creation of the experimental data) or to opt for
an explicit model with blades (the main effort is on
geometry and mesh implementation, and then on
computational power). Assuming that measure-
ments for different rotational speeds could be taken
in one or two days, then the implicit model appears
to be the best choice in most cases. However, espe-

cially if energy consumption for computing is not
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considered, this might not be always the case (e.g.,
if a considerably high computational power such as
a high-performance computing -HPC- cluster with

hundreds of cores is available).

5. Conclusion

Ceiling fans are an effective means of completely
avoiding the use of energy-intensive air condition-
ing systems in milder environmental conditions,
and for reducing their usage in more severe and hot-
ter thermal environments. CFD can be used to pre-
dict the air flow generated by ceiling fans, and there-
fore to better evaluate their capability of delivering
comfort cooling.

The aim of this study was to compare the results ob-

tained by using two approaches to include the ceil-

ing fan into a CFD model, namely a detailed model
of the geometry of the fan and a simplified implicit
approach that emulates the effect of the fan only.

The main findings of this study are as follows.

- both modeling approaches capture the key
qualitative features of the air flow generated by
a ceiling fan, and no relevant difference was
noted.

- comparing the air speed values calculated by
the two models and the measured values, the
implicit model proved to be considerably more
accurate. Especially in the regions of the flow in
which the most elevated air speeds occur (such
as below the fan), the measured figures and the
values predicted by the implicit model were
close, while the values obtained by the detailed
model were much lower (half on the others in
several points).

- using exactly the same workstation and hard-
ware-related settings, the total clock time of the
model with blades is one order of magnitude
higher than the total clock time of the model
without blades (less than 4 hours as opposed to
nearly 9 days).

- fan geometry and meshing are likely to be the
two most critical issues to be addressed to im-
prove the capabilities of the model with blades.
However, the use of a more detailed geometry
and finer mesh would increase the computa-

tional time (and related energy consumption).

- the implicit model appears to be the best choice
in most cases.
Considering that the main limitation of the implicit
model is the fact that each rotational speed requires
different values for the momentum source, and the
definition of the most appropriate values needs ex-
perimental data, further work will focus on the ge-
ometry and meshing of the fan in the explicit model

(in which the rotational speed is directly set).
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Abstract

In recent Italian Law, the DM 11/01/2017 about Environmental
criteria, reference values for the acoustic indoor quality de-
scriptors of public buildings are imposed. These refence val-
ues are in compliance with the national standards UNI 11532-
1 and UNI 11532-2. Part two of the series standard, in partic-
ular, describes the procedures and gives limit values for the
acoustic comfort descriptors for schools. Regarding schools,
adequate acoustic comfort targets are required in terms of in-
door noise level and acoustic quality. Indoor acoustic quality
targets refer to reverberation time (RT), Clarity (C50) and/or
speech intelligibility (STI). The limit values for these indoor
acoustic quality parameters, established by the national stand-
ards, are related to the measurement methods results; how-
ever, it is necessary to use prediction methods to estimate
these parameters during the design phase. The aim of this
study is to verify the prediction method accuracy used to de-
termine intelligibility score. The study was developed to
model the existing calculation method of speech transmission
index (STI) in Matlab software to determine the acoustic
speech intelligibility in school classrooms. A school building
located in central Italy, in the Marche Region, was taken as a
case study. This research aims to determine a correlation fac-
tor between the results of predictions and measurement

speech intelligibility methods.

1. Introduction

The theme of the acoustic comfort (ambient noise,
sound insulation, reverberation time, speech intelligi-
bility) in primary school classrooms, in secondary
school classrooms, as well as in university classrooms,
has been the focus of several studies all around the
world (Sala & Viljanen, 1995; Zannin et al., 2009). High

noise levels in classrooms cause students to tire early,

their cognitive abilities to decline, and they do not un-
derstand the content of the lessons. Excessive noise,
too high reverberation, or the combined presence of
both these effects in a classroom could reduce speech
intelligibility, which is defined as the percentage of a
message understood correctly.

The standard UNI EN ISO 9921 (UNI, 2004) specifies
the requirements for the performance of speech com-
munication and recommends the level of speech com-
munication quality required for conveying compre-
hensive messages in several case studies. In (Pickett,
2005) many measurements of the intelligibility of
speech were made to calculate the disturbance pro-
duced by different amounts of vocal force. The results
of this case study show less than 5 % deterioration in
intelligibility over the range, from a moderately low
voice to a very loud voice (55 to 78 dB in a free field at
one m from the lips). Other studies (Bradley et al.,
1999; Yang & Bradley, 2009; Yang & Mak, 2018) have
shown that speech intelligibility is influenced by re-
verberation time (RT), as well as by signal-to-noise ra-
tios (SNR).

In (Choi, 2020), speech intelligibility tests were carried
out in 12 university classrooms in Korea; the test re-
sults indicate that young adult listeners at university
have a mean score of 95 % correct at a signal-to-noise
ratio (SNR) value of +3 dB(A), which is a considerably
lower SNR value than for the younger students in ele-
mentary schools. As a result, much attention to the de-
velopment of effective objective indicators of quality
and/or intelligibility are of particular interest, the
measured parameters include reverberation time,
early decay times, energy ratios, and STI values. The
STl is a physical metric related to the intelligibility of
speech degraded by additive noise and reverberation
(Goldsworthy et al., 2004). Scientists nowadays con-
sider the STI to be the parameter that best reflects the
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intelligibility of speech (in a sound transmission sys-
tem) (Steeneken & Houtgast, 1980). Consequently, the
STI measure correlates well with subjective intelligi-
bility scores for stimuli distorted by linear filtering, re-
verberation, and additive noise. Experiments in litera-
ture evaluate the effectiveness of the prevision method
at predicting speech intelligibility.

In (Peters, 2020) the potential binaural effect of reduc-
ing reflection and reverberation was studied. These
conditions create a reduction in intelligibility because
echoes and strong discrete reflections, arriving late,
lead directly to a wrong assessment when using the
STI. Similarly, in (Schwerin & Paliwal, 2014) the STI
approach was revisited and a variation was proposed
which processes the modulation envelope in short-
time segments, requiring only an assumption of quasi-
stationarity (rather than the stationarity assumption of
STI) of the modulation signal. Based on the tests in
(Hongshan et al., 2020), the corresponding relation be-
tween STT and speech intelligibility in large spaces was
modified, and a new rating threshold of STI was also
proposed.

This paper aims to determine a correlation factor be-
tween the results of prediction and measurement
speech intelligibility methods. The study was devel-
oped to model the existing calculation method of
speech transmission index (STI) to determine the
acoustic speech intelligibility in some classrooms at
the Faculty of Engineering of the Universita Politec-
nica delle Marche, Italy.

In this work, two sections are included. In the first, STI
values are evaluated and calculated with the calcula-
tion method described in the annex L of BS EN 60268-
16 (BSI, 2020). In the second, the result of the simula-
tions is compared to the objective intelligibility

measures in the same classes.

2. Material And Methods

2.1 Reference Values For Speech Trans-
mission Index (STI)

The STT aims to objectively quantify speech intelligibil-
ity at a specific location in one environment when
speech is produced through a normalized signal at an-
other specific location in the same environment.

The ST index is based on the measurement of the Mod-
ulation Transfer Function (MTF). MTF quantifies the

reduction in the modulation index of a test signal, de-
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pending on the modulation frequency. For each modu-
lation frequency, the MTF is determined by the ratio
between the modulation index of the signal at the lis-
tener, my, and the modulation index of the test signal,
mi. A family of MTF curves is determined, in which
each curve is relative to each octave band of speech
emission and is defined by the values that the modula-
tion index reduction factor m assumes for each modu-
lation frequency present in the envelope of a natural
speech signal. For the STI index measurement, 7 octave
bands, from 125 Hz to 8 kHz, and 14 modulation fre-
quencies, between 0.63 Hz and 12.5 Hz at one-third oc-
tave intervals, are considered. The 98 (7x14) m-values
are finally summarized in a single index, the STI, vary-
ing between 0 and 1, which represents the effect of the
transmission system on intelligibility.

The STI quantifies the combined effect of background
noise interference and reverberation on speech intelli-
gibility reduction, with or without sound amplification
systems.

The UNI EN ISO 9921 standard (UNI, 2004) establishes
a relationship between STI value and their subjective
assessment in terms of intelligibility for a normally

hearing user. The values are shown in Table 1:

Table 1 — Relation between STI and Speech Intelligibility according to
UNI EN ISO 9921:2004, Table F.1

Intelligibility =~ Sentence STI
rating score %

Excellent 100 >0.75
Good 100 0.60 to 0.75
Fair 100 0.45 to 0.60
Poor 70 to 100 0.30 to 0.45
Bad <70 <0.30

Another classification of speech intelligibility is pro-
vided in of BS EN 60268-16 (BSI, 2020); the standard
defines qualification intervals for the levels of STI ob-
tained, as shown in the following Fig. 1. The typical STI
requirements for dedicated applications are also pro-
vided in Fig. 2.



0,38 042 046 0,50 0,54 058 062 066 0,70 0,74

0.36 0.40 0,44 048 0.52 0.56 0.60 0.64 0,68 0.72 0.76

Fig. 1 — Qualification intervals for STI levels

Examples of typical uses

Nominal Type of message . ~
Category $T1 value information (fer natural or reproduced Comment
voice)
Excelient intelligibility
A+ *0,76 Recording studios but rarely achievable in
most environments
A 074 Complex messages.
unfamiliar words | Theatres, speech auditoria,
parliaments, courts, Assistve P‘:‘QEF::D:T:’!
R o7 Complex messages, | Hearng Systems (AHS) oixlity
unfamiliar words
Theatres, speech auditoria
Complex messages, " High speech
¢ 0.66 unfamiliar words | eleconferencing, pariiaments, intelligibility
couns
b 0.62 Complex messages Lecture theatres, classrooms. Good speech
v famiiar words concert halls intelligibility
Complex messages, | Concert halls, modern . )
E 0.5 familiar context churches High quallly PA sysivms
Complex messages, | P/A S/stems in shogping malls Good qualty PA
F 0,54 familar context public buildings’ offices, VA systems
syslems, cathedraly e
G 05 Complex messages, | Shopping malls, pudlic Target value for VA
famiiar conext buildngs’ offices, VA systems systams
H 0.46 Simple messages VA and PA systems in difficult Normal lower limit for
famiiar words Acoustic environments VA systems
| 042 Simple messages, | VA and PA systems in very
N famiiar context difficult spaces
J 038 Not suitable for PA systems
v <0,36 Not suitable for PA systems

Fig. 2 — Value for STI qualification bands and typical applications

There are two measurement methods for STI: the direct
and indirect method. The direct method uses modu-
lated (speech-like) test signals to directly measure the
modulation transfer function. Typically modified Pink
Noise with modulation frequencies was used. In this
case, the measurement signal is either applied as an
electric input to the system or through a “human
speaker” loudspeaker to a microphone. The indirect
method uses impulse response and forward energy in-
tegration (Schroeder integral) to derive the modulation
transfer function. STI can be measured at the same time
as other room acoustic parameters. This means that
speech intelligibility will normally be measured using

an omnidirectional speaker.

2.2 Room Descriptions and Measurements

The university building is in a suburban area of Ancona
city, away from road traffic and other environmental
noise sources. In addition, the classrooms are located at
the rear of the building in relation to the access road.
The external SPL during the daytime period is between
45 and 55 dB(A).

For the assessment of speech intelligibility, the AT2
classroom, belonging to the Engineering Faculty of the
Marche Polytechnic University, was chosen as a case
study. Classroom AT2 has a volume of 378 m?, an aver-
age height of 3 m and a base area of 126 m2.

The classroom has a sound-absorbing acoustic ceiling,

Intelligibility Prediction in Scholar Classrooms

wooden chairs, and tables. The windowed surface oc-
cupies 1/3 of the total surface of the concrete perimeter
walls. Fig. 3 shows AT2 classroom, and the measure-
ment positions, as required by UNI 11532-2 (UNI,
2020).

pa @

P3 & re@

P1. §O s

Fig. 3 — Plan of classroom AT2

The measurements in the classroom were done at four
measurement points, chosen in compliance with UNI
11532 standard. Three positions were selected along the
imaginary line traced on the longitudinal axis of the
classroom, between the sound source and the back of
the classroom, and a position was selected as repre-
sentative of the most unfavorable listening condition
(due to background noise, distance from the speaker,
etc.). The STI measurements were derived from the im-
pulse response measures and background noise
measures with the indirect methodology proposed by
BS EN 60268-16 (BSI, 2020).

Table 3 shows the results of STI for each measurement
point and the STI mean value, without and with meas-

urement uncertainty.

Table 3 — Value of STI for single point of measure, STI mean and STI
mean with measurement uncertainty

STI STI STI STI STI
(P1) (P2) (P3) (P4) mean
0.61 0.60 0.58 0.56 0.56
STI mean with meas-  Speech quality in accordance

urement uncertainty with CEI EN 60268-16

0.53 FAIR
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3. STI Prediction Using Indirect Method

Prediction of the STI of a sound system may be based
on the MTF matrix that is calculated from the predicted
room acoustic and electro-acoustic parameters and
from the measured or estimated background noise lev-
els, for each octave band contributing to the STI version
chosen. The STI measure uses artificial signals (e.g.,
sinewave-modulated signals) as probe signals to assess
the reduction in signal modulation in several frequency
bands and for a range of modulation frequencies (0.6—
12.5 Hz).

As requested in the reference standard, the speech
spectrum at 1 meter in front of the mouth of a male
speaker with the ambient noise spectrum reported in
the Table H.1 of UNI EN ISO 9921:2004, see Table 4 and

Table 5 was concatenated.

Table 4 — Speech spectrum at 1m in front of the mouth of a male
speaker to UNI EN 1SO 9921:2004, Table H.2

Octave
band 125 250 500 1000 2000 4000 8000
(Hz)
(S;];@lm 629 629 592 532 472 412 352

Table 5 — Ambient noise spectrum according to UNI EN ISO
9921:2004, Table H.1

Octave
band 125 250 500 1000 2000 4000 8000
(Hz)
SPL@Im
41 4 2 47 42
(dB) 3 50 53, 39

The STI was calculated based on modulation transfer
function (MTF) and the calculations used the method
of Houtgast and Steeneken (1973).

In (UNI, 2020) for the calculation of the STI in class-
rooms without amplification system and with volumes
> 250 m3, an emission signal at Im in axis to the source
equal to 70 dB is required. So, for the calculation of the
predictive STI, the reference signal of the speech was
increased by 10 dB.

The modulation transfer function of the transmission
path may be quantified by comparing the ratio of the
modulation depth at the output and input of the test

signal, and it was be written as Eq. (1):

|2 h(t)ze=izmfm’ gy SNR

m(fm) = i ‘[1+107 w0 ]! @))]

where:
- m(fm) is the modulation transfer function of the

transmission channel

20

- h(t) is the impulse response of the transmission chan-
nel

-SNR s the signal-to-noise ratio in dB

Considering a diffuse reverberant field, the impulse re-
sponse was written as Eq. (2):

—-13,8¢t

RO =5 80 + 75 te T @)

r

where:
- Q is the directivity factor for the sound source (talker)
-ris the talker-to-listener distance

-T'is the reverberation time of the room space

The reverberation time was calculated with the method
described in UNI EN 12354-6 (UNI, 2006), starting from
the acoustic absorption of the room. The impulse re-
sponse of the classroom was calculated in the four dif-

ferent positions of the room.

The standard UNI 11532-2:2020 in Paragraph 4.5 de-
fines an optimal reverberation time, Tot , correspond-
ing with a conventional occupation of the environment
equal to 80 % for categories A1, A2, A3, A4. The cate-
gories of the environment, in relation to the destined

use, are reported in Table 6.

Table 6 — Categories of the environment in relation to the destined
use according to UNI 11532-2:2020

Activities in the Methods of
CATEGORY environment intervention
Al Music
Objective
A2 Spoken / conference | 4. q i

integrated de-

Lesson / communi- sign of geome-

A3 cation as speech and try, furniture,
lecture residual noise
Special classroom control
A4 lecture / communica-
tion
A5 Sport
Objective
Areas and spaces not  achieved with
A6 intended for learn- sound absorp-

ing and libraries tion and resid-

ual noise control

The reference values for optimal reverberation time for
A1-A4 categories are reported in Table 7.



Table 7 — Categories of the occupied environment in relation to the
destined use according to UNI 11532-2:2020

CATEGORY Occupied environment 80 %
N Tott= (0.45Log(V) + 0.07)
(30 m3 <V <1000 m3)
A2 Tott=(0.37Log(V) - 0.14)
(50 m3 <V <5000 m3)
" Tou= (0.32Log(V) — 0.17)
(30 m3 <V <5000 m3)
Tott=(0.26Log(V) - 0.14)
Ad (30 m* < V < 500 m?)

In Fig. 4, the graph of the simulated reverberation time
vs measured reverberation time, for a conventional oc-

cupation of the environment equal to 80 %, is reported.

== T30 Measured
=8 = T30 Simulated

500 1000 1500 2500 3000 3500 4000

2000
Frequency [Hz]

Fig. 4 — Reverberation time value in the octave bands between 125 Hz

and 4000 Hz simulated (empty room) and measured

A constant MTF over the modulation frequencies indi-
cates that speech intelligibility is mainly determined by
background noise. A continuously decreasing MTF in-
dicates an important influence of the reverberation and
an MTF that decreases first and then increases again in-
dicates the presence of an echo. Fig. 5 shows the result
of the simulation of the modulation transfer function in
the 7 octave bands calculated for P1.

The STI index can be finally obtained by using the
weighted average method for the modulation transmis-

sion index on the considered octave bands Eq. (3):

STI = Yi_y(ayx MTL) = X5y B x (MTL x MTl)'2 - (3)

Intelligibility Prediction in Scholar Classrooms

Where:
- a is the weight coefficient of octave band fi
- Pk is the redundancy factor between octave band k

and octave band k + 1.

1 - : - : : .
125 Hz
250 Hz
500 Hz |+
— 1 kHZ
’— 2kHz

o
©

akHz ||
8kHz
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®
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3

g
®

Modulation Index
4
o

o
s

03}

02F

0.1

Modulation Frequency [Hz]

Fig. 5 — Modulation transmission ratio in the 7 octave bands

Table 8 shows the relationship between o, fx and MTI,
to determine the STI for P1.

Table 8 — Result of the calculation for the P1

Frequency

125 250 500 1000 2000 4000 8000

[Hz]

ax male 0.085 0.127 0.230 0.233 0309 0.224 0.173

Combined

MTIy x ag 0.054 0.090 0.163 0.157 0.207 0.118 0.071

weighting

By male 0.085 0.078 0.065 0.011 0.047 0.095 0.000

Combined

MTI x Bg 0.054 0.055 0.046 0.007 0.032 0.005 0.000

weighting
sum ay *
0.860
MTIy
sum By *
0.244
MTI,

STI (P1) 0.62

The same calculation was carried out for all the posi-
tions and the STI simulation results are shown in Ta-
ble 9.
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Table 9 — Results of the calculation of STI for P1, P2, P3 P4 and
STI mean

STI STI STI STI STI
(P1) (P2) (P3) (P4) mean
0.62 0.55 0.53 0.53 0.55
STI mean with meas-  Speech quality in accordance

urement uncertainty with CEI EN 60268-16

0.53 FAIR

4. Results

From the comparison between the results of STI ob-
tained between measured and simulated values, it can
be seen that the difference is very low. This attests that

the predictive model turns out to be very effective to

o
=]

ensure a good internal quality of the classrooms during
the design phase.

In particular, the STI mean, simulated and measured, is
equal and, in both cases, speech intelligibility is FAIR
in accordance with the reference standard.
Considering the results of simulations and according to
the background literature, a statistical analysis for the
case study was carried out.

The proposed correlation model between the measure-
ments of STI versus the simulations of STI is based on
a polynomial function, according to the following
Eq. 4.

y=ax3+bx?+cx+d (4)

where y is the response variable and g4, b, ¢, d represents
partial correlation coefficients (coefficients with 95 %

confidence bound).

STigmeasured) vs STi{simulated)
—— Polynomial fitting
-------- Lower bounds (Polynomial fitting) ™
------------------------------- Upper bounds Polynomial fitting)

STl(simulated)
[=]
o

(=]
S

0.02

Q.05

o
=3

8

0585
STi(measured)

Ps * Polynomial fitting - residuals
Zaro Line

STi(simulated)

g

-0.01

-0.015
0.56 0585 0.57 0575 058

059 0585 08 0805 081

STl{measured)

Fig. 6 — Best fit polynomial curve and residuals of the STI_m vs STI_p considered for each point of measure
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Table 10 — Results of the polynomial regression

DFE SSE R? R RMSE

1 5.18 0.89 0.60 0.02

The result of the correlation shows the statistical signif-
icance is indicated by the R?=0.89 and this represents a
good correlation between the variables (Fig. 6; Ta-
ble 10).

5. Conclusions

This paper systematically provides the flow of STI in-
direct test method specified in BS EN 60268-16 and in-
troduces in detail the calculation formula involved in
the indirect method, with reference to Schroeder's Fre-
quency analysis and therefore to the limits of validity
of the sound equations of classical theory, associated
with the simulation of the room.

The study highlighted that the one of the major prob-
lems when developing this type of prediction is repre-
sented by the error generated by a low signal-to-noise
ratio. Therefore, the choice of the speech spectrum, as
well as the residual noise setting, represents an im-
portant choice in order for overestimation errors of the
STI not to be incurred.

Although the standard is clear in recommending stand-
ard spectra, a possible solution could be to simulate the
environment impulse response using a commercial
room acoustic software and enter, in the input phase,
an environmental noise that could be representative of

the acoustic scene of the room.

Nomenclature

Symbols

STI Speech transmission index

IS Intelligibility score

MTF Modulation transfer function

SPL Sound pressure level

STI.m Speech transmission index (meas-
ured)

STl p Speech transmission index (pre-
dicted)

Intelligibility Prediction in Scholar Classrooms
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Abstract

One of the possible solutions for renovating building
heating systems is the use of hybrid systems, which con-
sists of coupling heat pumps with traditional natural gas
boilers. Hybrid Heat Pump systems are typically con-
trolled to run the heat pump when the outside
temperature is not too low, maintaining acceptable costs
and good energy efficiency levels. However, when build-
ings also have a certain level of thermal inertia, proper
management of the hybrid system can allow some
flexibility. Especially in presence of non-programmable
renewable sources, the control strategy can play an
important role to maximize self-consumption.

The aim of this work is to assess the role of the control
strategy in achieving this objective in relation to the cost
reduction potential for energy bills. In particular, we
investigate how much it is worth using an advanced con-
trol technique (e.g., a Model Predictive Control) compared
to a Ruled Based Control to regulate the hybrid heating
system of a residential building. The paper analyses a case
study in which a building, equipped with Hybrid Heat
Pump system assisted by photovoltaic panels serving a
radiant floor, is controlled both through a Model Predic-
tive and a designed Ruled Based Control. The objective of
the controls is to minimize the energy bill for heating. The
results are intended to assess whether the added com-
plexity of the best performing model predictive control is
justified by the magnitude of the performance increase

that is obtained.

1. Introduction

In recent years, Heat Pumps (HPs) have seen an
increase in their use in residential buildings. Ac-
cording to the International Energy Agency (IEA,
2021), as of 2015, there has been an upward trend in

HP sales within the European market, with an
average annual growth rate of 12 %.

In the context of energy transition, HPs can offer a
good solution for reducing energy consumption, as
they give the possibility of using renewable energy
sources such as aerothermal, geothermal and hydro-
thermal (Madonna et al., 2013), in addition to pro-
ducing thermal energy through electricity (coming
from the grid or produced on site).

The capability to correlate the thermal demand to
electricity consumption is one of the most interest-
ing aspects of HPs for unlocking the energy flexibi-
lity in buildings: the different levels of thermal in-
ertia, which are already contained in buildings
(thermal mass of the envelope or thermal storage
devices), can be exploited to provide flexibility to
the electricity grid.

One of the most frequently adopted solutions for
exploiting the advantages of HPs, while main-
taining acceptable costs and good levels of energy
efficiency, are hybrid systems. In a Hybrid Heat
Pump (HHP) system, the heat demand of the build-
ing is met by a HP coupled with a traditional boiler
(EHI, 2020). This system is particularly useful in the
presence of air-source HPs, since their performance
depends heavily on the external climatic conditions.
Although most HPs are installed in new construc-
tions (IEA, 2021), hybrid systems present a good
solution for home renovations (Dongellini et al.,
2021). Indeed, in Italy, where the building stock is
rather dated, the market of HHPs is one of the
largest in the European Union, with about 7000
units sold in 2018 (EHI, 2020).

As for HP systems, a fundamental role is played by
the control technique adopted also in HHP systems.
To activate energy flexibility and optimize the ma-
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nagement of sources, Model Predictive Controls
(MPCs) are widespread. MPCs refer to an optimi-
zation problem to select the optimal set of control
actions to minimize a given objective function at
each time step.

There are many works available in the literature on
the evaluation of the effectiveness of a MPC com-
pared to a simpler Rule Based Control (RBC) for
HPs. Fischer et al. (Fischer et al., 2017) have
compared five different control methods, aimed at
considering cases where the cost of electricity is
constant, variable or cost-free in order to exploit
self-consumption in a multi-family house equipped
with an air-source HP supported by Photovoltaic
(PV) panels and coupled to storage for domestic hot
water. According to the authors, MPCs are more
efficient than RBCs, with cost reductions of 6-16 %
and 2-4 %, respectively. Zanetti et al. (2020)
modeled an HHP, consisting of an air-to-water unit
and a gas-fire boiler, assisted by PV panels and
coupled to a water tank, serving a school supplied
with floor heating. Comparing an RBC with an
optimal control, from a thermal comfort point of
view, the two controls provide similar results;
regarding energy costs, the optimal control per-
forms better as it allows savings of up to 20 % with
an increase in self-consumption from 67 % (RBC) to
almost 100 %. Ahmad et al. (Ahmad et al., 2013)
have modeled a small house with an integrated HP
via solar collector through a water tank for heating
and hot water production. When compared to a
simple RBC, the MPC was able to deliver savings of
up to 9 %. From the comparison, the better perfor-
mance of an optimized control is evident; however,
as mentioned in (Fischer et al., 2017), its computa-
tional modeling and control fitting effort should be
considered.

In this respect, this paper wants to analyze whether
such advanced control techniques are worth using
to control the heating system of a residential build-
ing according to a certain objective. In this regard,
the paper proposes an analysis, in a simulation
environment, of a case study in which a typical
residential building subject to renovation, equipped
with a HHP system assisted by PV panels and
supplying a radiant floor, is controlled both through
an MPC and a properly designed RBC. The main

objective of the controls is to minimize the costs in
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the electricity bill for heating.

2. Methodology

In order to assess the need for predictive control in
an HHP system, the use of MPC and RBCs are com-
pared in a residential building. In both cases, the
controls aim to select the technology to be used (i.e.,
boiler or HP) to achieve economic savings, maxi-
mize the self-consumption of renewable sources
and maintain thermal comfort. The comparison
between MPC and RBC is carried out in a simulation
environment. TRNSYS (TRNSYS 17, 2014) is
selected to model the energy dynamics of the build-
ing. RBC is also modeled in TRNSYS, while
MATLAB (MATLAB, 2014) is used for the MPC. The
performance of RBC and MPC are evaluated by
comparing the cost for satisfying the thermal de-
mand of the building, the ability to maintain ther-
mal comfort and the degree of exploitation of
electricity produced by a PV plant installed on site.
More details regarding the formulation of MPC and
RBC are reported in the following subsections: sub-
section 2.1 describes the RBC, while in subsection

2.2 the formulation of MPC is explained.

2.1 Rule Based Control

RBC control is based on the determination of the
external temperature (cut-off temperature) above
which it is convenient to use the HP instead of the
boiler. The cut-off temperature (Tcutof) is
determined through a comparison of the cost
required to produce 1 kWhu. For the HP, the cost is
obtained considering the price of electricity with-
drawal from the grid (ce). To obtain the electrical
energy absorbed by the HP, it was necessary to
model the dependence of the COP on the tempera-
tures of the air sources and the capacity ratio (CR).
The model is based on the indications contained in
EN 14825:2018 (CEN, 2018), starting from the
performance map provided by the manufacturers.
Since TRNSYS does not currently have a Type that
allows modeling of a variable capacity HP, a new
Type was developed by the authors, called Type
2701 (Ercoli et al., 2022). For the boiler, the cost of
satisfying the heat demand is calculated by



multiplying the price of Natural Gas (cnG) by its
volume used. The latter is obtained by dividing the
heat by the efficiency of the boiler (nso) and by the
Higher Heating Value, HHV (condensing gas-fired
boiler). Since also the availability of electricity from
renewable sources is considered, two types of RBC
were formulated: (i) base RBC (bRBC) and (ii)
advanced RBC (aRBC). The bRBC is the simplest
control where the switch between boiler and HP is
determined only by Teutott. In addition, in the bRBC
there is a thermostat that maintains the indoor air
temperature (Tair) within a comfort range (2021 °C).
On the other hand, the aRBC is set to force the HP
to turn on regardless of Teutorf when a certain
threshold of availability of PV is exceeded. It has
been assumed as the minimum electrical power
required for the minimum modulation of the HP
(minimum CR of 0.3). To take advantage of the
storage capacity of the heating system, the aRBC can
exploit a wider comfort range (20 - 22 °C). However,
in the absence of sufficient availability from PV, the
HP and the boiler alternate their operation
according to the set Teutoft and the thermostat is

maintained within the 20 — 21 °C range.

2.2 Model Predictive Control

An MPC based on the system model was developed
as an advanced control technique. The MPC can be
divided into two parts: (i) the model of the system
to be controlled and (ii) the optimizer. The system
model (i) is responsible for forecasting the
building's thermal demand. A lumped-parameter
model based on the thermal-electricity analogy is
used. Fig. 1 shows the structure of the resistances
and capacitances (RC) network. It is composed of
three thermal nodes. Each of them is represented by
a capacitance (C) and a temperature (T). In parti-
cular, the thermal nodes represent the mass of the
building envelope (Ce, Te), the internal air (Cair, Tair)
and the floor (Ct, Tr). The three thermal conduct-
ances Kea, Kfa and K¢ model the heat flow between
the three nodes, while the conductances Kw and Keo
model the heat flow between the external air (out-
door temperature, To) and Tair and Te, respectively.
The thermal flows entering the model are the solar
gains (Gs) and the heating power provided by the
heating system (Qn). Since, as reported in Section 3,

Hybrid Heat Pump Systems: Is Predictive Control Worth Using?

the building is equipped with a radiant floor heating
system, Qu is directly applied to the thermal node of
the floor (Fig. 1).

’.’ Vo \

/K

/ o K Kg K, T,
AN YNELENY v Tair, 2 Tt A B

T YV % VVV— VATV
o
l f5Gs l l fiQu
T Ce _‘,cz Ce

Fig. 1 — Third-order RC network building model

To obtain the numerical values of the parameters
(Ce, Cair, Cs, Kea, Kta, Ktg, Kw, Keo, fr and fs), the model
was trained starting from the data obtained from the
building simulation in TRNSYS (Root Mean Square
Error of 0.16 °C in the training period involving the
whole month of January).

With this structure, the model can be represented
with a discrete state space formulation (Eq. 1 and 2):
X(k+Ak) = A-X(k)+B-U(k) (1)
Y(k+Ak) = C-X(k)+D-U(k) (2)
with the vector X = [Tair Te T¢]T, which represents the
state of the system at each timestep k (Ak is the time
interval between two timesteps), U = [To Qu Gs]T the
input vector and Y the vector contains the output
(Tair). A, B, C and D are time-invariant real matrices

depending on the parameters of the system.

The model, therefore, can simulate the thermal dy-
namics of the building. At this point, the optimizer
(ii) must select the best control actions of the HHP
system to maintain the Tar within an accepted
comfort range. As in the case of aRBC (subsection
2.1), also in this case a greater tolerance is granted
to the thermostat (20 - 22 °C) to increase the
exploitation of the thermal inertia of the building.
The control actions to be set are the control signals
for the HP and the boiler (1/0 control signals: ctrlxr
and ctrlso). The objective of the optimization is to
minimize the energy bill over a forecast period (FP).
To do this, a Linear Programming optimization

problem was formulated (Eq. 3, 4, 5, 6 and 7).

FP

minimizez Qe (k) -cg(k)
4 \COP(k) E )

4 %o
Ngo - HHV M€
subject

Vk =1, .., FPTomin < Tair(k) < Tonax )
Vk =1,..,FP0 < Qup(k) < Qumaxup(k) )
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Vk =1,..,FP0 < Qpo(k) < Qmaxpp (6)
Vk =1,..,FPQpo(k)+Qup(k) = Qu(k) ()

Referring to Eq. 3, Qur and Qso are the thermal
powers supplied by the HP and the boiler,
respectively. These are the decision variables of the
optimization problem. They can assume values
between 0 and the maximum capacity of the HP
(Qmaxtir) and the boiler (Qmaxso), respectively. Eq. 4
contains the predictive model of the building. Eq. 5
and 6 set the boundary conditions for Qur and Qso.
Finally, the constraint expressed by Eq. 7 is also in-
serted in order not to operate the HP and the boiler
simultaneously (Qu expresses the building load
curve, Section 3). To incentivize the consumption of
electricity produced by PV, a cost equal to 0 Eur
kWhe is assigned to the electricity produced by PV.
In general, Fig. 2 describes the dynamic behavior of
the MPC. The MPC solves the optimization problem

at each timestep k.

MODEL PREDICTIVE CONTROL .
Starting

3 Building _ conditions_ Building
i [Input in FP predictive model T (K); (k)Y

To Gs Qup Qgo i
imi ctrlyp(k + Ak) i Radiant floor

ffffffffff )

ctrlzo(k + Ak)

Boiler

Fig. 2 — Schematic of the MPC

The actual temperatures (Tair and Tt) are passed as
starting conditions to the MPC. Based on the reced-
ing horizon principle (Rawlings & Mayne, 2012), the
MPC establishes the values of the control actions
ctrlur(k+Ak) and ctrlso(k+ Ak). These are derived
from decision variables. Especially if Qur(k+Ak) is
greater than 0, ctrlur(k+AKk) is 1, otherwise it is O (the

same for ctrlso).

3. Case Study

A refurbishment for a residential building was
considered as a case study. A single-family house
whose construction characteristics refer to a period
between 1991 and 2005 (Tabula Project (Corrado et

al., 2014)) was chosen as an original building. The
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building has a heated surface of 96 m? with a net
heated volume of 299 m?. Table 1 contains the com-
parison between the thermal transmittances (U-va-
lues) of the original and the renovated building.
Only the structures of the external walls and the
windows were modified in the refurbishment
(Table 1). In particular, the updated values were
extrapolated from the most recent Italian regulation
(DM, 2020).

Table 1 — U-values for renovated and original building

Building  Walls Roof Floor Windows
Status (Wm2K1) (Wm2K-1) (Wm2K-1)(Wm-2K-1)

Renovated  0.25 0.69 0.77 1.40

Original 0.59 0.69 0.77 1.70

For the simulations in TRNSYS, the climate file for a
typical year of Ancona (43°37'N-13°31'E, Italy) was
considered. Given an outdoor design temperature
of -2 °C (UNI, 1976) and a Tair of 20 °C, the renovated
building has a design peak load of 4.25 kWn.

As mentioned, the heating system adopted in the
renovated building is an HHP. It is composed of a
modulating Air to Water Heat Pump (AWHP) and
a condensing gas-fired boiler. To perform the study,
commercial sizes of AWHP and boiler were taken as
a baseline. For the HP, the operating characteristics
were extrapolated from the data provided by a
manufacturer. It presents a commercial size with
4.50 kW and 4.64 as COP, referred to an ambient
temperature of 7 °C and a supply temperature of
35 °C. The boiler, on the other hand, has a capacity
of 19 kW and an efficiency of 98 %, referred to the
HHV (10.70 kWh Sm?).

As emission system, radiant floor heating was con-
sidered. The regulation of the heating system takes
place with a compensation curve for the supply tem-
perature (Fig. 3). The latter was calculated from the
building load curve (Qu) according to the T, varia-
tion (Fig. 3).
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Fig. 3 — Building load curve (Q+) and compensation curve

By applying the methodology described in Section
2.1 to the case study, the Tutof obtained is 4 ° C. This
was achieved by considering a natural gas cost of
1.225 Eur Sm= and an electricity cost of 0.388 Eur
kWhe! (ENEL, 2022). The renovated building was
also equipped with a PV system installed on site.
The PV plant consists of 12 monocrystalline silicon

panels for a nominal peak power of 3.80 kWe.

4. Results

A reference period was selected to compare the
performance of MPC and RBC, i.e., the first two
weeks of January. The analysis of the results will
first be presented for the two RBC controls (4.1), to
then be extended to the case of MPC (4.2). Finally,
in section 4.3, we will try to answer the original

question: “Is it worth using predictive control?”.

4.1 Results for RBCs

The comparison between the internal air tempera-
ture trend in the case of bRBC and aRBC is shown
in Figs. 4 and 5. In both bRBC and aRBC, there is a
certain period in which the air temperature does not
respect the thresholds set on the thermostat (Section
2.1). In the case of bRBC (Fig. 4), the air temperature
drops below the minimum threshold (i.e., 20 °C) for
the 2 % of the time (7 hours), reaching a minimum
of 19.43 °C. From this point of view, better behavior
is obtained with the aRBC. In fact, looking at Fig. 5,
the air temperature assumes values lower than 20 °C
for 1 hr and 30 mins (0.45 % of the time), reaching a
minimum of 19.93 °C.

As for the upper temperature threshold, this is
different between the two controls when PV is
available. In fact, the aRBC can exploit the flexibility

of the thermostat to increase PV self-consumption

Hybrid Heat Pump Systems: Is Predictive Control Worth Using?

and reach 22 °C. Comparing Fig. 4 and 5, it can be
noted that there is a greater exploitation of the
upper band granted to the thermostat in case of
aRBC. Indeed, the average air temperature in case of
bRBC is 20.47 °C, while it becomes 20.62 °C with the
aRBC. Furthermore, with the aRBC, the air
temperature exceeded the upper limit of 22 °C for a
time of 2 hrs and 45 mins (about 0.82 % of the time)
with a peak of 22.48 °C.
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Fig. 5 — Internal air temperature (Tair) and self-consumption signals
during advanced RBC (aRBC) use

Figs. 6 and 7 show the involvement of the single
technologies (AWHP and boiler) in the case of the
RBCs. From the comparison of Figs. 6 and 7, with
bRBC, there is a higher utilization of the boiler and
higher thermal demand peaks than in the case
where the aRBC is used. In addition, from Fig. 7,
there is an increase in AWHP utilization through
use of the aRBC, since, as described in Section 2.1,
the control is set to force the AWHP to turn on
regardless of Teutott. In particular, the AWHP is
found to be operating for 141 hrs and 45 mins
through aRBC, 6.98 % more than bRBC. The boiler,
on the other hand, works 7.17 % less during use of
the aRBC than the basic one, for a total time of 61
hrs and 30 mins. Also, comparing Figs. 6 and 7, in
addition to an increase of AWHP application, it is
also possible to see a slight increase in the PV self-
consumption by aRBC.
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The difference in utilization between the two RBCs
can also be seen through the thermal demand via
Fig. 8; from the comparison with the bRBC, the use
of the aRBC involves an increase of the thermal
demand of 6.46 % covered by the AWHP and a

decrease of 7.18 % for the contribution of the boiler.
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Fig. 8 — Thermal demand of the hybrid system, AWHP and boiler
during the application of the three controls

The differences in terms of PV exploitation are also
highlighted in Fig. 9, where the self-consumption of
electric energy during advanced control is 6.43%
higher than that through bRBC.

In terms of performance, the use of aRBC results in
a slight reduction of 0.26 % in average COP, with a
value of 4.21 compared with that of the bRBC of
4.22. Despite the slight decrease in average COP, the
lower boiler utilization by the aRBC resulted in
lower energy bill costs. From Fig. 10, a net saving is
achieved through aRBC. In particular, the costs due
to the boiler, which, compared with the case of the
bRBC, decreased by 76.8 %.
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4.2 Results for MPC

As with the two RBCs, Fig.11 shows the trend of the
internal air temperature in the reference period for
the MPC. It can be noted that the temperature
fluctuates frequently around 20 °C with an average
value of 20.11 °C. The MPC is able to maintain the
air temperature within a narrower range of
variation. Both violations towards the lower limit of
the thermostat and towards the upper one are
reduced in comparison with the RBCs. In fact, as can
be seen in Fig. 11, the upper limit of 22 °C is not
exceeded, and the air temperature reaches a peak of

21.4°C.
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Fig. 11 — Calculated and predicted indoor temperature trends and
AWHP and boiler usage signals during MPC application

In terms of running time, the use of the MPC leads
to an overall reduction; both the AWHP and the
boiler are used for less time, meaning 123 hr and 45
min and 58 hrs and 15 mins, respectively. Overall,
there is a reduction in system utilization of less than
10.46 % compared with the aRBC and less than
8.43 % compared with the bRBC. Through Fig. 8, it



can be seen that the use of the MPC also leads to
7.19 % in thermal demand reduction due to the
entire hybrid system compared with the aRBC. Even
the AWHP provides a lower thermal demand of
11.82 %, probably due to its decreased use. In
addition, this could lead to a reduction of the self-
consumption, as shown in Fig. 10; in fact, compared
with the aRBC there is a reduction of 17.33 % in self-
consumption. Moreover, the AWHP, through the
MPC, is able to provide better performance, with
4.26 as average COP, 0.94 % higher than the bRBC.
Considering the energy costs, the MPC performs
better than the RBCs, given the bill savings objective
(Fig. 11). In fact, within a two-week reference
period, the use of MPC, in the case study consider-
ed, resulted in savings of 63.27 % compared with
bRBC and 5.93 % compared with aRBC.

4.3 Is It Worth Using Predictive Control?

The results shown in the previous sections showed
that MPC achieved better performance in terms of
cost savings and concerning the thermostat. On the
other hand, the best performance regarding self-
consumption of PV was obtained from the advanced
RBC.

What is important to note is that, although the MPC
is better at achieving the objective (e.g., cost reduc-
tion), modeling difficulties not present in RBC cases
should be taken into account. In fact, the MPC being
a model-based control, in the case of incorrect or
missing data, there could be a wrong estimation of
the thermal demand of the building and, conse-
quently, incorrect decision making. Furthermore,
the modeling and implementation difficulty that
MPC requires compared with RBCs cannot be
overlooked.

In the case studied, the advanced RBC turned out to
be a good compromise; in fact, it was possible to
achieve good savings over the basic RBC with less
effort than the MPC. In particular, this was possible
through: (i) a good estimation of the Teutott (e.g.
using the method described in section 2.1), (ii)
forcing the AWHP to turn on during PV generation
and (iii) the activation of the flexibility of
thermostat. Indeed, it is possible to see in Fig. 12

how the Teut-oif varies while using the MPC in com-
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parison with the fixed 4 °C of RBCs. From the
comparison, it can be seen that this transition tem-
perature between the two generators was properly
estimated through a comparison of the cost required
to produce 1 kWhu (section 2.1).

Toutdoor -------- Tcut-off RBC

HP ] Boiler PV

Outdoor temperature (°C)

N
iR

Time (hr)
Fig. 12 — Variation of the outdoor temperature and AWHP and
boiler use convenience signals based on cost

5. Conclusion

In this paper, we asked whether it is worth using a

MPC to control a residential hybrid heating system

with PV panels. To do this, a MPC was compared

with two RBCs, one basic and one advanced.

From the results, the main conclusions can be sum-

marized in the following points:

- The MPC is more effective in reducing the
energy cost: a saving of 63.27 % was estimated
in relation to the basic RBC and 5.93 %
compared to advanced RBC.

- The advanced RBC allows a higher self-
consumption of PV compared with MPC to be
obtained (with the MPC a reduction in self-
consumption of 17.33 % was achieved in
comparison with advanced RBC).

- With the MPC there is no violation of the upper
band of the thermostat — a phenomenon that
occurs with the advanced RBC (0.82 % of the
time, 2 hrs and 45 mins).

Although MPC has shown better performance than
RBCs in terms of comfort and savings, its
application for a system such as the one analysed
should also consider the level of difficulty that its
implementation requires. Through advanced RBC,
it was possible to achieve good savings over the
basic RBC but with less effort than the MPC, thus
offering a good compromise between the two
controls.

Despite good results from both MPC and advanced

RBC, there were still unused amounts of self-
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generated electrical power. One way to mitigate
wasted electrical power could be to introduce
additional integration devices to increase system
flexibility and further exploit the building's storage
capabilities. In this context, it might be interesting
to further explore the comparison between different

types of control.
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Abstract

The main Auditorium of Bologna was created inside the
original monastery built during the 16t century by the
Jesuits. In the following century, the building was modi-
fied to become a Catholic church by the architect G.
Rainaldi. After the French invasion led by Napoleon dur-
ing the 18 century, the church was adapted to fulfil
different uses. Nowadays, the main hall, composed of
three naves but having audience seats in the central one
only, is used for celebrations and civil events organized
by the University of Bologna. Numerical simulations
have been undertaken considering two different scenari-
os: acoustic adaptation to become an auditorium and to
become a conference hall. The model representing the
existing conditions has been calibrated on the measure-
ments undertaken across the seating areas. The two sce-
narios simulated have been compared with the existing
conditions of the Aula Magna: the outcomes highlight an
improvement in speech comprehension across all the
seating areas by achieving the optimal range of each
acoustic parameter analyzed. A historical background
has also been introduced to understand the adaptation of
the original construction to the different room functions

assigned throughout the centuries.

1. Introduction

Increased demand for the utilization of cultural
heritage buildings has caused experts and scholars
to study the existing historical patrimony (Vecco,
2010). On this basis, this paper deals with the
acoustic simulations of two conditions that the old
church of Santa Lucia could have: the adaptation
to become an auditorium for classical music and to

become a conference hall, both room functions in

line with academic activities run at the University
(Dordevic, 2016). A digital model was utilised for
the simulations after being calibrated with the
measured values (Vorlander, 2007). The design
project of the acoustic measures was digitally test-
ed with the application of absorbing plaster on
walls, installation of acoustic panels and addition
of heavy curtains to close the main nave from the
laterals. The results highlight a significant im-
provement in the outranges values related to the

main acoustic parameters.

2. Historical Background

The main auditorium of the University of Bologna,
the Aula Magna, was located inside Santa Lucia’s
church, and is now no longer in use. It was built
during the 11t century, while the surrounding col-
lege buildings were erected in the 17t century.
During the 16t century, the original monastery
became property of the Jesuits, and, on this occa-
sion, the building was modified into a Catholic
church by the architect G. Rainaldi (Wittkower et
al., 1992). When the Jesuit order was suppressed by
Pope Clement XIV, the church complex was trans-
ferred to the Barnabites at the end of the 16t centu-
ry, and then turned into a military camp at the end
of the 17% century. During the 18% century, under
the French invasion led by Napoleon, the church
was converted to fulfil different uses.

In the 1960s, the buildings were involved in a seri-
ous fire. From the 1970s to the 1980s, the restora-
tion and modernization (Bettarello et al., 2010) pro-
ject began to adapt the buildings to the needs of the
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University of Bologna and finally opened to the
public in 1988. At the end of the 20t century, Santa

Lucia’s church was also transformed into a univer-

sity facility.

Fig. 1 — Internal view of the Aula Magna of Bolognha

Nowadays, the Aula Magna is composed of three
naves, having walls and ceilings decorated with
transparent and hard plaster. The auditorium, with
lightly upholstered seats in the central nave, is sur-
rounded by wooden balconies, in place for the oc-
casion of degree celebrations and civil events, as

shown in Fig. 1.

3. Architectural Organization

The Aula Magna at the University of Bologna,
whose current form can be traced back to 1843, has
a total capacity of about 1000 seats. It consists of
the main hallway and two high, wide, and solemn
side passageways, with a total area of about 30000

m?, as shown in Fig. 2 and Fig. 3.
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Fig. 2 — Longitudinal section of the Aula Magna of Bologna
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Fig. 3 — Transversal section of the Aula Magna of Bologna

The walls of the main hall are completely plas-
tered, and the central area is decorated with stucco
and is 10 to 15 m high. Wooden galleries and low
padded seating platforms have been built on the
sides of the nave, leaving full view of the auditori-

um.

3.1 Digital Model

From the architectural drawings, as well as for en-
ergy building and musical instruments simulation,
(Fabbri et al., 2014; Farina et al., 1998; Manfren et
al., 2019, 2021a, 2021b, and 2022; Tronchin, 2005) a
digital model was realised to be composed of 3700
surface entities. The vault was realised with poly-
hedric geometry composed of 16 sides (Antlej,
2022). In a similar way, the apse was modeled by
adopting the same methodology, as well as the
capitals and the bases of the columns (Bettarello et
al., 2021). As such, the model was exported in DXF
format (Caniato et al., 2020a and 2020b), ready to
be used within Ramsete software.

Attribution of the absorbing and scattering coeffi-
cients was carried out based on the acoustic meas-
urements (Caniato et al, 2019), as indicated in
Fig. 4.

In particular, the sound source and the receivers
were placed in the same positions used during the
survey (Caniato et al., 2021).
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Fig. 4 — Equipment positions during the acoustic survey
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Fig. 5 — Reverberation Time (T2o) calibration between simulated
and measured results of the existing conditions
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Fig. 6 — Clarity Index (Cso) calibration between simulated and
measured results of the existing conditions
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Fig. 7 — Definition (Dso) calibration between simulated and meas-
ured results of the existing conditions

The tuning process (Tronchin & Knight, 2016;
Wang et al., 2004) was carried out upon the rever-
beration time (T20), clarity index (Cso), and defini-
tion (Dso), as reported in Figs. 5, 6 and 7. The re-
sults simulated to be closer to the measured values
should stand along the median line between the
defined boundaries.

4. Acoustic Simulation

Two sets of simulations were carried out for the
Aula Magna of Bologna, based on the functions
that were attributed. The first set of simulations
adapts the acoustics to auditorium functions, to be
used for classical music, while the second set is
more centred on speech intelligibility, since the
purpose is to adapt the acoustics to suit a confer-
ence hall.

During the simulations of the auditorium, an om-
nidirectional sound source was placed in the loca-
tion where the orchestra was intended to be locat-
ed. Based on the room volume of the central nave
of Santa Lucia’s church being equal to 24000 m?,
the optimal Tz value at 500 Hz should be around

2.8 s, as shown in Fig. 8.
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Fig. 8 — Optimal T20 values at 500 Hz, based on room volume

When the simulations have the purpose of adapt-
ing the acoustics to suit a conference hall, the
sound source was introduced in Ramsete by repro-
ducing the characteristics of the human voice, in
terms of spectrum, power, and directivity (Tron-
chin, 2005). In addition, the existing amplified sys-
tem was also reproduced with further sound
sources having the features of the loudspeakers in
place. On this basis, the optimal T2 value at 500 Hz
for a room of such a volume size used as a confer-
ence hall should be around 1.1 s, as indicated in
Fig. 8.

In both scenarios, the adopted acoustic measures
involve the reduction of reverberation and an im-
provement in terms of speech intelligibility (Tron-
chin & Bevilacqua, 2022). Specifically, the measures
consist of the following solutions:

- substitution of the standard plaster with
an absorbing plaster, to be applied mainly
to the surface area of the vault of the cen-
tral nave;

- introduction of carpet along the corridors
serving the seats;

- installation of heavy drapery to close off
the lateral naves during conferences.

The application of the absorbing plaster was car-
ried out on a surface area of 853 m2, while the in-
troduction of the reflecting panels covers a surface
area of 331 m?2 Table 1 indicates the absorption

coefficients of the materials listed above.
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Table 1 — Absorption coefficients of the materials used for the
project design

Abs. Coeff. a - Octave Bands (Hz)
Material

125 250 500 1k 2k 4k

Abs. plaster 023 030 059 0.64 0.67 0.082

Carpet 008 010 020 025 030 035

Drapery 008 029 044 050 040 035

100 500 1000 5000 10000 50000

4.1 Auditorium For Classical Music

Based on the acoustic measures being a common
factor for the two scenarios, the simulation of the
auditorium is focused on the insertion of reflecting
panels to be installed above the area of the orches-
tra and above the stalls. The panels were designed
to be in polycarbonate, with a transparency of
90 %, and suspended with steel wires hung to the
existing beams. Fig. 9 and 10 show the configura-

tion of the model for an auditorium.

Fig. 9 — Acoustic project design for the adaptation of Santa Lu-
cia’s church to an auditorium. Apse side

Fig. 10 — Acoustic project design for the adaptation of Santa
Lucia’s church to an auditorium. Entrance side
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The reflecting panels were installed in such a way
as to distribute the sound across the audience uni-
formly. The results of the conditions simulated for
the auditorium scenario are shown in the acoustic
maps highlighting the spatial distribution of the
main parameters. Fig. 11 shows the Tz, while Fig.
12 reflects the results of Cso, simulated with and

without the audience.

4.2 Conference Hall

The second set of simulations adapts the acoustics
of the Aula Magna to a conference hall. The main
difference compared with the other configuration
consists of the use of heavy curtains and coconut
fibres (Fabbri et al., 2021) to be kept closed during
conferences to avoid disturbance from people
walking in the lateral naves as well as to increase
the absorbing surfaces that are useful for lowering
the reverberation time (Tronchin et al., 2021a and
2021b). With the acoustic measures, the speech
transmission index (STI) values are found to be
more than 0.6, falling into a “good” category, as
defined by the intelligibility rating according to
ISO 9921 (Farina et al, 1998; Tronchin &
Bevilacqua, 2021).

5. Results

The results are presented graphically with the plan
distribution of the main acoustic parameters, by
highlighting the difference between the existing
conditions and the simulated environments, as
indicated in Figs. 11 to 13. The simulated results
shall be considered in unoccupied conditions.

Existgng Conditions

Auditorium

Fig. 11 — Spatial distribution of Reverberation Time (T 20)

Existi,ng Conditions

y r < &

Conference Hall

Fig. 12 — Spatial distribution of speech clarity index (Cso)

Exist’ing Conditions

Conference Hall

Fig. 13 — Spatial distribution of speech transmission index (STI)

Fig. 11 indicates that the T values decrease
significantly with the introduction of the acoustic
measures, passing from 8-9 s to 4.5 s. Such values
result in greater uniformity across the plan layout
(Mickaitis et al., 2021; Puglisi et al., 2021).

Fig. 12 shows the spatial distribution of the Cso
values, improved to be within the optimal range as
defined by the literature. The Cso values equal to -
14 dB, especially at the back of the hall, were
increased to up to 0 dB in the centre of the hall, and
were more uniformly distributed (ISO, 2003; Jeon
et al., 2009; Ortega & Rivera, 2012; Steeneken &
Houtgast, 1980).

Fig. 13 shows the STI values to be around 0.7,
which indicates a good rating. It should be noted
that the results with full occupancy of the hall
improve the simulated conditions even more,
bringing the values closer and within the optimal

range limits.
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6. Conclusion

The application of the acoustic measures for the
Aula Magna at the University of Bologna outlined
by the design project has revealed an important
benchmark achieved with the accuracy of the digi-
tal simulations. The installation of acoustic panels
floating at different heights across the plan, along
with the absorbing plaster to the vault and the cur-
tains at the openings to the lateral naves, was con-
sidered the best option for a cultural heritage site
of such historical value. In addition, the criteria of
transparency for the suspended panels were as-
sessed to leave the wide view of the indoor space
intact as well as to filter the natural lights from the
large windows. In summary, the outcomes of the
simulated values compared with the existing con-
ditions of the room outline a considerable im-
provement in speech comprehension, resulting in
more appropriate functions assigned to the Aula

Magna.
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Abstract

Adaptive fagade systems offer the opportunity to improve
building performance and user experience with their abil-
ity to adapt the facade configuration to the dynamic vari-
ability of the external environment. Nevertheless, the cor-
rect deployment of adaptive systems in real buildings is
highly dependent on the ability to predict their perfor-
mance. This is especially relevant in the case of Complex
Fenestration Systems (CFS), which are characterized by a
complex behavior both from a thermal and daylighting
perspective. Often, such CFS are combined with airflow
movement when the facade cavity is either mechanically
or naturally ventilated, making the performance even
more difficult to be characterized. The possibility to use
building performance simulation tools to simulate the be-
havior of these systems integrated in a whole building is
central for the proper use and the penetration on the mar-
ket of these systems.

In this framework, a naturally ventilated window with in-
tegrated venetian blinds was modeled in TRNSYS and
compared with a FEM-based 2D detailed model, devel-
oped in COMSOL Multiphysics. Type56_CFS solves ther-
mal calculation and uses the Bidirectional Scattering Dis-
tribution Function for describing optical properties of the
facade. This model requires the inlet mass flow rate, which
was assessed thanks to an ad-hoc implementation of ISO
15099. The numerical modeling of the coupled heat trans-
fer and fluid flow with COMSOL allowed the TRNSYS
model to be calibrated.

The calibration was carried out by increasing the model
complexity, focusing on the inlet ventilation flow rate pa-
rameter: (a) firstly, it was provided as an input to the
Type56_CFS from the FEM-based simulation and then (b)
it was calculated by the ISO 15099 internal model and pro-
vided to the Type56_CFS. Using this methodology, it was

possible to compare the ability of TRNSYS to simulate the
thermal behavior of the naturally ventilated cavity against
a FEM-based benchmark. Results show a difference of 5 %
after the fine tuning of all TRNSYS-related parameters

(40 % as un-calibrated starting value).

1. Introduction

Complex Fenestration Systems (CFS) can provide a
valuable solution to lower the building energy
needs by optimizing solar gains during winter, lim-
iting them during the cooling season and reducing
artificial lighting (Huckemann et al., 2010; Pomponi
et al,, 2016). In order to correctly implement these
solutions, it is of crucial importance to predict their
thermal and day-light behavior.

To this purpose, two main approaches can be used:
on the one hand, FEM methods can be adopted to
determine in a detailed way its thermal behavior,
since all the system components and the relative
thermo-physical properties are taken into account,
along with the underlying thermo-physical phe-
nomena (Dama et al., 2017; Li et al., 2017; Wang et
al., 2016). As Jankovic and Goia (2021) stated, com-
putational fluid dynamics methods are the most
suitable tools for solving problems related to these
systems. On the other hand, Building Energy Simu-
lation (BES) tools implement simplified methodolo-
gies for taking into account the effect of such com-
plex systems on the building scale and, in the case
of open cavity fenestration systems, they are typi-
cally designed for modeling mechanically venti-

lated ones. The unavoidable approximations related
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to the impossibility of fully considering the geome-
tries and the detailed physical phenomena, how-
ever, strongly limit the modeling possibilities, espe-
cially when unconventional complex systems are
considered. Catto Lucchino et al. (2021) used differ-
ent BES tools to predict the behavior of a mechani-
cally ventilated Double Skin Facade, and compared
the results with measured data; the conclusions
state that these tools can be acceptable for predicting
an overall performance over a long period, but for
short-term performance assessment the error is too
large.

In this study, a CFS characterized by a naturally
ventilated cavity with an integrated venetian blind
was considered. Through a coupled heat transfer
and fluid flow simulation with FEM-based calcula-
tion software, it is possible to fully capture the fen-
estration behavior at system scale, but great limita-
tions are found if its impact on the building scale
needs to be assessed. These limitations are particu-
larly related to natural ventilation, which is always
harder to predict compared with the mechanical
ventilation (Wang et al., 2019). This paper hence
aims at identifying the natural ventilation modeling
limitations for CFS by comparing two calculation
approaches (namely, concentrated-parameters and
FEM-based models). To answer this research ques-
tion, a custom simulation setup was built in TRN-
SYS 18 with the aim of modeling the naturally ven-
tilated window with integrated venetian blinds and
assessing its impact on the building scale. To allow
this, a FEM-based 2D detailed model was developed
in COMSOL Multiphysics with the purpose of ob-
taining the necessary data to support and calibrate
the implementation of the proposed TRNSYS simu-

lation setup.

2. Methodology

2.1 Case Study

In this study, a CFS consisting of a naturally venti-
lated window with integrated venetian blinds was
studied. Fig. 1 shows how the window cavity is in
direct connection with the external environment at
the bottom and at the top part. A peculiarity is pre-

sent in the shape of the external openings, which are
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not continuous along the fenestration width, but in-
terrupted by solid (closed) parts, as shown in Fig. 1.
Additionally, the external openings are covered by
a grille characterized by the ratio of blocked area to
total area of 1/5. Furthermore, there is a second (in-
ternal) vent that is continuous along the fenestration
width and characterized by a depth of 5 mm.

ﬂ
J

Fig. 1 — Scheme of the considered CFS: front view of a portion of
the CFS (left) and vertical cross section (right)
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The integrated venetian blind has a direct impact on
the airflow and, therefore, on the cavity air temper-
ature in terms of blind type and angles of the slats.
In this study, the venetian blind was deployed with
slat angles of 0°, 30° and 75° with respect to the hor-
izontal plane. The external cavity (cavity 1) is com-
posed of air, as it is in direct contact with the exter-
nal environment, while the internal cavity (cavity 2)
is filled with a gas mixture of 90 % argon and 10 %
air. The external (1) and central (2) glasses are made
of single float glass panes of 4mm, while the internal
glass (3) is laminated and composed of two float
glass panes of 3mm each and one PVB layer. On face
5 (exterior side of the interior glass pane) a low-
emissivity coating is placed with an emissivity of
0.013. The geometrical properties of the CFS are
listed in Table 1, while the thermal characteristics

are reported in Table 2.
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Table 1 — CFS geometric parameters

Symbol Parameter Value
dglass1-2 Glass 1-2 thickness 4 mm
dgapl Cavity 1 width 30 mm
dgap2 Cavity 2 width 18 mm
dglass3 Glass 3 thickness 6 mm
w Blind width 16 mm
a Blind tilt 0°/30°/75°
H Cavity height 1.33m
open_w Opening width 80mm
open_h Opening height 7mm

Table 2 — CFS thermal parameters

Symbol  Unit Blind Glass1-2 Glass3 Frame

A W/m/K 100 1.0 0.65 0.12

Cp J/kg/K 900 820 820 2700

0 kg/m? 2700 2500 2500 532
ef - 0.212 0.84 0.013 0.84
&b - 0.489 0.84 0.84 0.84

2.2 Simulation workflow

The workflows adopted in the different modeling
and simulation approaches of the CFS (FEM-based
at system scale and using TRNSYS at building scale)
are described in this chapter. The system scale sim-
ulation allowed an assessment of the system’s per-
formance in detail and temperature and airflow
data to be gathered, later used to support the cali-
bration of the TRNSYS model.

2.2.1 System scale simulation approach

The FEM-based software COMSOL Multiphysics
(COMSOL n.d.) was used to compute the coupled
heat transfer and fluid flow of the analysed CFS. To
simplify the model and reduce computation time,
the geometry of the CFS was reduced to a vertical
cross section and modeled as a bi-dimensional do-
main. This assumption was supported by the state-
ment of Pasut and De Carli (2012) describing that

the 3D modeling of a fenestration system does not
provide a substantial improvement in the results,
considering the additional complexity and compu-
tation time. The discretization of the domain oc-
curred through the creation of a calculation grid
(mesh). This latter was done dividing the geometry
into various domains so that, according to the geo-
metric and material characteristics, different types
and sizes of the mesh could be adopted. To ensure
that the solution is independent from the calculation
grid, a mesh refinement study was carried out , and
the thermal transmittance was used as control pa-

rameter. The final mesh is reported in Fig. 2.

Fig. 2 — Final mesh of the Complex Fenestration System

The modeling of the short-wave radiation exchange
due to solar irradiance was done outside the FEM
model through a detailed optical calculation using
Radiance (Ward, 1994). For each shading configura-
tion, the Bidirectional Scattering Distribution Func-
tion (BSDF) was calculated and the solar absorption
data for each glass pane and the shading system
were derived. The share of incident solar radiation
absorbed by each layer of the fenestration system
was finally assigned as heat source to single do-
mains within the FEM-based dynamic simulation
(Demanega et al., 2020).

To model the natural ventilation through the open
window cavity and the top and bottom vents, two
additional domains representing the external ambi-
ent were added to the model. A relative pressure of
0 Pa was assigned to the top domain’s boundaries
and of ¥2pu? to the bottom ones.

The presence of the grille on the vents was modeled
as a pressure drop for a squared mesh described by
the equation 1 (COMSOL n.d.), with a solidity os (ra-
tio of blocked area to total area of the screen) equal
to 1/5.

43



Ingrid Demanega, Giovanni Gennaro, Giuseppe De Michele, Francesco Isaia, Fabio Favoino, Stefano Avesani

K =098 ((1—0,)"2 — 1)1 o

To account for the discontinuity of the external ver-
tical opening, which is interrupted by solid (closed)
parts along the fenestration width, this non-homo-
geneity was described analytically in the bi-dimen-
sional FEM model through a localized pressure
drop equation of the type Ap = f(u), which was de-
termined by means of a separate FEM CFD 3D
model focussed only on the ventilation openings.

The thermal boundary conditions were assigned in
terms of convective and radiative heat flux on the
internal and external glazing surfaces, while adia-
batic conditions were assumed for the top and bot-
tom boundaries. The simulation was run in a sta-
tionary regime and considered converged when the
relative residuals of the continuity, momentum and

energy equations were less than 10e-4.

2.2.2 Building scale simulation approach

TRNSYS 18 was used as building dynamic energy
simulation software to assess the impact of the CFS
on the building scale. A single thermal zone with
one window was modeled using the new version of
the multi-zone building model Type 56 CFS. This in-
built model enables a detailed CFS thermal simula-
tion according to ISO 15099:2003 and uses the BSDF
for describing the facade optical properties in the so-
lar and visual band. This Type has been mainly
meant to model mechanically ventilated gaps; in-
deed, it requires as input the inlet mass flow rate
(together with its temperature), which is easily
available from fan datasheets; however, in the case
of naturally ventilated windows, this data is not
known a priori because it is highly dependent on the
cavity geometry and boundary conditions. For this
reason, a Python-based script was implemented
through TRNSYS Type 169, which calculated the in-
let mass flow rate according to the ISO 15099. The
air moves inside the cavity due to the stack effect,
thus the velocity of the air gap depends on the driv-
ing pressure difference and the resistance of the
openings. The airflow in the cavity is modeled as a
pipe flow and the driving force of the flow is set
equal to the total pressure loss, which takes into ac-
count Bernoulli’s pressure loss, steady laminar flow
and pressure loss due to the inlet and outlet open-

ings. The resulting model exhibits an inter-
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dependence between the air gap temperature and
velocity and consequently an iterative calculation is
performed until the relative convergence limit is
less than 1 %.

2.2.3 Model calibration

Given the absence of measured data, the TRNSYS
model was calibrated against the FEM one. To sup-
port this calibration, parametric simulations were
performed with the FEM model considering all
combinations of external air temperature (Tair.ext), in-
ternal air temperature (Tairint) and solar irradiance
(Isot) listed in Table 3.

Table 3 — Boundary conditions for parametric simulations

Tair,ext (°C) 0,5, 10, 15, 25, 30, 35
Tair,int (OC) 20, 24, 28
Iso1 (W/m?) 0, 250, 500, 750, 1000

COMSOL Multiphysics and TRNSYS 18 have two
different approaches to simulate the thermal behav-
ior of CFS. Therefore, to minimize these differences
and to set the same boundary conditions, the follow-
ing assumptions were used in the TRNSYS model: a
single-zone “shoe-box” model was used as thermal
zone, the surface temperatures of the walls were set
equal to the indoor temperature and the view factor
to the sky of the fagade was set to 0.5 (as in the FEM-
model).

To achieve steady-state conditions for every combi-
nation of the boundary conditions (as listed in Ta-
ble 3), simulations were run for 100 hours while
keeping fixed the values of Tairext, Tair,int and Isol. Re-
sults correspondent to the last timestep of each sim-
ulation were considered as the steady-state ones.
The ad-hoc TRNSYS Type was carried out by in-
creasing the model complexity step by step, focus-
ing on the inlet ventilation flow rate and the total
heat flux.

In a first step, the mass flow rate resulting from the
thermo-fluid dynamic simulation was provided as
input to the TRNSYS type in order to tune the
Type 56 CFS parameters and, in a second step, it
was calculated by the Python-based Type 169 and
provided as input to the TRNSYS building model.
Comparing the outcomes of the two models at com-
ponent level, it was possible to calibrate the natural
flow rate Type, particularly focusing on the tuning
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of the pressure loss factor along the window cavity,
which takes into account the pressure losses caused
by the ventilation openings (inlet and outlet), the
squared mesh grille and the integrated venetian
blinds. The ISO 15099 describes the pressure loss in
the inlet and outlet openings through equation 2
and 3, and, in case of zero lateral opening area and

equal top and bottom opening area, equation 4.

1
AP, = Epvz(zinl + Zout) (2)
2
A
Zinl/out = -1 (3)
0.6 - Aeq,inl/out
1
Aeq,inl/out = Atop/bot + ZAh 4)

Starting from these expressions, two calibration pa-
rameters were introduced in the formulation: the
first parameter “x” 5 is used to calibrate the area of
the openings in order to consider the effect of the
discontinuity along the fenestration width of the
ventilation openings, and the second parameter “k”

6 to tune the area of the holes of the venetian blinds.

A;op/bot =X Atop/bot (5)
1
Aeq,inl/out =k - (Atop/bot + ZAh) (6)

Additionally, the pressure drop factor K was in-
cluded in the total pressure loss equation 2, which

becomes equation 7.
AP, = pvz(zinl/out + K) (7)

The parameters were varied parametrically one at a
time: x between 0.1 and 10 and k between 0.1 and 1.
The calibration procedure was divided into 2 steps:
first, the opening parameter x was calibrated con-
sidering only the blind-up configuration, then the
shading parameter k was calibrated keeping the x
parameter fixed. In this way, the equation 4 be-
comes 8, forcing identical parameter values for all

configurations.
* * 1
Aeq,inl/out =k - (X ' Atop/bot + ZAh) (8)

The optimal values were chosen by minimizing two

statistical indicators: the Root Mean Squared Error

(RMSE) (9) and the Mean Absolute Percentage Error
(MAPE) (10), computed for the inlet mass flow rate
and the total heat flux for all the cases considered.

N
1 2
RMSE =~ Z(x” - Xc,0) )
i=1
1 N
MAPE = —Z Iri ZXeil 1009 (10)
NGl xe

In this way, the calibration was carried out both at
component level (inlet flow rate) and at building
level (contribute of the component on the thermal

balance of the zone).

3. Results and Discussion

3.1 System Scale Results From COMSOL

The FEM-based simulation performed with COM-
SOL Multiphysics allowed the temperature, pres-
sure, and velocity field over the fenestration system
to be computed and the airflow rate and the total

heat flux to be quantified in detail.

degC m/s

L 0.35

55 03

0.25
50

0.2
45

40
0.1

35

30

Fig. 3 — Temperature (left) and air velocity (right) distribution over
the CFS, Tair,ex=35°C, Tairint = 28°C, lsoi = 500 W/m?, blind tilt 30°

To showcase a possible temperature and air velocity
distribution over the CFS with a blind tilt angle of
30° and warm summer conditions (Tairext = 35 °C,
Tairint = 28 °C, Isor= 500 W/m?) an illustration of the
spatial distribution of the two variables is shown in
Fig. 3. It is possible to notice how buoyancy forces

the warmer air to rise, resulting in a vertical
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temperature gradient and leading to high tempera-
tures in the upper part of the CFS, where 60 °C are
reached.

3.2 Building Scale Results From TRN-
SYS and Calibration Parameters

The FEM model outcomes were used to tune the two
calibration parameters 5 and 6 of the Python-based
Type 169. As mentioned before, only the blind-up
dataset was used for the calibration of the x-param-
eter and focusing on the statistical indicators of the
total heat flux, x=0.5 was found to be the optimal so-
lution. Regarding the configuration with the shad-
ing system deployed, the x parameter was kept
fixed to 0.5 and the parameter k was varied para-
metrically in order to identify the optimal value
which minimizes the statistical indicators for the
three blind tilt angles configuration. Fig. 5 shows the
outcomes of the calibration procedure with blinds at
30° angle; models with k = 0.3, 0.7 and 1 were com-
pared to the uncalibrated one (x=1, k =1). For each
model, the COMSOL (x-axis) versus TRNSYS (y-
axis) results are reported for inlet mass flow rate (a)
and total heat flux (b). The scatter plots were clus-
tered by the value of the incident solar irradiance,
since it affects both the parameters analyzed. It
should be noted that parameter k has a greater im-
pact on the mass flow rate than on the total heat flux,
because it directly determines the mass flow rate,
which in turn influences the total heat flux. Since the
flow rate and the total heat flux have different be-
haviors to the variation of parameter k, the value
that minimizes the statistical indicators of the total
heat flux was chosen as the optimal one. This as-
sumption is related to the building scale model ap-
proach: the total heat flux of the CFS accounts di-
rectly for the contribution of the component on the
thermal balance of the zone, therefore a greater
weight to this parameter is given in the choice of the

optimal value.
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Fig. 4 — Inlet mass flow rate (a) and total heat flux (b) calibration

outcomes for blind tilt 30°

The statistical indicator for total heat flux suggests
that k=0.7 is the optimal solution, with a reduction
of the statical errors of 67 % compared to the uncal-
ibrated model (x=1, k=1). The same calibration pro-
cedure was repeated for the other 2 configurations.
To avoid redundancy and for sake of brevity, Ta-
ble 4 summarizes the results of the calibrated model
compared to the uncalibrated one in terms of RMSE
and MAPE indicators of inlet mass flow rate and to-
tal heat flux. A unique value of k parameter was
chosen as optimal for all the configurations of the
shading system, in order to avoid the need for
changing the calibration values x and k for each
blind tilt angle.

This, however, leads to a reduction of the model
performance, especially with fully closed blinds.
Nonetheless, by calibrating x and k parameters for
the two extreme conditions (horizontal and fully
closed) and one intermediate condition (30°), it can
be assumed that the use of these values could be ex-

tended for the remaining configurations.
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Table 4 — Comparison of RMSE (top) and MAPE (bottom)

Blind Ventilation Mass flow Total heat
mode Type rate flux
o final model 0.19 kg/s 3.12 W/m?
E 13.2 % 5.6 %
g uncalibrated 1.59 kg/s 3.74 W/m?
model 100.8 % 6.7 %
final model 0.39 kg/s 1.49 W/m?
o% 34.8 % 24 %
é uncalibrated 2.41 kg/s 3.81 W/m?
model 186.9 % 6.4 %
R final model 0.97 kg/s 1.58 W/m?
f; 37.9 % 13 %
5 uncalibrated 2.13 kg/s 4.74 W/m?2
model 125.5 % 5.8 %
o final model 0.98 kg/s 3.42 W/m?
_l; 30.9 % 11.0 %
£ | uncalibrated 1.67kg/s | 1.88 W/m?
model 82.7 % 2.0 %

. a) Mass flow rate [kg/s]

b) Total heat flux [W/m?]
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Fig. 5 — Inlet mass flow rate (a) and total heat flux (b) comparison
for all blind configurations with the calibrated model

The calibration procedure resulted in a significant re-
duction of the RMSE in a range of 60 % (blind tilt 0°)
to 66 % (blind tilt 30°) and in minimizing the MAPE
(especially for blind tilt 0° and 30°). Finally, the com-
parisons with FEM results for the inlet mass flow rate
and total heat flux are shown in Fig. 5 for all configu-
rations. The TRNSYS model overestimates the inlet
mass flow rate in the presence of low radiation (< 500
W/m?) and underestimates it in presence of high ra-

diation.

4. Conclusions

To promote the implementation of CFS, it is crucial to
enable a relatively simple yet reliable way of as-
sessing their impact at building scale. In this paper, a
novel workflow was implemented in one of the most
widespread BES tools to assess the performance of a
CFS in terms of heat fluxes and airflow rate. The re-
sults obtained through FEM simulations were used to
calibrate the BES workflow and to assess the error of
the calibrated BES tool. Results show a difference of
5 % of the total heat flux through the CFS after the
fine-tuning of the ad-hoc Type parameter. The cali-
bration was carried out focusing on the CFS contribu-
tion to the thermal balance zone to improve the BES
tool's performance in predicting the thermal behavior
of such complex components. Moreover, the ad-hoc
type can be generalizable for modeling naturally ven-
tilated windows with geometric features similar to
the presented CFS (narrow cavity with small vents),
since the calibration procedure was carried out by
only varying the opening areas.

With this picture, it is possible to state that such
workflows allow a consideration of the thermal be-
havior of CFS at building scale with an acceptable de-
gree of uncertainty. This results in the great ad-
vantage of providing the possibility of assessing the
impact of a CFS when there is still room for improve-

ment and change in the design.
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Nomenclature

Symbols

q Specific heat flux (W/m?)

h, Convective heat transfer coefficient
(W/(m?K))

Tair Air temperature (°C)

Tst Surface temperature (°C)
Stefan-Boltzmann constant

© (5.669x105 W/m?/K¢)

€ Thermal emissivity (-)

&f Thermal emissivity front (-)

€b Thermal emissivity back (-)
Mass density (kg/m?)

u Air velocity (m/s)
Solidity (ratio of blocked area to to-

os tal area of the screen)

K Resistance coefficient (-)

A Thermal conductivity (W/m/K)
Specific heat capacity at constant

G pressure (J/kg/K)
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Abstract

The e-SAFE innovation project financed by the Horizon
2020 Programme and led by the University of Catania, is
developing, testing and demonstrating an innovative com-
bined energy-and-seismic renovation solution for Rein-
forced Concrete (RC) framed buildings based on the addi-
tion of Cross Laminated Timber (CLT) boards to the outer
walls, in combination with wood-based insulation. In this
paper, the proposed renovation solution (called e-CLT) is
investigated in terms of moisture-related risks, i.e., the
mold growth and the increase in heat losses due to Liquid
Water Content (LWC) within building materials. To this
aim, dynamic simulations are performed by means of Del-
phin 6.1, thus including combined heat and mass transfer
(HAMT) due to water vapor migration and accumulation.
The results show that, although there is no significant risk
of mold growth in the e-CLT for climate conditions preva-
lent in Northern Italy, the moisture content within the ma-
terials implies an increase by about 10 % in the heat losses
if compared with a dry wall. Furthermore, inaccurate ma-
terial properties and boundary outdoor climate conditions
can affect the reliability of the results: for this reason, a
more appropriate hygrothermal characterization of mate-
rials is recommended, as well as the identification of suit-
able climate datasets, which, however, are not always

available.

1. Introduction

Since around 80 % of the building stock in the Euro-
pean Union was built before 1990, i.e., before the en-
forcement of most EU regulations regarding the en-
ergy performance of buildings, it is apparent that
deep renovation is a key challenge towards the de-
carbonization of the existing building stock.

In this framework, the e-SAFE innovation project fi-
nanced by the Horizon 2020 Programme and led by
the University of Catania, is developing, testing and
demonstrating an innovative combined energy-
and-seismic renovation solution for Reinforced
Concrete (RC) framed buildings based on the addi-
tion of Cross Laminated Timber (CLT) boards to the
outer walls, in combination with wood-based insu-
lation. In this study, the proposed renovation solu-
tion (called e-CLT) is applied to a building with in-
fill walls made of two leaves of lightweight concrete
blocks with an intermediate air gap, a very common
envelope solution in Italy for the residential build-
ings from the 1960s to the 1980s.

While the seismic performance ensured by the e-
CLT solution is addressed in other studies, this pa-
per aims to investigate moisture-related risks by
means of Delphin 6.1 software, which allows transi-
ent simulations considering combined heat and
moisture transport (HAMT). In fact, wood-based
components are particularly prone to moisture stor-
age due to their cellular structure, and — being wood
an organic material — they are more sensitive to de-
cay caused, e.g., by mold.

Preliminary investigations by means of Glaser’s
method revealed that, although the application of
the e-CLT solution improves both thermal and hy-
grothermal behavior of the walls (Evola et al., 2021),
interstitial condensation may occur in cold climates
in case of high indoor humidity values (Costanzo et
al., 2021a). A following study (Costanzo et al,
2021b) tested the e-CLT solution in three different
climates in Italy, performing transient hygrothermal
simulations and reaching similar conclusions:

wood-based materials are likely exposed to mold
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growth — although moderate — especially in colder
climates.

Building on these previous research experiences,
this paper focuses on the reliability of the results,
which may be affected by inaccuracy of hygrother-
mal materials properties and climatic boundary
conditions. To this aim, a literature review high-
lights the dispersion of the hygrothermal property
values for wood, and the consequent effects on the
simulation results. Moreover, the paper underlines
the effects of using different weather datasets, such
as a typical meteorological year (TMY) and a
weather file available in the Delphin database for
the same location. In particular, the simulations re-
fer to Milan, a cold and humid climate in Northern
Italy. Finally, moisture-related risks are investi-
gated by looking not only at mold growth, but also
at the increase in the heat transfer through the wall
due to the liquid water content within building ma-

terials.

2. Methodology

The hygrothermal performance and the moisture-
related risk of the e-CLT solution are investigated
by means of dynamic finite element analyses per-
formed in Delphin 6.1, a commercial program de-
veloped at University of Dresden.

The software allows the combined heat and mois-
ture transport (HAMT) within porous building ma-
terials to be considered. To this aim, it requires hy-
grothermal material properties and functions (e.g.,
porosity, density, specific heat capacity, thermal
conductivity, water vapor resistance factor, liquid
conductivity, moisture storage curve), and indoor
and outdoor climatic boundary conditions (e.g.,
temperature, relative humidity, driving rain, wind
speed, wind direction, short and long wave radia-
tion). The selection of appropriate material proper-
ties and climate data is a paramount issue due to
their effect on the reliability of the results; for this
reason, this paper pays particular attention to these
issues, as highlighted in this Section.

50

2.1 Materials

The e-CLT solution is here applied to a typical Ital-
ian wall structure composed of (from internal to ex-
ternal side): cement plaster (20 mm), hollow con-
crete blocks with volcanic aggregates (80 mm), non-
ventilated air cavity (100 mm), hollow concrete
blocks with volcanic aggregates (120 mm) and ce-
ment plaster (30 mm).

As regards the e-CLT solution, this is composed of
(from internal to external side): CLT (100 mm), low
density wood fiber (60 mm), scarcely-ventilated air
gap (20 mm) and a fiber cement cladding (12 mm).
The proposed solution also includes a vapor-open
foil (sa = 0.04 m) to protect the insulation layer from
the effect of wind-driven rain, applied to the exter-
nal side of wood fiber. Materials are selected from
the Delphin database; some properties have been
modified according to technical sheets and stand-
ards in case of missing materials. Table 1 and Table
2 show the hygrothermal properties of the selected
materials. In case of air gaps, the thermal conductiv-
ity is defined as an equivalent value calculated from

the air gap thermal resistance.

Table 1 — Thermal properties of selected materials: “id” is the
identification code on material database, (*) indicates modified
properties

id Material p (3 Aary
kgm?® Jkg!K!' W-m?K!

242  Plaster 1390 850 0.75

508 Hollow blocks (80 mm) 845 1000 0.29%
15 Non-ventilated air gap 1.3 1050 0.56*
508 Hollow blocks (120 mm) 667* 1000 0.39*
712 CLT 450* 1843 0.12*
1762 Wood fiber 50* 1000 0.04

15 Scarcely-ventilated air gap 1.3 1050 0.22*
654  Fiber cement cladding 1160 1188 0.60*

Table 2 — Hygric properties of selected materials: “id” is the iden-
tification code on material database, (*) indicates modified prop-
erties

id  Material " A 080 Oeff
- g'm?2s?5 kg-m? kg'm?

242  Plaster 33 30 40.7 430.0
508 Hollow blocks (80 mm) 15 177 114 319.4
15  Non-ventilated air gap 1 - - -

508 Hollow blocks (120 mm) 15 177 11.4 319.4
712 CLT 186 2-5-12* 59.8 728.1
1762 Wood fiber 11 5 12.7 590.3

15  Scarcely-ventil. air gap 1 - - -
654  Fiber cement cladding 26 14 70.9 283.6
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The hygrothermal characterization of the CLT re-
quires a more detailed literature review, both be-
cause it is a missing material from the Delphin da-
tabase, and because there are some discrepancies
amongst the various sources surveyed. In particu-
lar, those parameters related to moisture transport,
namely the water vapor resistance factor (p-value)
and the water uptake coefficient (A-value), show a
high dispersion of their values. Thus, CLT is repre-
sented through the database material Spruce radial
(id.: 712), experimentally tested by the Technical Uni-
versity of Dresden. However, since the manufactur-
ing process can make CLT denser than the original
wood (Lapage, 2012), density is replaced by the value
supplied by manufacturers (p = 450 kg'm-), whereas
dry thermal conductivity refers to EN ISO 10456
Standard (CEN, 2007a) (A = 0.12 W-m1-K-1).

As regards moisture transport parameters, the glue
between lumber boards in a CLT panel can affect the
u-value and A-value because it acts as a seal. Nev-
ertheless, some studies show good agreement be-
tween CLT and transverse wood’s hygric properties
(AlSayegh, 2012; Lapage, 2012): Table 3 sums up ex-
perimental p-value and A-value for softwoods and
CLT, based on different species as reported in the
literature. As shown in Table 3, moisture transport
parameters depend firstly on species and fiber di-
rection. The EN ISO 10456 Standard (CEN, 2007a)
reports p=50 for timber, i.e., the proposed re-
sistance to vapour diffusion is about four times
lower than spruce radial and ten times lower than
spruce tangential as gathered from the Delphin da-
tabase. However, if compared with literature values
(AlSayegh, 2012; Kordiziel et al., 2020), the p-value
varies from 146 to 456 for softwoods and CLT
boards made of softwood with transverse fiber di-
rection. This means that p-value of spruce radial (p
= 186) can be assumed as a reliable value for simu-
lations.

Coming to the A-value, this varies between 1.6 g'm-
2505 and 14 g-m?2-s05 for transverse fiber direction.
The wide range of values covered in the literature
mainly depends on the preparation of test speci-
mens. For instance, the presence of wood imperfec-
tions (e.g., checks, cracks, holes) could make wood
more permeable to moisture, as confirmed by
(Raina, 2021) by means of the visual evaluation of

absorbed water from a surface with a small hole

during the water uptake test. For this reason, (Al-
Sayegh, 2012) selected test specimens that are more
representative of the material without checks, thus
obtaining A-value = 1.9 — 2.0 g'm?2-s%°. In contrast,
(Lapage, 2012) tested samples including “checks,
cracks, pitch pockets and other deviations from
ideal conditions”, and determined higher A-values
(4 — 14 g'rm2-s05). The size of the sample can also af-
fect the experimental results: indeed, small samples
are likely to minimize the effects of checks and gaps
in the boards (McClung et al., 2014). This could ex-
plain A-values (2.1-2.8 g-m?s?0% found out by
(Kordiziel et. al., 2020), who used samples with
smaller surface area than the minimum set in the
Standard.

Table 3 — Softwoods and CLT features from literature (SPF:
Spruce-Pine-Fir)

Source Type P u* A
kgm? - gm?2s03

Delphin data- ~ Spruce (radial) 395 186 12

base Spruce (tangential) 395 488 5

Spruce (longitudinal) 395 5 12

ENISO 10456  Timber 450 50 -
(CEN, 2007a)

(Lapage, 2012)  CLT, Eastern SPF 486 - 4-7
CLT, Western SPF 500 - 12
CLT, European soft- 340 - 10-11
wood
CLT, Him-Fir 522 - 14
(Alseyeg, 2012) CLT, Eastern SPF 370 328 2.0
CLT, Western SPF 440 456 1.9
CLT, European soft- 340 311 1.6
wood
CLT, Him-Fir 380 277 2.5
(Cho et al., 2019) CLT 602 630 -
(Kordiziel et al., CLT, SPF + Douglas Fir 423 - 25-28
2020) SPF without adhesive 426 146 2.8
SPF with adhesive 426 168 2.4
(Raina, 2021) CLT, European spruce - - 1.9-36
CLT, European spruce — - - 7-12
without covered edges
(Chang et al,, Larch (radial) 570 75 -
2020) Larch (tangential) 570 109 -
Larch (longitudinal) 570 5 -
CLT, larch and ply- 600 79 -
wood

*dry cup, RH chamber =50 %

Lastly, the sealing of edges could also influence test
results. To this purpose, (Raina, 2021) tested various
samples with and without sealed edges, demon-

strating that the A-value can reach 12 g'rm2-s05due
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to water absorbed from longitudinal fiber of the cut
uncovered edges. Not surprisingly, the results are
close to those reported by (Glass & Zelinka, 2010)
for softwood in longitudinal direction (10 — 16 g'm-
2.5°05). In view of this, and considering A-values of 2
and 12 g-m?2:s%5 as reasonable extreme conditions,
this paper assumes 5 g-m?2-s05 as an intermediate
value for spruce. However, simulations are re-
peated for other A-values to perform a sensitivity

analysis.

2.2 Climate Boundary Conditions

The simulations are carried out for Milan (lat: 45°,
long: 9°, altitude: 103 m) a cold and humid climate
in Northern Italy. In order to assess the most appro-
priate available dataset for this location, the paper
considers: i) the weather file from the Delphin data-
base and ii) the TMY weather file from Linate (2004
—2018) downloaded from the website (Climate.One-
Building.org, 2022) (Fig. 1). In both cases, the inves-
tigated wall is oriented facing north, thus excluding
the effect of direct solar radiation. For this reason, the
plots in Fig. 1 only report the mean diffuse solar radi-
ation.

Considering yearly mean values, the Delphin dataset
shows 13 % higher diffuse solar radiation, but it ap-
pears colder (by 3 °C on average), more humid (by
6 % on average) and rainier (by 20 % on average) than
the Linate dataset. This suggests that it will more
likely induce moisture-related risks. Nevertheless,
the long wave sky radiation (LWR) data is missing in
all Italian weather files within the Delphin database,
which implies excluding long wave radiation ex-
change from the simulation, thus affecting the relia-
bility of results. On the other hand, Linate TMY is not
built ad hoc for hygrothermal simulations, i.e., it is
not representative of the worst climate conditions
from the point of view of moisture-related risks. The
selection of the most appropriate dataset thus re-
quires preliminary simulations, as discussed in Sec-
tion 3.1.

The outside heat transfer coefficient and surface va-
por diffusion coefficient are 25 W-m2K-! and 7.5-108
m-s?, respectively, while their indoor values are 8
W-m2K-'and 2.5-10% m's’, respectively. The solar ab-
sorption coefficient is set to 0.6. The incident wind-
driven rain (WDR) is calculated by Delphin
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according to EN ISO 15927-3 Standard (CEN, 2009),
using a splash coefficient of 0.7. In addition, a water
source is assigned to the side of the insulation pro-
tected by the water-proof membrane, set equal to 1 %
of the rain flux incident on external surface. This set-
ting simulates rain leakage through the cladding.
30 .
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Fig. 1 — Comparison between weather data from Delphin Database
and from a web service (Climate.OneBuilding.org, 2022)
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On the other hand, the indoor conditions are set ac-
cording to EN ISO 15026 Standard (CEN, 2007b). The
standard offers a simplified approach to take the
change in indoor temperature and relative humidity
as a function of external conditions into account
(Fig. 2). It is here relevant to highlight that moisture-
related risks may also depend on the indoor condi-
tions (Brambilla & Gasparri, 2020). This issue will be

investigated in future studies.

30°C 100%
25°C 90%
20°C r 80%
15°C 70%
10°C 60%
5°C 50%
0°C 40%

Fig. 2 — Indoor climate conditions as a function of outdoor temper-
ature from Linate TMY, according to EN ISO 15026 (CEN, 2007b)

2.3 Initial Conditions

The simulations are performed over a 10-year-long
period, in order to obtain stabilized behavior; the in-
itial conditions correspond to 20 °C temperature

and 80 % relative humidity for all materials.

2.4 Outputs

Moisture related-risks are evaluated for the e-CLT
solution applied to the investigated existing wall by
requesting as outputs from Delphin the time-de-
pendent liquid water content (LWC) in both the CLT
and the insulating material, as well as the tempera-
ture and relative humidity from which calculating
the mold index (MI) by means of the tool PostProc
2.2.3.

In particular, the LWC (m3m?) represents the vol-
ume fraction of liquid phase accumulated in the
pores of the materials (Bauklimatik Dresden, 2022).
Instead, according to the VIT model (Ojanen et al,,
2010), MI measures the mold growth rate in a scale
from 0 (no mold growth) to 6 (very heavy and tight
mold growth); the authors also suggest that MI val-
ues above 3 are not acceptable. The model also con-
siders the sensitivity of materials to mold growth: in
this specific case, the CLT and the wood fiber are set

as “sensitive”.

Further outputs are the mean conductive heat flux
throughout the wall and the moisture-dependent
thermal conductivity for each layer of the wall. They
are required to assess the increase of thermal losses
and U-value due to humidity within building mate-
rials.

More specifically, the moisture-dependent U-value
(W-m2-K") is calculated as follows:

1
1 S;

uU(LWC) = —+i ' 1

L L 1
hy. &% (LWC) hy, @

where ho.eand ho; are respectively the outside and
inside heat transfer coefficient, previously defined,
n is the number of layers and Ai (W-m™-K") is the
moisture-dependent thermal conductivity of each
layer, computed by Delphin as a function of LWC,
given the dry thermal conductivity Aday (Vogelsang
et al., 2013):

A =MLWC) = Ay, +0.56- LWC )

This study does not consider the influence of temper-
ature on thermal conductivity, since Delphin does
not include any built-in functions for the selected ma-
terials to this scope. However, by taking into account
the conversion coefficients reported in Annex A of
EN ISO 10456 Standard (CEN, 2007a), the maximum
variation of A within the range of temperatures oc-
curring in this study would be around 3 % for the
insulating material, and even less for the other ma-

terials.
3. Results And Discussion

3.1 The Role of the Weather Data

As mentioned above, the influence of weather data
is preliminarily investigated. The main target is to
understand which dataset is more appropriate, or
implies more conservative results, in terms of mois-
ture-related risk.

The simulations are repeated with i) weather data
from the Delphin database, which does not include
the LWR exchanges, ii) weather data from Linate
TMY, with and without LWR exchanges. The results
are reported in Fig. 3 and Fig. 4.

If looking at the results obtained using the weather
file from the Delphin database (grey solid line in
Figs. 3-4), the yearly mean LWC is 0.054 m3m?3in
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In particular, the yearly mean LWC in the external

the external side of CLT and 0.012 m3m-=3in the ex-

side of both CLT and wood fiber increases by

ternal side of wood fiber. There is no risk of mold in

around 4 %. The risk of mold growth is higher in the
wood fiber, for which the maximum Ml is2.17 —0.27

both materials. Instead, the results from the simula-

tions run with the TMY from Linate reveal that in-

respectively taking and not taking into account

cluding LWR exchanges worsens the hygrothermal
behavior of the e-CLT. In fact, using Linate TMY
with LWR implies temperatures and relative hu-

LWR exchanges. Although the MI is still below the

critical threshold

in the first case its values tend to

7

increase over the years. This means that excluding

midity profiles respectively lower and higher than

the LWR exchanges, for instance by using the Italian

the case without LWR, which also means higher

LWC and ML

weather files available in Delphin, can underesti-

mate moisture-related risks.
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For this reason, the results discussed in the follow-
ing sections refer to simulations performed with
Linate TMY, even if this weather file is not built ad
hoc for hygrothermal simulations. Future studies
will rely on suitable extreme weather data for Milan,
for instance created according to EN ISO 15026
(CEN, 2007b).

3.2 Humidity and Increased Heat Flux

In order to assess the increase in the heat losses due
to LWC within building materials, the mean heat flux
transferred through the wall is calculated considering
thermal conductivity respectively dependent, or in-
dependent, on moisture content. Thus, simulations
are repeated assuming for each material respectively
Eq. 2 and Eq. 3.

A=y ®)

The results are reported in Fig. 5: not taking into ac-
count the variation in thermal conductivity due to
moisture content within materials would underesti-
mate heat losses by about 9.7 % on average. Similarly,
the moisture-dependent yearly mean U-value (U =
0.326 W-m2K-) increases by 11.0 % with respect to
the U-value in dry conditions (U = 0.290 W-m2-K™).

7
6
5
4
3
2
1
0
-1
8 EFEREFVELE

Fig. 5 — Monthly mean conductive heat flux: comparison between
simulations taking and not taking into account moisture-dependent
thermal conductivity

In a similar study, (Danovska et al., 2019) studied the
impact of humidity and temperature on the thermal
behavior of insulated timber walls for a series of Ital-
ian cities, and found out that the mean increase in
heat losses — considering the actual thermal conduc-
tivity of materials —is below 6 % on average in North-
ern Italy locations and below 10 % in Southern Italy,
the highest values pertaining to the most insulated

wall structures. Finally, Fig. 6 suggests that the

monthly mean U-value of the wall retrofitted through
the e-CLT solution can be linearly correlated with
mean LWC of wood fiber with R? = 0.99. This means
that the thermal performance of the e-CLT solution
applied to the investigated wall decreases linearly

with the amount of the LWC in the insulation layer.

0332 T
0.330 U-value R Decjr—
0.328 (W/m2K) P
0.326 P
A | [R2=09918]
0.324 -
0.322 AEH .‘"
0.320 ‘

075 085 095 1.05 1.15 125 135 145
Mean liquid water content in wood fiber (%)

Fig. 6 — Moisture-dependent monthly mean U-value

3.3 The Water Uptake Coefficient

A sensitivity analysis is finally carried out to ob-
serve the CLT performance as a function of its A-
value. The top plot in Fig. 7 shows the hourly pro-
files of mean LWC throughout the CLT, respectively
with A-value =2, 5 and 12 g-m2-s%5 according to lit-
erature. In principle, higher A-values imply higher
LWC during winter.

0.058
0.056
0.054
0.052 +
0.050
0.048
0.046
0.044

0.5

0.4

0.3

0.2

Fig. 7 — Influence of A-value on mean liquid water content and
external face mold index. All values in legend are in g/m?s'2
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Overall, A-value does not significantly affect the e-
CLT thermal performance: indeed, the yearly mean
LWC ranges between 0.051 — 0.053 m3m=3, which
does not imply variations in the heat losses. Finally,
looking at the MI in the CLT (bottom plot of Fig. 7),
the increase in A-value determines slightly higher
mold growth risk. Indeed, in this case the moisture
content between CLT and wood fiber is absorbed
more rapidly towards the inner side. However, the
risk is negligible (MI < 0.4).

4. Conclusion

In this study, the e-CLT building retrofit solution,

applied to a typical existing Italian wall, is investi-

gated in terms of moisture related risks, i.e., the
mold growth and the increase in heat losses due to
liquid water content within building materials.

Moreover, this paper focuses on the role of weather

data and of the water uptake coefficient of the CLT

material on simulations. Since e-CLT is an innova-
tive retrofit solution, this topic is not addressed in
the literature except for some preliminary analyses
carried out by the same authors (Costanzo et al.,
2021b). With respect to the above-referenced study,
the current research confirms that a moderate mold
growth risk (MI > 1) can occur in a cold and humid

Italian climate, while also discussing the role of CLT

hygrothermal properties in greater detail. Further-

more, the reliability of the Italian weather files
within the Delphin database is assessed in a system-
atic way.

The conclusions can be summed up as follows:

- excluding the long wave heat transfer from the
simulation, for instance, when using Delphin
database Italian weather files, leads to underes-
timate moisture-related risks;

- the inaccuracy on the A-value of CLT does not
significantly impact on the LWC and MI;

- the increased heat losses due to LWC within
building materials amount to around 10 %

- the monthly mean U-value is linearly depend-
ent on LWC in the insulation layer, and on av-
erage can vary by around 11 % if compared to
an equivalent dry wall.

The next steps of this research activity will investi-

gate the hygrothermal behavior during extreme me-

teorological years, selected from long-term weather
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acquisitions in different climate zones. In addition,
further analyses are planned to better characterize
hygrothermal properties of materials by means of

experimental analyses.

Nomenclature

Symbols
A water uptake coefficient (g-m2s05)
CLT cross laminated timber
Cp specific heat capacity (J-kg'-K-1)
HAMT  heat and moisture transport
A thermal conductivity (W-m1K)
Adry dry thermal conductivity (W-m™"K)
LWC liquid water content (m¥m-)
LWR long wave radiation
MI mold index (-)
water vapor resistance factor (-)
p density (kg-m-)
Sd equivalent air layer thickness (m)
080 moisture content at 80 % RH (kg-m)
Oeff effective saturation (kg-m=3)
U thermal transmittance (W-m-2K-)
WDR wind-driven rain
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Abstract

The reduction of the environmental impact of the building
sector is one of the top priorities in the “climate change
challenge”. As the primary energy consumption of the
building decreases, a high level of indoor comfort must be
maintained. Both thermal parameters, lighting, acoustic
level, and indoor air quality affect indoor comfort. These
aspects are fundamental, especially in school buildings,
where a good level of indoor comfort can help student to
stay focused. This paper proposes a methodology for a
combined optimization of the energetic and the acoustic
performance of a school building. A case study, located in
the center of Italy, was analyzed. Firstly, the thermal and
acoustic performance was determined. Then a list of inter-
ventions was hypothesized and simulated, involving both
the building envelope, the lighting and thermal plants.
Normalized acoustic insulation of partitions between ad-
jacent rooms, acoustic insulation of the facade and rever-
beration time were evaluated. The outdoor and ambient
noise levels were based on the main characteristics of the
facade (type and stratifications of opaque and transparent
components, ventilation system, etc.). Results show that
the optimal combination of interventions reduces the CO2
emissions of 88.55 % and the global energy performance
index of 85.2 %. The indoor sound pressure level due to
traffic noise is reduced by 19 dB after acoustic insulation
of the facade, while further treatments to indoor surfaces
should be implemented to reduce internal reverberation
time and to improve speech intelligibility. The combined
optimization shows that the highest reduction of the
global impact (89.2 %) is obtained by weighting 80 %/20 %

the acoustic/thermal performance.

1. Introduction

Nowadays, the building sector accounts for around
40 % of total global energy consumption and more
than 30 % of CO2 emissions. To achieve net-zero car-
bon emissions by 2050, the International Energy
Agency (IEA) estimates that the sector has to halve
its emissions by 2030. In the EU, the situation is sim-
ilar, with 36 % of CO: emissions from the building
stock, of which the final energy consumption for
heating and cooling is 50 %. Accordingly, improv-
ing the energy efficiency and fostering total decar-
bonization is an essential step towards renewal of
the building stock. The current rate of renovation of
public buildings ranges from 0.4 % and 1.2 % per
year, while it should be around 3 %, as reported by
the 2018/844/EU Directive.

In addition, a high level of indoor comfort is re-
quired. Indoor comfort is affected by several factors,
such as thermal level (air temperature and humid-
ity, air velocity and quality), lighting and acoustic
quality. In school buildings, students spend many
hours a day in the classroom. The correct environ-
ment can help students to be focused and energetic.
Different strategies have been proposed to evaluate
and optimize the performance of school buildings
(MacNaughton et al., 2018), or energy audits (Wang
et al., 2015). Diaz-Lépez et al. (2022) identified the
24 best passive intervention strategies, analyzing re-
search trends in 42 countries. Li et al. (2021) pro-
posed a multi-objective optimization method based
on the response surface method, where optimal de-
sign trade-offs between thermal comfort and energy
demand are obtained. Omar et al. (2022) based their

optimization on lighting and cooling plant
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retrofitting, and on the integration of a photovoltaic
plant to increase the share of renewable energy ex-
ploited. Results show a gain of renewable fraction
of around 82 %. Gamarra et al. (2018) considered
water consumption and carbon footprint, resulting
in a life-cycle assessment.

Noise in schools derives from its original surround-
ing environment, which has turned from silent into
very noisy over the years (Secchi et al., 2017). The
specification regarding sound insulation properties
and noise from equipment properties in Italy were
defined in the D.P.C.M. 5/12/97. The recent Italian
law D.M. 11/01/2017, recalls the Italian standard
UNI 11367. According to these standards, new
school buildings must guarantee a facade sound in-
sulation of D2m,nT,w > 48 dB, which is very restric-
tive. In UNI 11367, the limit value for the normal-
ized acoustic insulation of partitions between adja-
cent rooms of the same unit was presented: basic
performance, with DnT,w > 45, and high perfor-
mance, with DnT,w > 50 dB. UNI 11367 also requires
a Speech Transmission Index in classrooms higher
than 0.60 and sets the optimum value of reverbera-
tion time (Tott) as average value between 500 and
1000 Hz for unoccupied classrooms (s). The limit
values for the acoustic indoor room quality are also
defined in the UNI 11532-1. In part 2 of the standard,
the limit value for reverberation time, STI e/o C50,
and sound pressure level for technologic systems in-
stalled inside the classroom are defined.

This paper presents a methodology for the thermo-
acoustic optimization of an existing school building,
based on combinations of interventions (Moazzen et
al., 2020). A primary school building located in cen-

tral Italy was taken as a case study. Firstly, the

Fig. 1 — Real image of the school building under study
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current state of the building was analyzed using
software to estimate the heating energy demand
and acoustic performance. The analysis concerns
both the design conditions and the dynamic con-
sumption over a period of one year. Then, a list of
interventions was hypothesized, involving both
building envelope, the lighting system, the thermal
plants and the acoustic parameters, to find out the
optimal configuration. The novelty proposed is
combined analysis, setting and optimizing
weighting coefficients between thermal and acous-

tic performances.

2. Materials and Method

The methodology proposed consists of different

steps:

- Identification of the case study building and de-
termination of its properties and climatic con-
ditions.

- Evaluation of energy and acoustic performance
by software simulations.

- Proposal of interventions and combination of
them.

- Simulation and index calculation.

The building chosen as reference case should be rep-
resentative of the category of buildings under study,
as regards the building geometry, energy perfor-
mance for both envelope and plants, and climatic
conditions. This way, the proposed model, once val-
idated, can be easily applied to other buildings. In
this paper, a primary school building has been cho-
sen as reference case. Fig. 1 shows a real image of

the building, while Fig. 2 shows the plan view.
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Fig. 2 — Plan view of the school building under study
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The reference building presents a floor area of 350
m? and consists of 6 classrooms, with a net height of
3.25 m. The entrance hall has a sloped ceiling, aver-
age height 4.8 m. The occupancy has been hypothe-
sized as typical of school buildings, namely on
weekdays between 08.00 and 1700. According to the
national standards, Italy is divided into six climatic
zones, depending on the heating degree days. For
each zone, there is a corresponding different annual
heating period and number of hours of daily opera-
tion. In addition, a series of minimum U-values are
provided for each zone. Central Italy, where the ref-
erence building is located, is involved in the “E”
zone, which corresponds with a heating period
from 15 October to 15 April. The specific location of
the building presents a minimum temperature of -
4 °C, as stated in the UNI 10349 standard. This data
is required to calculate the energy performance of
the building under the worst-case conditions. Then
a dynamic hourly-based method is applied to pro-
vide the energy consumptions over a year. The first
step for the energy performance calculation is the
energy determination of the U-values of all vertical
and horizontal, opaque and transparent structures.
The U-value is a function of the thickness and type
of each material of the stratification. The thermal
conductivity is taken from the UNI 10351 standard
for homogeneous materials and the UNI 10355 for
heterogeneous ones. In the absence of reliable data,
the U-value of opaque and transparent structures
can be estimated as a function of the year of con-
struction of the building. When data are collected,
U-values can be determined. In Tables 1, 2, 3, 4 the
stratifications and the thermal and acoustic perfor-

mance of the opaque structures are presented.

Table 1 — Stratification of the front vertical facade

Total thickness [cm] 50
Surface mass [kg/m?] 1296
U-Value [W/(m?2°C)] 2,02
Rw [dB] 54
Thermal
Thickness  conductiv-  Density
Layer R
[em] ity [W/(m [kg/m3]
°C)]

Cypsum plas- 2 0.35 1200
ter
Dolomite 48 18 2700
stone

Table 2 — Stratification of the external vertical wall

Total thickness [cm] 44
Surface mass [kg/m?] 560
U-Value [W/(m2°C)] 1.1
Rw [dB] 51
Thickness Therm.a l'con- Density
Layer [em] ductivity [kg/m?]
[W/(m °Q)]
Gypsum plas- 2 0.35 1200
ter
Perforated
brick 40 1.8 2700
Cement mor- 2 14 2000
tar
Table 3 — Stratification of the floor
Total thickness [cm] 32
Surface mass [kg/m?] 354
U-Value [W/(m2°C)] 1.64
Rw [dB] 52
Thickness ThernTeq Density
Layer [em] conductivity Ikg/m?]
[W/(m °O)]
Ceramic tiles 2 1 2300
Cement mortar 4 14 2000
Floor brick 26 0.74 1185
Table 4 — Stratification of the ceiling
Total thickness [cm] 24
Surface mass [kg/m?] 55
U-Value [W/(m2°C)] 0.20
Rw [dB] 48
Thermal
Laver Thick- conductiv- Density
y nessfeml ity [W/(m  [kg/m’]
°C0)]

Wood panel 1.3 0.12 450
BARRIER 100 0.1 0.35 950
Rock wool 1.6 0.035 40
Waterproof- 0.1 0.17 1200
mg
Air 5 0.32 1
Roof tiles 1.5 1 2000

The U-values of the transparent components range
from 2.8 W/(m? °C), consisting of aluminum frame
without thermal break and double glazing, to
5 W/(m? °C) for the oldest ones, consisting of metal-

lic frame and single glazing.
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Then the performance of the building was evalu-
ated. Energetically, the building was modeled on
MC4software, whose representation is shown in
Fig. 3.

For the acoustic characterization of the unoccupied
classrooms, forecast calculations were carried out
according to the current technical regulations. These
can be determined with the aid of performance and
functional criteria. The forecast calculations and as-
sessment methods are described in UNI 11532-2.

Fig. 3 - 3D model reconstruction for building simulation

The sound insulation performances of typical Italian
classrooms were investigated in terms of indoor
sound pressure level transmitted through the school
facade, reverberation time and sound emitted by
technological systems. The estimation of the indoor
sound pressure level, Lz, due to the sound from out-
door is obtained with Eq. (1), based on the ISO
12354-3.

L2 = L1,2m — D2m,nT + 10Log(;>) [dB] 1)

where Li1.2mis the outdoor sound pressure level 2 m
in front of the facade (dB), Damnris the standardized
level difference of fagade insulation, T is the rever-
beration time (s) and To is the reference reverbera-
tion time (0.5 s).

The prediction method for calculating the Reverber-
ation Time is described in EN 12354-6, while for the
Lpuc index the reference standard is the EN 12354-5.
Based on the energy efficiency interventions, the
acoustic performance of the school has been calcu-
lated in parallel as the interventions varied.

A list of intervention has been hypothesized, involv-
ing both the building envelope and the thermal
plant. Each specific building can require certain in-
terventions. In this work general interventions are
proposed, to remain valid in most of the cases. In

Table 5 the interventions are listed.
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Table 5 — List of interventions

Code Intervention

GL1 Substitution of glazing

IN1 Insulation of vertical walls

IN2 Insulation of floor and addition of radiant
heat floor

L1 Substitution of traditional lighting system

with LED-based one

TP1 Substitution of traditional heat generator
with heat pump

TP2 Introduction of a photovoltaic plant

TP3 Introduction of mechanic ventilation system

The substitution of glazing (GL1) allows a reduction
of the U-value of the transparent components. Tri-
ple glass of thickness 5 mm with 12 mm of air gap
has been chosen, with an aluminum frame and ther-
mal break. The respective U-value turns out to be in
the range 2.8 W/(m? K) and 5 W/(m? K), depending
on the size of the window. The insulation of vertical
walls (IN1) consists in the addition of a layer of ther-
mal insulation, to increase the thermal resistance.
An expanded polystyrene (EPS100) has been cho-
sen, with a thermal conductivity of 0.035 W/m K and
a density of 20 kg/m3. A layer of 12 cm, placed ex-
ternally to the wall stratification, has been provided
for the brick-based wall. The front facade instead,
has been insulated with 6 cm of the same polysty-
rene but placed internally, to maintain the aesthetics
of the faced stone. The U-value of the two walls be-
comes 0.2 and 0.5 W/(m? K), respectively.

The intervention on the lighting system (L1) consists
in the replacement of traditional lamps with LED
ones. The latter reduce the expense of electricity for
lighting, considering that a traditional lamp pro-
duces 62 Im/W compared to 95 Im/W of a LED one.
The number of LED lamps to be installed in each
room (n) has been evaluated with the Eq. (2):

n= b

where ¢t is the luminous flux of the lamp, m is a co-

efficient of utilization in function of the shape of the
lamp, h is the net height of the room and ¢ is the

luminous flux on the target area.

The substitution of traditional heat generator for

heat pump (TP1) increases the heat generation and
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distribution efficiency by decreasing the working
temperature of the water. In addition, this is a
switch from natural gas to electricity. Consequently,
the installation of a photovoltaic plant (TP2) is a fun-
damental step towards exploiting a local renewable
energy source to cover the lighting and heat pump
energy demand. The last intervention is the me-
chanical ventilation system (TP3), which improves
the indoor air quality of the classrooms. The system
is composed of a single machine, to be installed in
each room, which provides an air ventilation rate
proportional to the CO2 percentage in the room.
Then the single interventions were combined each
other to maximize the energy performance of the
building and the energy saving. Different scenarios,
later called “packages”, have been simulated (Ta-
ble 6).

Table 6 — Combination of interventions

Package Building Lighting  Thermal plant
envelope
PO - - - - - - -
P1 GL1 - - - - - -
P2 - IN1 - - - - -
P3 GL1 IN1 - - - - -
P4 GL1 IN1 IN2 - TP1 - -
P5 GL1 IN1 IN2 L1 TP1 TP2 -
P6 GL1 IN1 IN2 L1 TP1 TP2 TP3

3. Results and Discussions

The parameters for the indoor conditions of the
rooms were calculated separately for the thermal,
acoustic and visual conditions. Energetically, the
parameters are the global perfomance index and the
CO:2 emitted. The first one, indicated with “EPginren”
and expressed in kWh/m?yr, considers the amount
of energy for the air conditioning over one year,
normalized per meter square. This is a useful
parameter for comparing different buildings. In
addition, the index differentiates the fuel used,
applyng a higher coefficient for non-renewable ones

and neglecting the share of local energy productions

from renewable sources. The CO2 emitted considers
the typology of fuel and its relative emissive factor,
while for the electricy from the grid the factors are
estimated based on the national energy mix. Results
are shown in Fig. 4 and Fig. 5, for the global
performance index and the CO: emitted,
respectively. The reference case is characterized by
a global performance index of 407.6 kWh/m2 yr and
38037 kg of CO: emissions. Both parameters
decrease, while the number of interventions
increase. The best scenario allows a reduction of the
CO:2 emissions of 88.5 %, 4354 kg, and the global
performance index of 85.2 %, 60.3 kWh/m? yr.

450
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0
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g. 4 — Global energy performance index for each scenario
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Fig. 5 — CO2 emissions for each scenario

The payback period (PB) was chosen as economic
index. It provides information about the time neces-
sary to recover the initial costs, by means of the an-
nual energy saving of the improved scenario. The
lower the PB is, the more the scenario becomes a
priority. Table 7 summarizes the initial cost and the
PB for each scenario analyzed. The best scenario

turns out to be the combination of all interventions
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except for the mechanical ventilation system, with a

payback period of 13 years and 10 months.

Table 7 — Initial cost and payback period of the simulated scenarios

Intervention Cost [€] PB [years]

P1 27605 24 years 6 months
P2 37161 14 years 4 months
P3 64766 15 years 6 months
P4 217234 17 years 6 months
P5 283336 13 years 10 months
P6 303336 14 years 9 months

For the acoustic scenarios, results refer to the pre-
diction values of facade sound insulation, to the re-
verberation time and to the calculated values of un-
occupied indoor sound pressure level. Table 8
shows the average values of results of D2m,nT,w
and DnT,w calculationsfor all classrooms, respec-
tively. Results concerning corridors, gyms and clos-

ets were excluded from this analysis.

Table 8 — Acoustic performance ante and post operam

Result Limit value
D2m,nT,w [dB] D2m,nT,w [dB]
D.P.C.M 5/12/97
33 48
Ante O Av-
e Y DT, wdB] DnT,w [dB]
8 Between two high performance
classrooms UNI 11367
45 50
D2m,nT,w [dB] D2m,nT,w
D.P.C.M 5/12/97
52 48
Post O Av-
o8 effim ¥ DnT,w [dB] DnT,w
8 Between two high performance
classrooms UNI 11367
54 50

Schools with single-glazed windows have typically
lower insulation performances. The improvement of
acoustic performances is evident because of the bet-
ter air thickness of the new windows and the insu-
lation of vertical walls.

Fig. 6 shows the average reverberation time calcu-

lated in octave bands in all the classrooms.
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Fig. 6 — Reverberation time in pre (blue) and post operam (pink)

Reverberation time values averaged between the
500 Hz and 1 kHz octave bands, resulting in 1,02 s
(ante operam) and 0,59 s (post operam).

The optimal value set by Italian law [16] is a func-
tion of the classroom volume. Averaging the vol-
ume of the examined classrooms (100 m3), the opti-
mal average value is 0,47s.

For each facade, the outdoor noise levels (Li2m) were
calculated. A weighted outdoor level equal to 60 dB
(that is the maximum noise emissions level permit-
ted by the law DCPM 14/11/97) was assumed. Re-
sults were compared to the limit values set by Ital-
ian legislation or by other relevant national or inter-
national references. The analysis of indoor SPL
shows that, after the treatments of the facades, the
main acoustic problem of the selected classrooms is
the indoor reverberation time and it is not the noise
from outdoor sources.

A subsequent statistical analysis was performed for
the case study. The first correlation model is based
on a multivariate regression between the repre-
sentative thermal parameters and weighted on the
non-renewable global energy performance index of
the school (Fig. 7). The regression was calculated
considering the results obtained by the seven sce-
narios.

The model is based on the following Eq. 4:
Model (x,y) = a + bx + cy + dx? exy 4)

where a, b, ¢, d, e represent the partial regression co-

efficients (with 95 % confidence bound).
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I Multivariate Regression Analysis
* CO2 , Electrical energy consumption, Thermal energy consumption with Global energy performance index

Thermal energy consumption [KWh]

s

Electrical energy consumption [k\}Vh] e s N CO2 emission [Kg]J

Fig. 7 — Multivariate regression (CO2 emission [kg], electrical en-
ergy consumption [kWh], thermal energy consumption [kWh]
weighted on the global energy performance index). Several note-
worthy results were: R2=0.99, R=0.97, Dfe 2

The second correlation model aims to determine the
impact of the acoustic and energetic interventions
on processing costs. The model was defined as the
weighted sum of the acoustic and thermal resulting
parameter. The weights were assigned arbitrarily
considering increasing weights to the acoustic per-
formance and subsequently decreasing to the ther-
mal one. The optimization model is represented by
the following equation (Eq. 5):

opt = b WEPy nren +a - %RT + a- %SA (5)

where a=[00.2 0.4 0.6 0.8], b =[1-a], and the EPglnren,
RT(reverberation time (T30)) and SA (sound absorp-
tion) are expressed as percentages of saving com-
pared to the reference case.

Results of the polynomial regression are shown in
Fig. 8, while Table 9 summarizes the percentage of
reduction of the global impact at the various

weights.

1k * Costs vs Optimizations

— Polynomial fitting
Lower bounds (Polynomial fitting}
Upper bounds (Polynomial fitting)

Optimization

Costs

Fig. 8 — Results of linear regression between Thermal-Acoustic op-
timization and Costs (Euro). Several noteworthy results were:
R2=0.85, R=0.70, Dfe 3

Table 9 - Thermal-acoustic optimization vs costs of intervention at
the different weights (w0, wl, w2, w3, w4)

Intervention wo wl w2 w3 w4
P1 6.9% 5.6% 4.2% 2.8% 1.4%
P2 15.5% 12.3% 9.2% 6.1% 3.0%
P3 22.3%  359%  495%  632%  76.8%
P4 67.1%  71.8%  765% 81.1%  85.8%
P5 84.2%  854%  86.7%  87.9%  89.2%
P6 852%  86.2%  873%  88.3%  89.4%

4. Conclusions

This paper proposes a methodology for a combined
optimization of the thermal and acoustic perfor-
mance of a school building. A primary school build-
ing located in the center of Italy was chosen as case
study. Firstly, the thermal and acoustic performance
of the reference building were simulated. Then the
proposed methodology was applied. A list of inter-
ventions was hypothesized, involving both the
building envelope and the thermal and lighting
plants. Different interventions were combined in
packages, to optimize the overall performance of the
building and to find the best scenario. Results show
that the optimal scenario, combining all the inter-
ventions, reduces the CO: emission of 88.5 %
(4354 kg, while it is 38037 kg for the reference case)
and the global performance index of 85.2 % (60.3
kWh/m? yr, while it is 407.6 kWh/m?2yr for the refer-
ence case). The acoustic treatment of facades, con-
sisting of the replacement of windows and the insu-
lation of vertical walls, produces good results in the
abatement of indoor noise level (19 dB). The average
reverberation time is reduced by about 0.40 s, which
turns out to be a good result but still not compliant
with the optimal time defined by the standards.
However, the mechanical ventilation system nega-
tively affects the intelligibility and, in general, the
acoustic comfort in a classroom (Serpilli et al., 2022).
Consequently, a combined plan between the fagade
refurbishment and the interior acoustic treatment of
the classrooms is recommended. As regard the eco-
nomic analysis, the best scenario turns out to be the
combination of all interventions except for the me-
chanical ventilation system. This scenario returns

the shortest payback period (13 years and 10
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months). The combined optimization shows that the
best scenario is obtained by weighting the acoustic
performance 80 % and the thermal one 20 %, and
ensures a global impact reduction of 89.2 %, com-
pared with the reference case. Further research, un-
der analysis, will be proposed extending the pre-
sented methodology to other school buildings, to
validate the statistical approach and compare the re-

sults obtained.
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Abstract

This contribution provides a review on research and de-
velopment activities that have been conducted in the
field of highly-insulating windows with vacuum glass. In
a joint effort with the window-producing industry, dif-
ferent novel solutions for vacuumglass-equipped win-
dows have been studied. Thereby, different methodologi-
cal approaches have been deployed, including the con-
struction of technology demonstrators, performance
measurements on laboratory test sites, and numeric
thermal bridge simulation. As a result, the project consor-
tium succeeded in the development, construction, and
exhibition to relevant stakeholders in the industry of
four, innovative window prototypes. These windows not
only employ vacuum glass products, but also in part
provide new operation kinematics, motorization, and the
implementation of automated ventilation positions.
Moreover, the U-values of the windows could be approx-
imated to be around or below 0.70 W.m2.K-! (i.e., Uwin-
value) at pane thicknesses of less than a centimeter. The
windows include turn windows to inside and outside, as
well as a swing-operation window, and a window utiliz-
ing an offset- and slide-operation mechanism without
visible railings. The contribution not only displays the
final prototypes, but also highlights the methods and

provides an outlook for future development in this area.

1. Introduction

1.1 Scope of the FIVA Project,
Observations and Prerequisites

The present contribution highlights the methodol-
ogy and results of a joint research effort conducted

together with stakeholders of the window produc-

ing industry. The ultimate goal of this project,
which was named FIVA (Fensterprototypen mit in-
tegriertem Vakuumglas — in English: Window proto-
types that employ vacuum glass) was the devel-
opment of vacuum-glazing-equipped windows
that provide both a very good (thermal) insulating
performance and a high degree of innovation in
architectural appearance and operation. Moreover,
that the resulting prototypes should fully prove
their functionality, or in other words, a high TRL
(technology readiness level) of the envisioned pro-
totypes was an additional planned goal of the pro-
ject.

The project’s outline was built on and started
based on a set of observations (O) and prerequi-
sites (P):

O(bservation)1: Although vacuum glass products
finally arrived on the market after intensive re-
search and development efforts by both industry
and academia lasting close to a century (Zoller,
1913), there was little to no public and relevant
research available about the utilization of such
products in contemporary and past window con-
structions. 02: Companies in the window-
producing sector agreed about the high potential of
vacuum glass for window constructions, however,
most companies were reluctant to pioneer vacu-
um-glazed window constructions. Moreover, there
was little knowledge about the required changes to
existing window/frame constructions amongst the
relevant stakeholders. Furthermore, resentment
against vacuum glass pertaining to the durability
of the vacuum (and thus its thermal performance)
in the products was reckoned. Given that, until

2020, vacuum glass products were not produced in
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Europe, but majorly in South-East Asia, another
threat was seen in the long delivery times in the
case of the need for glass replacement. Moreover,
while there have been multiple producers of multi-
pane insulation glass, the number of vacuum glass
producers was (and still is) limited. O3: Stakehold-
ers in the glass-producing industry showed a cer-
tain ambivalence toward vacuum glass products.
This was majorly because vacuum glass products
show similar thermal performances to high-end
triple glazing, but do feature one glass pane less
(which would potentially have negative effects on
feasibility and profit for glass producers). O4: De-
spite major efforts toward improvement of the per-
formance of transparent envelope components,
windows are still considered the weak spot in
thermal envelopes, and are even considered to be
responsible for a major share of building-related
energy loss through the envelope. However, cur-
rent highly-insulating windows are majorly triple-
glazing windows coming with large system thick-
ness and correspondingly heavy weight of the
overall construction. Vacuum glass is considered to
disrupt this situation.

Amongst the prerequisites for the FIVA project
were the following: P(requisite)l: basic
knowledge about the durability and thermal per-
formance of different vacuum glass products was
required. This was fulfilled due to the authors’
previous research efforts into vacuum glass within
the VIG-SYS-RENO project (Pont et al., 2018a). In
this exploratory product, not only a wide range of
tests pertaining to mechanics, thermal performance
and acoustical performance of different glass
products was conducted, but also basic challenges
pertaining to the integration of vacuum glass into
existing and new window frames were addressed.
P2: A clear objective is required in the develop-
ment process. While the integration of vacuum
glass in existing (historically relevant) windows
often needs to consider the upkeep of the appear-
ance of the window (e.g., Kastenfenster / casement
windows, compare (Pont et al., 2018b), new win-
dows can be designed toward performance and
operation optimization. Moreover, the specifics of
vacuum glass (e.g., problematic thermal bridge
along the edge seal) determine construction princi-

ples. As such, it was decided to design the win-
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dows from scratch based on the specific require-
ments of the vacuum glass, rather than to adapt
existing window constructions. P3: Subsequently, a
set of innovative early-stage window designs (that
consider the specifics of vacuum glass) was re-
quired. Such innovative and, in part, disruptive
approaches to new windows were the result of
another preliminary and exploratory research ef-
fort by the authors named MOTIVE (Pont et al,
2018c). P4: To start and successfully conduct the
project, a strong consortium of academic partners
and stakeholders from the relevant branches of
industry was required who were open to new ideas
and agreed upon close collaboration. This consor-
tium consisted in the end of two academic and
eight industrial partners (5 window-producing
companies, 3 producers of different window con-
stituents, namely fittings, seals, and vacuum glass).
P5: To be able to explore the space of potential,
innovative, high-performing vacuum glass win-
dows, all partners were required to bring in their
specific expertise and instruments. Simulation as a
method specifically was deployed in the fields of
operation kinematics of the innovative windows,
and thermal performance assessment. For the lat-
ter, numeric thermal bridge simulation was de-

ployed as instrument of choice.

1.2 Vacuum-Glazing Products

To understand the challenges connected with the
integration of vacuum glass in windows, one needs
to understand the technical specifications of vacu-
um glass. Vacuum glass products are regularly
constituted of two planar, parallel glass panes. Be-
tween the glass panes, an interstitial space of rather
small dimension (less than a millimeter) houses a
grid of distance pillars. The axis-distance between
the pillars is regularly between 20 and 40 mm. To
close the interstitial space against the surround-
ings, a vacuum-tight edge seal is set up along the
perimeter of both glass panes. Via an opening in
one of glass panes, the interstitial space is then
evacuated (leading to a high vacuum). The dis-
tance pillars mentioned maintain the parallel posi-
tion of the glass panes, as otherwise the panes
would be pushed together by the surrounding air
pressure. Another important element is the so-
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called getter. This is a highly reactive surface that
filters/binds the remaining particles in the intersti-
tial space. Due to the vacuum, heat transfer pro-
cesses that require media are widely eliminated in
the interstitial space (i.e., conduction and convec-
tion). Thereby, already rather slim systems (vacu-
um glass between 6 and 8 millimeters) provide
excellent thermal insulation. However, the glass-
edge seal, as well as the distance pillars, literally
remain as connecting thermal bridges between the
two glass panes and need to be considered in de-
signing windows with vacuum glass. In a previous
research effort (Pont & Mahdavi, 2017), the heat
loss via conduction through the pillars was identi-
fied as noticeable but very small (majorly due to
their limited physical dimensions). In contrast, the
tight edge seal was identified as a major thermal
bridge and needs to be covered / insulated as well
as possible in window constructions. A sufficient
glass edge-cover length can ensure this. Fig. 1 illus-
trates a schematic section through a (generic) vac-

uum glass product.

Pillars
Pillar distance

Glass seal width

A L e | Vacuum gap

Glass edge cover length
Float glass panes

Glass seal

Fig. 1 — Schematic section through a generic vacuum glass prod-
uct, including the relevant terminology (illustration by the authors)

2. Methodology

2.1 General R&D Efforts Within the Project

The development of new windows requires con-
siderations from different backgrounds. Aspects
such as the statics, weight, operation, acoustics,

thermal performance, material, form and construc-

tion of frames, fittings, glass, seals, and many more
need to be considered. To comply with these in
part harsh requirements, the following strategy
was deployed: in a first attempt, the major aspects
to be worked upon were identified, including shift-
ing certain aspects to post-project phases (as final
product development done by the industry). Such
aspects included production aspects, or the selec-
tion of the final components. Rather, the project
team decided to work upon three major aspects: (a)
The conception of specific window prototypes as
such, which includes the operation/movement pat-
terns and the principle architectural appearance.
(b) The integration of motorized fittings for the
specific window, preferably to be integrated in the
fixed window frame (not into the moving part of
the window. (c) The integration of the vacuum
glass in the moveable wing of each of the windows
under consideration of specific requirements of the
vacuum glass, such as a well-dimensioned glass-
edge seal cover. After setting up a decision fine-
tuning of these aspects, an iterative development
process started. Thereby, for each of the window
prototypes, one of the industrial partners assumed
responsibility for development, thus constructing
the early prototypes and movement mock-ups, and
conducting communicating/coordinating of geome-
try and semantic data means of their prototype
with the consortium. The scientific partners, to-
gether with the industrial partners, were continu-
ously developing and designing the corresponding
windows. Thereby, one of their major responsibili-
ties was to deliver proof of concept and proof of
functionality results. A lot of iterative optimization
characterized this later stage of the development.
This workflow worked well and offered a lot of
productive exploration of the space of possible
solutions, mostly due to the many brainstorming

and sketching meetings that were set up regularly.

2.2 Simulation and Thermal
Performance Assessment

As already mentioned, one of the key tasks of the
scientific partners in the project (namely the au-
thors of this contribution) was to continuously as-
sess the impact of design modifications on the

thermal performance. To this end, we deployed
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numeric thermal bridge simulation as matter of
choice in assessing the critical thermal bridge situa-
tions along the window frames and highly conduc-
tive fitting parts. The tool we used was Antherm v.
10 (Antherm n.d.).

Moreover, the overall performance of the window
in view of thermal transmittance was evaluated.
Due to the non-off-the-shelf character of the win-
dows, the equations from corresponding standards
(i.e,, EN ISO 10077 Parts 1 and 2 (EN10077 2017))
were found to be inappropriate for the purposes of
vacuum glass windows, and thus slightly adapted.
This majorly affected the Uwin- equation, in which
parts of the frame geometry that were supported
with the highly-insulating vacuum glass were con-
sidered specific parts of reduced heat transfer in
contrast to the otherwise rather weak performance
of the frame.

Tables 1 and 2 illustrate both assumed conductivi-
ties and boundary conditions that were used for
thermal performance assessment. Note that for
encapsulated air and the vacuum gap replacement,
Lambda-Values were considered, and that the col-
ors in the table correspond with the materials in

the illustrations in the Results section.

2.3 Subjective Assessment of Window
Prototypes

To ensure that all relevant stakeholders accept new
window constructions, it is not sufficient to just
promise and provide excellent performance values.
Rather, relevant stakeholders need to be convinced
about aspects such as aesthetics, contemporaneity,
innovation, feasibility of the construction, aspects
of mounting, aspects of operation, and general ac-
ceptance amongst customers. To collect the opinion
of domain experts and non-experts, we developed
a short and easy-to-use questionnaire that encom-
passed these categories and allowed them to be
graded (by the Austrian school grading system,
starting from excellent to insufficient). Additional-
ly, windows could be ranked by preference in the
questionnaire, and additional comments could be

written in the questionnaire.

72

Table 1 — Assumed thermal conductivities of materials and re-
place materials (vacuum gap, encapsulated air)

Color Material Conductivity
[W.m1K1]
Timber / Wood 0.11
Steel 50
Aluminium 200
Compac Foam 0.031
- Insulation 0.041
Seal(ing) 0.3
- Seal encapsuled 0.04
Glass 1
Plastic 0.2
Masonry 0.45
Purenite 0.096
Plaster 0.7
Silicone 0.35
Vacuum 0.00000975
Encapsulated Air 0.07

Table 2 — Boundary condition settings.

Colour Boundary  Rs (H,T) Value [m2K.W-

Condition 1]
Inside 0.13
Outside 0.04
3. Results

3.1 Developed Window Prototypes

In the project, four different window prototypes
were worked upon in depth and finally realized as
full-scale functional mock-ups. These were:

- Turn window opening to inside (A): while
adopting the traditional, established operation
scheme of central Europe, the window provides
a glass-inline-with-outer-perimeter appearance.
Integration of external shading is easy, and the

window operation is widely familiar to users.
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- Turn window opening to outside (B): while not
common in Central Europe anymore, windows
that turn to the outside are familiar in Scandi-
navia. B comes with a rather reduced and thus
aesthetically pleasing appearance.

- Swing window (C): adopting the principles of
garage doors, this window provides a rather
convenient way of storing the open wing above
occupants’ heads and thus allows spatial flexi-
bility. The window was engineered to possess
maximum flexibility and as few moving parts
as possible.

- (Offset and) Sliding window (D): this window
allows an offset movement to the outside for
the purpose of ventilation. From this position,
the window can be slid to one side on telescope
railings, which remain totally invisible when
the window is in its closed state.

All of the windows were equipped with electrical

actuators, so that motorized operation could be

realized. Thereby, automated operation in most
cases covered the shift from fully closed to a venti-
lation position, while the classical full opening
was still to be carried out manually (however, this
has to be understood as a suggestion, both fully
manual and fully motorized operation is possible

in all four of the prototypes).

0o

. |0
]

Fig. 2 — Opening/operation schemes of prototype A — D.

an

o

Fig. 3 — Conceptual view and section of prototype D

Fig. 4 — Opening/operation schemes of prototype A — D.

Fig. 2 illustrates the opening scheme of all four
windows, while Fig. 3 provides some additional
insight into prototype D. Fig. 4 shows photos of the
finalized prototypes.

3.2 Performance Aspects of Developed
Windows

A full documentation of the conducted thermal
performance simulation efforts can be found in
(Wolzl, 2019) and (Pont et al., 2020a). Exemplarily,
Tables 3 to 6 illustrate some Key Performance Indi-
cators (KPIs) of both the windows and the most
crucial building construction joint, which is the
lower connection between wall and window. The
presented KPIs encompass Uwin-value, as well as
frsi-values and minimum surface temperature Omin,i.
Note that the latter KPIs have been simulated as-
suming steady-state boundary temperatures (ex-
ternal temperature of -10 °C, internal temperature
20 °C). The tables always provide the same struc-
ture: KPIs on top, followed by a false color image
denoting the temperature distribution within the
mentioned construction joint, and section through
the same joint highlighting the assumed materials
(compare Table 1 and 2).
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Table 3 — Thermal Simulation of Window A

Table 5 — Thermal Simulation of Window C

Turn window opening to inside (A)

Swing window (C)

frsi0.74 [-] | BOmini12.23 °C | Uwin 0.78 W.m2.K-!

fr510.75 [-] | Omini12.55 °C | Uwin 0.68 W.m2.K-1

Table 4 — Thermal Simulation of Window B

Turn window opening to outside (B)

frsi0.77 [-] | Omini13.05 °C | Uwin 0.72 W.m2.K-!

= —
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Table 6 — Thermal Simulation of Window D

Sliding window (D)

frsi0.76 [-] | Omini12.07 °C | Uwin 0.64 W.m2K-
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Note that for all of these window prototypes, a
vacuum glass pane of 8.15 mm thickness was as-
sumed (Ug-value 0.7 W.m2K"). The presented
KPIs of all of the window prototypes well sur-
passed the minimum criteria for condensation risk
assessment (which is a threshold frsi-value of 0.71
following typical standards for opaque building
constructions). Moreover, the Uwin-values that
were reached are in the range of heavyduty triple
glazing windows. Needless to say, the window
constructions presented are featherweights in
comparison with the triple-glazing windows men-

tioned.

3.3 Subjective Evaluation of Window
Prototypes

The questionnaire-based evaluation of the proto-
types was conducted during the FIT2020 (Fenster
Tiiren Treff, 2020) in Salzburg, which is a trade fair
and knowledge exchange event of the domain-
relevant industry. All four window prototypes
were exhibited there, and a talk about the project
was held (Pont et al., 2020b). Fig. 5 shows the win-
dow prototypes in the exhibition. The grading re-
sults of the questionnaire are summarized in Table
7. Pertaining to the question as to which of the
windows was preferred by the respondents, results
showed that window D was favored, closely fol-
lowed by A. This can be considered interesting,
because these windows are fundamentally differ-
ent: window D provides a disruptive new design
with a very innovative and aesthetically attractive
appearance and operation, and is thus far from
what we see in most contemporary buildings. Pro-
totype A, in contrast, is the contemporary adapta-
tion of a well-established traditional window oper-
ation scheme. The rating by the domain experts
thus hints at the fact that both tracks - disruptive

change and continuing traditional technologies —

need to be followed up.

Fig. 5 — Window prototypes exhibited during FTT2020 (Salzburg)

Table 7 — Domain experts’ evaluation of the window prototypes
(Austrian school grades: 1... excellent, 2... good, 3...average,
4... sufficient, 5...insufficient)

Criterium A B C D
Esthetics 1.7 2 24 1.2
Contemporaneity 1.8 24 26 1.6
Degree of innovation 2.1 2 22 1.2

Feasibility of the con-
1.8 24 2.6 2.1

struction
Aspects of mounting 1.8 24 22 2.4
Aspects of operation 1.7 2.4 2.5 1.7

Acceptance amongst
1.9 24 3 1.8
customers

Average 1.8 23 25 1.7

4. Conclusion and Future Research

The present contribution illustrated the outcome of
a collaborative R&D effort which emphasized a set
of interesting aspects:

- Shared projects between the building industry
and academia can lead to disruptive develop-
ments in the AEC-context. Given the Paris cli-
mate goals and the rather slow innovation pro-
cesses in the built environment, we are in urgent
need of such fast-forward developments.

- The design of vacuum-glass-equipped windows
should be carried out from scratch, even if tradi-
tional window operation concepts such as “turn-
to-inside” are deployed. It is not feasible to
simply take existing frame constructions and
replace multi-pane insulation glass with vacuum
glass, as such constructions cannot regularly ful-
fil the specific requirements of vacuum glass,
such as a sufficient glass edge-cover length.

- While the window wing should be constructed
around the vacuum glass, it seems wise to con-
struct the fixed part of the window frame around
the fittings system. As such, motorization of con-
temporary windows is facilitated, as no electrici-

ty needs to be interfaced to the moving part.

75



Ulrich Pont, Peter Schober, Magdalena Wdlzl, Matthias Schuss, Jakob Haberl

- Vacuum glass windows are capable of providing
a very good performance in terms of thermal in-
sulation at very slim (and thus lightweight) sys-
tem thickness.

Needless to say, the prototypes presented are not

yet available on the market and should be under-

stood as “showcase” suggestions. Future R&D ef-
forts shall address the development of specific
parts (motorization and fittings) given that the
elements used in FIVA were individually crafted.

To become feasible, the motorization shall employ

standard components and products. Moreover, the

impact of vacuum glass and vacuum glass win-
dows both on normative guidelines on windows
and modeling in other (whole building) simulation

tools has yet to be worked upon.
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Abstract

The correct acoustic design of rooms such as classrooms,
conference rooms and offices is of fundamental im-
portance to ensure high speech intelligibility and to con-
tain internal noise levels. The use of sound-absorbing ceil-
ings alone is not always sufficient to guarantee adequate
comfort, as the reflections between parallel walls could in-
troduce unwanted phenomena such as flutter echo or the
accentuation of modal resonances. One more issue is re-
lated to the use of Sabine or Eyring models, which could
lead to an underestimation of the reverberation times. This
article compares the reverberation time measured and
simulated in two small rooms with (i) Sabine and Eyring
models, (ii) two commercial simulation software and (iii)
the EN 12354-6 standard method valid for rooms, with ab-
sorption not homogeneously distributed between the sur-

faces.

1. Introduction

Correct room acoustic design is of fundamental im-
portance to increase comfort and speech intelligibil-
ity.

Many studies have been carried out regarding room
acoustics optimization (Farina et al., 1998; Meissner,
2017; Nowoswiat et al., 2016 and 2022; Prato et al.,
2016; Tronchin et al., 2016, 2021a, 2021b, 2021c and
2022) and regarding acoustic building materials
(Fabbri et al., 2021). The tools available to designers
are simple equations, such as those of Sabine and
Eyring or the EN 12354-6 standard or dedicated cal-
culation software.

The Sabine and Eyring formulations are reliable un-

der the following conditions:

1) diffuse sound field;
2) average absorption coefficient of the room less
than 0.2;
3) homogeneous absorption.
Often in rooms such as offices, only the sound-ab-
sorbing ceiling is used both for cost and positioning
reasons. In this case, the absorption is not homoge-
neous, since it is concentrated in just one part of the
room. Thus, the Sabine and Eyring models may not
provide reliable results.
To design rooms with non-homogeneous absorp-
tion, the calculation method described in EN
12354-6 Annex D can be used.
A further problem concerns the input data in the cal-
culation software. The measurement of the absorp-
tion coefficient in the reverberation room, according
to the ISO 354 standard, assumes a perfectly dif-
fused sound field and the use of the Sabine formu-
lation. Unfortunately, this is not possible in real la-
boratories, since these conditions are only ideal. An-
other problem of the measurement in a reverberant
room is the presence of diffusers, which make the
volume of the room lower than that actually used in
the Sabine formula, with a consequent overestima-
tion of the results (Scrosati et al., 2019).
On the other hand, methods such as normal inci-
dence measurements according to ISO 10534-2 can-
not be directly correlated with measurements car-
ried out in a diffuse field in a reverberation room (Di
Bella et al., 2019). The uncertainty of measurement
of the absorption coefficient according to ISO 354
standard is also high (Scrosati et al., 2019 and 2020).
This paper presents measurements made on two
small, unfurnished offices with sound-absorbing

ceilings and simulations carried out with simplified
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formulations (Sabine, Eyring), EN 12354-6 calcula-
tion method and two dedicated room acoustic soft-

ware packages.

2. Calculation Models

For the acoustic simulations the following models
were compared:

1) equations of Sabine and Eyring;

2) calculation method EN 12354-6;

3) two different room acoustic simulation software.

The Sabine formula is:

553V
o A M

TS abine =

The equivalent absorption area A, considering only

flat surfaces and not objects, is ca