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ABSTRACT
As retrofitting of its thermal envelope has become the de facto standard way to
renovate a building, quality has been pushed further and a special attention is now
directed towards the concept of holistic refurbishment – that is to say, to integrate new
components that were a priori not so relevant into the equation. Studying the historical
design rules and the current standards and recommendations for schools – that is the
first part of this thesis – shows how the criteria evolved to consider new quantities and
improve the quality of educational buildings.
The scope of this work is limited to what can be done complementary to a standard
retrofit of the thermal envelope, and it uses as a case study a school built in 1968 in
Upper Austria. After assessing some aspects of the building performance,
refurbishment measures with focus on thermal comfort, air quality and visual as well
as acoustical aspects have been considered. Lighting and acoustics measurements
were made in the current school building to complete existing data coming from
hygrometric and CO2 concentration sensors, and energy simulations were performed
for different ventilation scenarios (including implementations of the HVAC sector’s
recommendations and of the official Austrian instructions for lowering airborne
transmissions of diseases like COVID-19). A command-line, configurable tool has
been prototyped in Python to automate parametric analysis with the EnergyPlus
software, and to plot many types of results graphs for all studied quantities. The
source code is free and open source.
In the third section, measurement and simulation results are analysed and compared
to each other. Pros and cons of mechanically ventilated classrooms are discussed,
including the delicate topic of relative humidity. The necessity of monitoring CO2
concentration in classrooms that rely on natural ventilation only is emphasized. Ideas
and achievements from previous works are also taken in account to propose ways to
improve the current performance of the case study object. Finally, a short
retrospective suggesting possibilities for improvement is made on the developed tool.
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KURZFASSUNG
Da die Nachrüstung der thermischen Hülle zum De-facto-Standard für die
Renovierung eines Gebäudes geworden ist, wurde die Qualität weiter vorangetrieben.
Ein besonderes Augenmerk wird zurzeit auf das Konzept der holistischen Sanierung
gelegt, d. h. auf die Integration neuer Komponenten, die a priori nicht relevant waren.
Der erste Teil dieser Arbeit beschäftigt sich mit den historischen Gestaltungsregeln
sowie den aktuellen Standards und Empfehlungen für Schulen. Er zeigt auf, wie sich
Kriterien entwickelt haben, um neue Quantiäten zu berücksichtigen und die Qualität
von Bildungsgebäuden zu verbessern.
Der Hauptfokus dieser Arbeit liegt auf der komplementären Nachrüstung, die
zusätzlich zur Standardnachrüstung der thermischen Hülle gemacht werden kann,
und verwendet als Fallstudie eine 1968 in Oberösterreich erbaute Schule. Nach der
Bewertung einiger Aspekte der Gebäudeleistung wurden Sanierungsmaßnahmen mit
Schwerpunkt auf thermischem Komfort, Luftqualität und visuellen sowie akustischen
Eigenschaften berücksichtigt. Im aktuellen Schulgebäude wurden Beleuchtungs- und
Akustikmessungen durchgeführt, um vorhandene Daten von Hygrometrie- und CO2Konzentrationssensoren zu vervollständigen und es wurden Energiesimulationen für
verschiedene Lüftungsszenarien durchgeführt (einschließlich der Umsetzung der
Empfehlungen des HLK-Sektors und der offiziellen österreichischen Anweisungen zur
Senkung der Luftübertragung von Krankheiten wie COVID-19). In Python wurde ein
konfigurierbares Befehlszeilen-Tool entwickelt, um die parametrische Analyse mit der
EnergyPlus-Software zu automatisieren und viele Arten von Ergebnisdiagrammen für
alle untersuchten Größen darzustellen. Der Quellcode ist frei und Open Source.
Im dritten Abschnitt werden Mess- und Simulationsergebnisse analysiert und
miteinander

verglichen.

Vor-

und

Nachteile

von

mechanisch

belüfteten

Klassenzimmern werden diskutiert, einschließlich des heiklen Themas der relativen
Luftfeuchtigkeit. Die Notwendigkeit der Überwachung der CO2-Konzentration in
ausschließlich natürlich belüfteten Klassenzimmern, wird hervorgehoben. Ideen und
Ergebnisse aus früheren Arbeiten werden ebenfalls berücksichtigt, um Maßnahmen
zur Verbesserung der aktuellen Leistung des Fallstudienobjekts vorzuschlagen.
Schließlich wird eine kurze Retrospektive mit Verbesserungsmöglichkeiten für das
entwickelte Tool erstellt.

Schlüsselwörter
Schule, Sanierung, Lüftung, Beleuchtung, Akustik, COVID-19
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INTRODUCTION

1.1

Overview

The Directive 2010/31/EU of the European Parliament and of the Council on the
energy performance of buildings, 2010 triggered a series of national building
refurbishment plans. Member states of the European Union are supposed to lead the
way and show good examples to the private sector – therefore public buildings are
especially targeted. It is also the case in Austria, where a special attention has been
paid to the retrofit of educational buildings (Dubisch et al., 2012).
The Department of Building Physics and Building Ecology of the Technical University
of Vienna has started a project about the holistic retrofit of the “Neue Mittelschule”
(new middle school; later abbreviated “NMS”) of Grein, Upper Austria, which hosts
two schooling entities: an IT-Mittelschule (“IT middle school”) and a Polytechnische
Schule (“polytechnic school”). This thesis does not study the school’s thermal
envelope’s retrofit, but some other aspects that are also related to the building’s
performance – such as ventilation, lighting, or acoustics. Based on the current best
practices for educational buildings, we suggest additional improvements to make the
school more comfortable, safer (with a special focus on the COVID-19 epidemy), and
more energy efficient.
While the conducted analysis is partly based on measurements, an automation tool
has been prototyped to conduct parametric EnergyPlus simulations and to plot
graphs.

1.2

Motivation

A building refurbishment usually focuses on reducing its energy consumption. To
improve the thermal envelope’s components, to product and consume renewable
energy, and to reach the status of passive house is important but do not suffice to
make the building efficient. A comprehensive approach requires for instance to
consider the ventilation of the rooms – which affects both the energy consumption
and the occupants’ health. Lighting and acoustics of the classrooms should also be
taken in account, as they influence the comfort of the teachers and pupils and
eventually their productivity. Also, insufficient natural lighting must be compensated
by electric lighting that will consume energy.
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Grein is a village of less than 3,000 inhabitants that lies on the Danube river, at an
altitude of 239 meters. The NMS has been built in 1968 and shows typical patterns
for Austrian schools erected during this ±10 years lapse. We believe that this study
and its conclusions can benefit to refurbishment projects of a similar context. While
there is a substantial literature about school refurbishment, and studies have already
been conducted in Vienna, we miss applications and practical case studies in the rest
of the country and specially in more rural areas, where the climate can differ from that
of the capital. The scope of this work has also been inevitably affected by the
explosion of the COVID-19 epidemy which we integrated as best we can.
Software available to building scientists is not as mature as that used, for example,
by architects. It is sometimes very frustrating to work with building science programs
because most of the working time can be spent on struggling with the tools (e.g., lack
of user-friendly interface and interoperability) instead of solving the actual problem. A
side goal of this thesis was to propose a new command-line tool to automate some
tedious, error-prone, repetitive, or complicated tasks – especially when working with
EnergyPlus and to plot results data.

1.3

Case study representativeness

Figure 1 localises the NMS Grein (in orange):

Figure 1: The NMS in Grein (source: OpenStreetMap)

The school consists of 5 rectangular building boxes cascading each other, as shown
by Figure 2. The 2 central ones (bigger than the others) have 3 storeys while the other
ones have only 1 storey.
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Figure 2: Roof top view (source: architecture and beyond ZT GmbH, 2019)

Figure 3: Main access

The building boxes are connected to each other via corridors that meet in a main
pause hall (Figure 4).
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Figure 4: Pause hall (ground floor)

The construction is built on a slope of approximately 5 meters. The constructed area
on earth is about 1,800 m2, with a characteristic length of 2.41 m (the heated volume
taken from the EnergyPlus report is 13,896.51 m3 and the envelope area calculated
from the Sketchup model is 5,772.61 m2). A new sports hall (also visible on Figure 2
– top right) has been built north to the school, next to the older sports hall (that has
been converted to IT rooms), and it is connected to the main buildings via an
underground passage.
Following the categorization defined in Haselsteiner et al., 2010, the school fits in the
“late post-war modern” era (years 1962 to 1970), but it also borrows architectural
features that are typical for the “70’s” period: the hall typology and the heating demand
that is around 100 kWh/m2a. It is thus representative for schools built in the 70’s. For
readers that are familiar with the building ages classification used by the Institute for
Industrial Building Production (IIP) of the technical Hochschule in Karlsruhe, and more
generally in Germany, this corresponds to the “AK 7” class for buildings built between
1965 and 1976 (Lorbek et al., 2013). Table 1 wraps up the most representative
construction characteristics that the NMS Grein share with other schools of the same
type.
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Table 1: Characteristics of the NMS Grein (categorization from Haselsteiner et al., 2010)
Construction characteristic

Late postwar modern

70’s

Two storeys above ground and a cellar

✅

✅

Several building sections

✅

✅

Characteristic length (compactness)

✅

Central hall with break area

✅

Hosting several schools (IT middle school and polytechnic school)

✅

Special classrooms (laboratory, music, library…)

✅

✅

Sports hall with wardrobe

✅

✅

Surrounded by green space, extension possibility

✅

✅

Reinforced concrete bearing structure, walls in perforated bricks

✅

✅

Natural lighting from one side and external shading surfaces

✅

✅

Heating demand near 100 kWh/m2a

✅

The school is owned and operated by the municipality of Grein. It is surrounded by
the municipal pool on its north side, otherwise by green areas (Figure 5). Noise
disturbance from the pool is not a real issue since it is mostly frequented during the
summer holidays. Also, the municipal pool is nearby the school’s sports hall, but far
enough from the classrooms. The traffic in the streets that are directly around the
school is low but there is a railroad along the buildings’ west side.

Figure 5: Satellite view (source: Google Maps)

The classrooms are rectangular, their surfaces are between 60 and 85 m2 and the
ceiling’s height is about 3 m. The external windows are all on one side of the room
and occupy a fair part of the exterior wall (see Figure 6 – usually 16 windows per
classroom). There is an internal clerestory window above the classrooms’ doors.

5

INTRODUCTION

Figure 6: Windows of classroom 3b

On the floor we find linoleum, the walls are painted white, sometimes partly yellow, or
blue. Neon lights are not evenly distributed: they tend to be much closer to the
windows (see Figure 7, Figure 8 and Figure 9). The ceiling is covered with wooden
boards.

Figure 7: Classroom 3a

6

INTRODUCTION

Figure 8: Classroom 3b

Figure 9: Physics room

1.3.1

Weather conditions

Weather data for cities all over the world are available on the website
„Climate.OneBuilding.Org“. Since there is no data available for Grein, we use those
of Amstetten which is less than 12 km away. Compared to Vienna’s city center, the
temperature is colder and the relative humidity is higher (specially at night – see
Figure 10 and Figure 11).
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Figure 10: Outdoor temperature in January and June in Amstetten and Vienna
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Figure 11: Outdoor relative humidity in January and June in Amstetten and Vienna

1.4

Lexical conventions

Table 2 lists and explains the accronyms that will be used in this document.
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Table 2: Used accronyms
Accronym

Signification

ACH

Air Change rate per Hour

ACR

Air Change Rate

ASHRAE

American Society of Heating, Refrigerating and Air-conditioning Engineers

BMS

Building Monitoring System

CFD

Computational Fluid Dynamics

CO2

Carbon Dioxide

COVID-19

Coronavirus Disease 2019

CSV

Comma-Separated Values (file format)

DCV

Demand-Controlled Ventilation

EPW

EnergyPlus Weather File (file format)

EUI

Energy Use Index, in kWh/(m2a)

FOSS

Free and Open-Source Software

HVAC

Heating, Ventilation and Air Conditioning

IAQ

Indoor Air Quality

IDD

Input Data Definition (file format)

IDF

Input Data File (file format)

JSON

JavaScript Object Notation (file format)

LED

Light-Emitting Diode

ODS

OpenDocument Spreadsheet (file format)

OSM

OpenStudio Model (file format)

PV

Photovoltaic

NMS

“Neue-Mittel-Schule”

REHVA

Representatives of European Heating and Ventilation Associations

SHASE

Society of Heating, Air-conditioning and Sanitary Engineers of Japan

XLS

Microsoft Excel Spreadsheet (file format)

In the literature, people usually talk about “refurbishment”, “retrofit” and “renovation”
without taking the time to define those terms. The truth is that the distinction between
them is a bit fuzzy and usually not relevant. In this document, we will use those 3
terms as if they were synonyms.
The difference between an “integrated” and a “holistic” refurbishment is also vague:
we will consider them interchangeable. Because the concept may be difficult to grasp,
section 2.3 attempts to concretely explain what “holistic refurbishment” means.
Mechanical

ventilation

systems

are

usually

categorised

in

“central”

and

“decentralised” systems, but a system could be more or less decentralised.
“Distributed” means “fully decentralised” – this is when each zone is served by its own
10
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dedicated device, we also talk about “ductless systems”. In this document, and unless
explicitly stated, you have to understand “decentralised” as a synonym for
“distributed”.
In engineering, we tend to use “efficient” where “effective” would actually fit better –
we allow ourselves to do the same.
To avoid confusion, we will talk about “heat recovery” for devices that recover sensible
heat only (e.g., fixed metal plate exchanger), and we will say “energy recovery” when
heat and humidity can be recovered (e.g., enthalpy wheels).
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BACKGROUND

For finding relevant literature, the search methodology for scientific publication
described in Jin et al., 2019 has been applied. The search request used in the
“Scopus” engine is TITLE-ABS-KEY ("refurbishment" OR "retrofit") AND
TITLE-ABS-KEY ("school" OR "educational") AND TITLE-ABS-KEY
("ventilation" OR "lighting" OR "acoustics"). For recent publications
about ventilating strategies to reduce airborne transmission of COVID-19 infections,
we searched directly on the “ScienceDirect” website.

2.1

Historical design rules

At the construction’s time, in the late 60’s, ventilation, glaring, overheating and
acoustic issues were of course well known, but dealing with them was left to the
common sense and experience of the architects. There was no specific guidelines for
school buildings (Haselsteiner et al., 2010, p. 27). The bibliography of the PhD thesis
“Renovation in School Building” (Österreicher, 2015) references only 4 documents
that were written prior to 1968 (written in 1884, 1887, 1960 and 1967) for a total of
130 referenced documents – this illustrates how poor the literature about school
construction and renovation was.
Compared to nowadays constructions, the building envelopes in the 60’s and 70’s
used to benefit from an intrinsic uncontrolled ventilation because of their poor air
tightness. Nevertheless, they were also subject to condensation and/or mould growth,
especially on the windows’ glasses, along their frames and in walls’ corners.
Controlled ventilation was only possible via the manual opening of the windows.
During summer, the windows would usually be opened at night and during the breaks.
The purpose of this so-called “shock ventilation” between two class times is to cool
the inside air temperature (when it is warmer than the outdoor air) and to improve the
indoor air quality (nowadays we would talk about concentrations of CO2 and/or other
air pollutants). The windows had to be closed again after the break, particularly to
avoid noise pollution from the outside.
It was common to provide natural lights to classrooms from at least one side, and to
compensate the lack of lighting with electric bulbs or neon lights. But, again, no
minimal requirements had to be fulfilled.
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2.2

Current standards and recommendations

Beside the European Standards, the rules to follow are specially the OIB Guidelines
(OIB, 2019) that are specific for Austria. We also find useful information in the German
DIN and, when it comes to ventilation, the ASHRAE standards (ASHRAE, 2019) from
the United States are a major reference. As we will give below some details, we will
cite further sources.
Note that there is a real synergy between heating, cooling, ventilation, and it is
sometimes difficult to separate the many aspects of indoor comfort. Hence, we will
partly include information about ventilation to the „Heating and cooling“ subsection.
The subsection that could be called „Ventilation“ has been named „Indoor air quality
(IAQ)“ instead, denoting our will to focus on ventilation for the purpose of providing
good and clean air instead of thermal comfort.

2.2.1

Fire safety

Fire safety is regulated and documented by a large set of juridical documents and
technical guidelines. The most useful resources are:
•

ÖNORM EN 12501 (and its predecessor B 3800),

•

OIB Guideline 2 (state-of-the-art technical description), specially the point 7.2
for schools in the 2019 edition,

•

The “Technische Richtlinien Vorbeugenden Brandschutz” (only some of
these guidelines are still mandatory, the rest being superseded by the OIB
Guideline 2),

•

The “Brandschutzratgeber” (Austrian Ministry of Internal Affairs, 2014).

For new building and main retrofitting, the OIB Guideline 2 recommends in the table
2b 1.1 to use REI 90 walls and floors (these components can support heavy loads,
they stop flames and smoke, they are thermally insulated, and they can hold fire for
90 minutes) for enclosing staircases and other fire sections. Whenever some cables,
pipes or ducts are passing from one fire section to another, it is imperative to protect
them with fire safety auto-closing obstruction valves and fire-resistant enclosing pipes.
Escape routes and emergency exists must be adequately lighted. The ÖNORM EN
1838 and ÖNORM E 8002-9 are the references for emergency lighting, but for school
building where the total gross floor area is less than 3,200 m2, we must satisfy the
TRVB E 102 instead.
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2.2.2

Lighting

The standards for lighting of indoor places are the DIN EN 12464-1 in Germany and
the OIB Guideline 3 for Austria, but a much easier to read and very handy reference
is the Zumtobel Lighting Handbook (Zumtobel, 2018). With Ēm the minimal illuminance
of working surfaces, UGRL the maximal unified glare rating and U0 the ratio of the
lowest illuminance over the mean illuminance of working surfaces, we should satisfy
the values from Table 3.
Table 3: Minimum lighting requirements in schools according to Zumtobel, 2018
Rooms or surfaces

Ēm [lx]

UGRL

U0

Corridors, storage rooms

100

25

0.4

Stairways

150

25

0.4

Halls

200

22

0.4

Classrooms (including music, IT)

300

19

0.6

Black, green or white wallboards

500

19

0.7

Labs, workshops, libraries

500

19

0.6

According to the OIB Guideline 3, at least 12 % of the floor surface must be naturally
lit but some well-established certification methods raise this value to 80% (BRE Global
Ltd, 2012).

2.2.3

Acoustics

It is required to have an adequate reverberation time in classrooms. Acoustic comfort
and speech intelligibility require not too much but also not too less reverberations.
The optimal values for Austria are given in the OIB Guideline 5. A sufficient insulation
of the building elements, to prevent transmission of external noise to the classroom,
is also important and this is described in the ÖNORM B 8115-3.

Reverberation time
Knowing its volume V, the optimal reverberation time in an occupied classroom is
calculated with:
RT60 = 0.32 * log10(V) - 0.17

(1)

This formula is used in both the Austrian ÖNORM B 8115-3 (“Communication”
purpose) and the German DIN 18041:2016 (“A3” purpose) for a classroom volume up
to 1,000 m3. For a pause hall of volume greater than 1,000 m3, the formula is slightly
different (“Talks” resp. “A2” purpose in the Austrian resp. German norm):
RT60 = 0.37 * log10(V) - 0.14

(2)
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Austrian ÖNORM B 8115-3 sets the tolerance ranges for the ratio of the measured
reverberation time over the optimal value – see Figure 12.

Figure 12: Tolerance range of the optimal reverberation time (source: ÖNORM B 8115-3)

The DIN 18041:2016 is a bit more permissive when it comes to lower frequencies –
see Figure 13.

Figure 13: Tolerance range of the optimal reverberation time (source: DIN 18041:2016)

Airborne sound insulation
The OIB Guideline 5 sets threshold values for building acoustics. We list below the
values that interest us (those are the ones that do not concern the thermal envelope):
•

The weighted normalized sound level difference DnT,w is an indicator for the
acoustic insulation of walls and ceilings. The minimal values for DnT,w
depends on where the sound comes from and where it goes, for instance:
o

35 dB from an office to a classroom, if there is a door in the wall,

o

55 dB from a classroom or a corridor to a classroom, if there is no
door nor any window in the wall.
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•

For doors, the minimal weighted sound reduction index Rw values
(determined in laboratory) is 42 dB between two classrooms and 28 dB
between a corridor and a classroom.

•

The maximal weighted normalized impact noise level L’nT,w between 2 rooms
is approximately 50 dB (48 dB or 53 dB depending on the cases).

•

The noise of HVAC systems perceived in classrooms must not exceed 25 dB
when running at lower speed and 30 dB when running at nominal speed.

2.2.4

Heating and cooling

The OIB Guideline 6 defines among others some minimal requirements for the
thermal resistance of building components. For us, the tables listing energy
conversion factors are also useful because we can use them to get appropriate energy
simulation results.
Although the complements for the schools of the city of Vienna (Stadt Wien, 2020)
doesn’t directly apply to Lower Austria, it gives precious information that can also be
applied outside of Vienna. For instance, the recommended indoor temperature ranges
are 20 – 22 °C in classrooms (according to Wargocki, Pawel and Wyon, 2013, more
ventilation and lowering the temperature to 20°C would improve the performance of
the pupils), 18 – 20 °C in gyms and 20 °C in corridors, restrooms, wardrobes, and
frost-free rooms like garages. This is not the same as in the ÖNORM B 8110-5:2019
03 15, where the temperature setpoints for heating and cooling in schools are set to
22 °C and 26 °C (“Bildungseinrichtungen” entry in table 6).
According to Fraunhofer-Institut für Bauphysik, 2010, schools are usually operated
only 13 % of the time, which is much less than the operation of office buildings. Also,
schools are normally closed during the hottest months of the year. Therefore, the
paradigm for cooling offices, which leads to mechanical cooling, does not necessarily
fit classrooms. When possible, cooling of school buildings should be done with natural
ventilation only, without using a cooling device that will consume energy. Natural
ventilation does not necessarily mean that the windows are manually opened: it can
also be done mechanically if we rely on natural air flows i.e., without fan. The practice
of opening the windows during the breaks for a short period (“shock ventilation”) can
usually suffice to keep the indoor temperatures acceptable during the occupied hours.
After the classes, a longer night ventilation allows the building elements with higher
thermal capacity to release the energy that has been stored during the day. In
Österreicher, 2015, p. 109, it is also recommended to supply outdoor air to the
classrooms and to exhaust from the corridors.
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Such natural airflows can be created without consuming energy but only leveraging
the “chimney effect” which is a consequence of air buoyancy. For the most
straightforward example and assuming there is no wind: if the windows that are
opened in the classrooms are at a lower altitude than the corridors‘ openings, we can
expect the warm air to exhaust from the corridors and to be replaced by fresh cooler
air entering the classrooms. In reality, this is not so simple, and it requires the help of
computational fluid dynamics (CFD) software.
To keep the temperature low during the summertime is tricky and occasional
temperatures above the cooling setpoint are tolerated. For instance, it is acceptable
to have temperatures above 28 °C if that occurs during less than 1 % of occupied
hours (Laouadi et al., 2020). Nevertheless, extreme temperatures (too cold or too hot)
must always be avoided – even when the building is empty for a long period, because
those temperatures can damage the construction and its installations. The
appreciation of thermal comfort depends on the difference between the outdoor and
indoor temperature, and the occupants will tolerate 28 °C in the summertime better
than 28 °C in the wintertime.
We can also have a look at assessment and certification methods as they play an
important marketing role in the building sector. For instance, the BREEAM Education
Scheme Document (BRE Global Ltd, 2012), from Great Britain, requires thermal
zoning and that heating and cooling can be adjusted independently. It also
encourages the use of renewable energy sources, cross flow aeration and free
cooling.

2.2.5

Indoor air quality (IAQ)

The website “komfortlüftung.at” offers rich documentation, namely “Qualitative Criteria
for Classrooms Aeration” (Greml et al., 2020), and “Planning Guide for Classrooms
Aeration” (Greml et al., 2008).

Air change rate
The ventilation rate is usually expressed as the air change rate per hour (ACH). This
is the ratio of the volume of air supplied to the room during one hour over the room
volume. DIN 4108-2 recommends an air change rate of at least 0.5 /h – it means that
the room air must be totally renewed in 2 hours or less.
It is sometimes more convenient to express ventilation rates per hour per person or
per second per person. In that case, the rates relate to the number of occupants.
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ASHRAE recommends 30 m3/h/person which corresponds to 8.33 L/s/person. In the
EnergyPlus simulation software, the default value is 9.44 L/s/person.

Outdoor air
The supplied air can be outdoor air or recirculated air (a portion of the return air is
filtered and redirected to the supply air – this is a trick to lower the heating or cooling
demand). In classrooms, the minimum outdoor air rate should be 7 L/s/person
(Evaluierung von mechanischen Klassenzimmerlüftungen in Österreich und
Erstellung eines Planungsleitfadens, 2008, p. 63) – that corresponds c.f. Table 4 to
EN 13779 indoor air quality „IDA 3“ – but in the literature, rates up to 40 L/s/person
have been recommended (Wargocki, Pawel et al., 2015). That is to say: it is difficult
to know what value should be used and it is sometimes easier to have a look at the
CO2 concentrations levels.
Table 4: IAQ categories according to EN 13779 (for an outdoor CO2 concentration of 420 ppm)
Category

Outdoor or
transferred air rate
per unit area
[L/s/m2]

IDA 1

Outdoor air rate
per person
[L/s/person]

CO2 concentration
[ppm]

> 15

≤ 820

IDA 2

> 0.7

10 – 15

820 – 1020

IDA 3

0.35 – 0.7

6 – 10

1,020 – 1,420

IDA 4

< 0.35

<6

> 1,420

CO2 concentration
CO2 is used as an indicator for many things including IAQ because its outdoor
concentration is somewhat stable – currently around 415 ppm but the trend shows an
exponential increase: in today’s conditions, we can expect to reach 420 ppm within 2
years (ProOxygen, 2021) – and it is generated by human respiration. Models have
been developed to successfully predict, based on a room’s CO2 concentration, its
number of occupants. This can serve as a basis for demand-controlled ventilation
(DCV) systems. Compared to other mechanisms, CO2-based DCV has the advantage
to work dynamically – you do not need to program the ventilation rates according to a
fixed occupation schedule but rely on a sensor. Note that it is common to see values
10 times higher than the outdoor CO2 concentration in occupied and non-ventilated
spaces.
There are studies showing that the CO2 concentration in classrooms affects the
children concentration ability, their performance, and their health. Under normal
circumstances, we can focus on the CO2 sensors and/or simulation results and adjust
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the air change rate accordingly. A good threshold value, which corresponds by the
way to an outdoor rate of 7 L/s/person (Lipinski et al., 2020), is 1,000 ppm – we want
to ensure that this is not exceeded. Just as we do for lowering the indoor air
temperature, we can also use shock ventilation and night cycles to release the
accumulated CO2 or, better said, to improve the IAQ (CO2 concentration is only a
component of IAQ, but it is a good proxy for assessing IAQ).

Relative humidity
The relative air humidity in classrooms should be between 30 % and 70 % at 22 °C
(Evaluierung von mechanischen Klassenzimmerlüftungen in Österreich und
Erstellung eines Planungsleitfadens, 2008).

2.2.6

COVID-19

First, it is reassuring to know that the role of children in COVID-19 transmission is said
to be low, and that no infection cluster has been discovered in schools (Delacourt, C.
et al., 2020). Nevertheless, a peer reviewed study showed that viability of the SARSCoV-2 (the virus that is responsible for the COVID-19 disease) can exceed 28 days
on glass or paper, under normal indoor temperature and humidity conditions (Riddell
et al., 2020). Periods of epidemic outbreaks require a massive mobilisation and
flexible responses that also concern the operation of HVAC systems, and specifically
the ventilation ones.

Advices from the HVAC industry
When it comes to ventilation and indoor air quality, the ASHRAE Standards is
probably the most authoritative organisation worldwide, but the particular situation in
which the COVID-19 epidemy placed the world showed that the voice of ASHRAE is
not always unanimous (Xu, Peng et al., 2021).
The diverse recommendations are indeed not always the same between ASHRAE,
its European equivalent REHVA, and the Japanese (SHASE) and Chinese societies.
They all agree on the main lines though. REHVA is focused on the European climate
and, unlike some others, seems to provide less but better quality advices in case of
incertitude (c.f. literature review of Xu, Peng et al., 2021 about the ideal temperature
and relative air humidity). On November, 20th 2020, ASHRAE and REHVA held a
joint webinar with updated recommendations as well as an overview of their
divergences (Air Infiltration and Ventilation Centre, 2020). The actions to be taken
during an epidemic outbreak could be summarised in those few points:
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•

If possible, bring 100 % of outdoor air to supply the ventilated zones
(specially for central ventilation) or use room air cleaners. We want to avoid
air recirculation (do not mix return air with the fresh supply air) even if this
will increase the heating cost (this is the REHVA approach; ASHRAE is not
against recirculation but recommends upgrading the filters and increasing
the flowrate).

•

It is difficult to come with an ideal ventilation rate because we lack evidence,
but an outdoor airflow rate of 4 L/s/m2 seems good. For typical room size and
occupancy, that corresponds to ≈ 8 – 10 L/s/person ≈ 5 ACH (the World
Health Organisation talks about 6 ACH).

•

Control the air filters and change them if necessary (this is often not done as
it should be). If recirculation cannot be avoided, upgrade the filters. REHVA
recommends HEPA or ePM1 80%, ASHRAE recommends at least MERV 13
filters (corresponds to ePM1 50%). The theory of ASHRAE is that we do not
necessarily need to catch the virus, but the aerosol transporting it.

•

Heat recovery devices that exchange sensible heat (e.g., counter-flow plate
exchangers) are safe because the supply and return flows are physically
isolated.

•

Rotary energy recovery devices (enthalpy wheels) can present some risk if
the leakage between the supply and the return air is above 5 %. In theory,
the leakage can be controlled by increasing the supply outdoor air volume to
keep the supply pressure greater than the return pressure. These devices
should not be used in case of doubt.

•

Run the system at nominal speed during occupation and 2 hours before and
after occupation, otherwise at lower speed following the normal schedule. A
previous recommendation instructed to run the system continuously, also
during the weekends and holidays (at lower speed) – it has been withdrawn.

•

If DCV cannot be deactivated, lower the CO2 setpoint to 400 ppm to force the
continuous run. Otherwise, use 800 ppm as threshold value.

•

There is no evidence that moderate relative air humidity (between 40 % and
60 %) is beneficial: REHVA’s position is that there is no need to adjust the
humidity setpoint. Other sources recommend keeping the relative humidity
between 40% and 60% or between 40% and 70%, but this is mostly because
lower relative humidity generally tend to favour infections. However, according
to REHVA, 2020, SARS-CoV-2 is more resistant than the usual viruses and
will be affected only if you raise the temperature above 30 °C and the relative
humidity above 80 % at the same time – we can’t do that.
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•

Open the windows for 15 minutes before the room is occupied by other
persons (even if mechanical ventilation is working).

•

Do not open the windows in the restrooms so that a negative pressure is
maintained. There is a risk of faecal-oral transmission that is even increased
by the turbulences that are created when flushing the toilets.

If these measures are applied, running a correctly designed and functioning HVAC
system is better than running none. A study interestingly showed that for the same
amount of infected persons, and considering that the minimal distance of 1.5 meters
(REHVA actually suggests that 1.5 meters is not enough and that the safety distance
should be doubled) is respected, reducing only the number of occupants will not
reduce the risk of infection, but raising proportionally the occupancy and the
ventilation rate will do (Melikov et al., 2020).

Position of the Austrian government
Most schools do not benefit from mechanical ventilation, but the response to the
epidemy had to include measures that can be immediately applied. That’s why the
official instructions in Austria deal with the number of occupants and natural
ventilation. Those are the measures that concern the NMS of Grein and all other NMS:
•

The pupils of a class are divided in two groups: from Monday to Thursday,
only one group is physically present in the classroom while the other group
does „distance learning“. Friday is a distance leaning day for everybody
(Bundesministerium für Bildung, Wissenschaft und Forschung, 2021).

•

The classrooms that are usally occupied by 20–30 persons must be
ventilated with wide opened windows as often as possible and at least during
the breaks. It is recommended to intensively ventilate each 20–25 minutes
(Bundesministerium für Bildung, Wissenschaft und Forschung and
Bundesministerium für Soziales, Gesundheit, Pflege und
Konsumentenschutz, 2020; Bundesministerium für Klimaschutz, Umwelt,
Energie, Mobilität, Innovation und Technologie, 2020). The Austrian position
seemed to be based on the German’s one that has been published earlier,
and it also gives more details : a shock ventilation of 3–5 minutes could
suffice in winter, but in summer the temperature difference between inside
and outside is such that an almost continuous ventilation could be necessary
(Umwelt Bundesamt Deutschland, 2020a, 2020b).
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2.3

Holistic refurbishment

2.3.1

What does „holistic“ means?

The concept of holistic refurbishment is the natural extension of the standard retrofit.
Beyond the reduction of the energy consumption, it requires to look at the building as
if it were an organism (it is truly said that a building has to breathe). We cannot ignore
the fact that each single refurbishment measure for rejuvenating and improving a
building has a cost, but we shall try to focus on a qualitative design and to care about
the performance more than about the investment and operational costs.
In other words: the adjective “holistic” here means that you do not limit yourself to fit
the current minimal requirements and to minimize the annual heating bill and the
environmental impacts. You also try to maximize the quality of all the physical
quantities that describe indoor comfort, and simultaneously assess all aspects to
avoid undesirable side effects (c.f. integrative planning).
A purely scientific mind is not enough to think holistic, because subjective criteria like
beauty, smell, entertainment, empowerment, tiredness, etc. are also important. This
suggests that a successful holistic refurbishment requires the cooperation of multidisciplinary people and, as we will see, of the occupants themselves.

2.3.2

Comprehensive sources of information

The Fraunhofer-Institute for Building Physics was the coordinator of the Annex 36 of
the Energy Conservation in Buildings and Community Systems Programme (ECBCS)
of the International Energy Agency (IEA). In 2004, the institute launched the website
“annex36.com” (also known as “REDUCE” for “Retrofitting of EDUCational Buildings”
– the last “E” probably stands for “Energy”), with 24 case studies of school buildings
retrofits from 10 different countries, and an interactive energy concept adviser to help
you fix issues in your buildings by applying adapted measures. The website is still
online as of April 2021, but it unfortunately uses outdated Internet technologies that
make its navigation quite difficult.
Similarly,

the

German

initiative

EnEff:Schule

(Energieeffiziente

Schulen

-

EnEff:Schule, 2013; Deutsches Bundesministerium für Wirtschaft und Energie, 2019)
is a large source of information when it comes to renovating schools. It exposes best
practices to turn old buildings to energy efficient ones and consider the whole
spectrum of measures that could be taken in order to reach that goal (Erhorn et al.,
2015). Exhaustive reports of case studies all over Germany are also publicly available.
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Österreicher, 2015 theorised from the outputs of SchulRen+ (an Austrian project of
the research and technology program “Haus der Zukunft” – Dubisch et al., 2012) a
planning methodology for “integrated [school refurbishment]: considering structural,
functional and energy-related aspects in a joint view” (Österreicher, 2015;
Österreicher and Geissler, 2016). Most of the ideas that are listed in the next
subsections have been developed in her thesis.

2.3.3

Short overview of applicable measures

Lighting
•

Depending on the room geometry and how the current installation has been
designed, the new lights can be fixed at the ceiling level, pendant or inserted
in the dropped ceiling. A pendant luminaire that emits in both direction
(upward and downward) is more effective when used in combination with
ceiling reflectors.

•

Darker areas in the rooms can be additionally lit with spots or wall lights.

•

In addition to switching older light bulbs to more efficient lights like LED, it is
possible to insert clerestory windows in the walls, to use light shelves,
anidolic ducts and more reflecting surfaces (Ma’bdeh and Al-Khatatbeh,
2019).

Acoustics
•

Placing sound absorbers on the ceiling is an easy way to improve the
speech intelligibility and to reduce the reverberation time (Peng et al., 2015).

•

Classrooms should be protected from external noise, but also from internal
noise coming from adjacent classrooms, corridors, and halls. It is possible to
add an acoustic insulation layer like mineral wool to existing components.

Ventilation
•

Natural ventilation is not necessarily as easy as to open the windows in the
room where we are. Cross ventilation and stack ventilation are designed
between several zones and not only one. They are also more effective.

•

The windows can be opened manually or with a mechanical system – in that
case we talk about assisted ventilation, but it remains “natural” if it is driven
by natural airflows and not by a fan.

•

Dedicated mechanical ventilation is easier to install and cheaper than a
central or partially decentralised system (Greml et al., 2008;
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komfortlüftung.at, 2020). This is the best mechanical option when
refurbishing a school like the NMS Grein, but to have those devices directly
in the classrooms also has disadvantages: it takes some space and make
some noise.

Sensors and monitoring
•

To reduce the operational costs, the lighting system can be completed with
illuminance sensors (to switch on the lights when natural lighting does not
suffice) and/or movement detectors (to switch on the lights when the room is
occupied and automatically switch them off when it becomes unoccupied).

•

Each classroom should be equipped with a CO2 sensor that can be
embedded in a CO2-based DCV device and/or installed independently – in
that case, it should be readable by the occupants to determine when to open
the windows.

•

Information panels can be installed in the school’s hall. Their purpose is to
track the efficacy of the building’s installations and provide feedbacks: how
much energy has been generated, how much CO2 has been “spared” (i.e.,
the emission of that CO2 has been avoided thanks to some installation), etc.

According to Knoll and Becker, 2012, energy management and user behavior
monitoring have a very short amortization. They do not cost much indeed, are
easily implemented, and have an important power of behavioural adjustment or
compensation.

Energy sources
•

Geothermal energy gained with an earth canal makes sense if it can be
combined with other works (construction of a parking or a playground),
otherwise it might not be that profitable (Österreicher, 2015, p. 163).

•

Attics or cellars can be used to pre-warm mechanically supplied air in winter,
especially if the envelope is retrofitted (Österreicher, 2015, p. 191). This
does not apply to dedicated ventilation but can be considered for other
system topologies.

•

Solar devices could be a mix between solar collectors (to warm water) and
photovoltaics (to generate electricity). For example, Schulren+ studied a
case where 30 m2 of solar collectors have been installed in addition to 400
m2 of photovoltaics (Österreicher, 2015, p. 205). The installation of
renewable energy systems can be partly funded by national or regional
programs.
24

BACKGROUND

Shading surfaces
•

The amount of solar radiations entering the building in summer should be
limited by shading surfaces that can be static or moveable (automated or
not). This is particularly needed for transparent building components that are
oriented to the south and skylights. The position, shape, dimension, and
angle should be determined with the help of a simulation software, also
considering the fact that – unlike for the summer period – sunrays are mostly
beneficial in winter.

•

Shading surfaces do not only serve the purpose of reducing solar gains, they
are also useful to prevent glaring on working surfaces or in the eyes of the
occupants.

•

Photovoltaics panels do not necessarily need to be hidden on the roof: they
can be integrated to the building and serve as shading surfaces.

Space usage
•

A room geometry can be modified by using mobile walls, for example to form
temporary clusters that combine rooms and corridors’ surfaces.

•

When the conditions are propitious, outdoor classes is always a good idea. It
brings diversity and makes the school more appealing and entertaining.

Stakeholders participation
•

It is important to empower all the stakeholders (also the pupils) in the
planning process, and that the project does not end when the construction
and installation works finish. Occupants must be explained what has been
done, understand why it has been done and get some responsibilities. For
instance, the pupils could help with the installation of sensors or information
and monitoring panels (c.f. section 4.3.5).

2.3.4

Example of a succesful refurbishment

For a concrete example: the renovation of the school in Rainbach, Upper Austria, in
2012 (Gemeinde Rainbach im Mühlkreis, 2012). The total renovation of both the
primary school and secondary school (built in 1872) costed about 7.4 million euros,
but the region subsidized it up to 90 %. The energy demand has been reduced from
100 kWh/m2a (40,000 € per year) to 10 kWh/m2a. A central mechanical ventilation
system with DCV, heat recovery and night ventilation has been installed together with
LED lights, 50 kWp of photovoltaics power (kWp stands for “peak kilowatts”, the unit
for the energy production under theoretical ideal weather conditions), a wood chips
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boiler instead of gas for the domestic hot water (with gas as backup) and a 2,300 litres
buffer fed by solar collectors. Now this is just a short recap of what has been done,
but do not get it wrong: it is not about randomly integrating as much technology as
possible – each component has been carefully studied as being part of a whole.
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METHOD

One must keep in mind that this work does not study how to retrofit the thermal
envelope of the NMS Grein. Instead, it is assumed that the envelope is already
retrofitted, and we care about what else could be done – especially regarding the IAQ
because it fits the context of the COVID-19 pandemic – to achieve a holistic
refurbishment.
This work partly assesses the current state of the NMS Grein based on hygrometric
and IAQ measurements data that were at disposition. New measurements have been
taken to target other aspects like lighting and acoustics. In addition, several
simulations have been run to try out different scenarios. The simulations aim to find
out what can be done to improve the IAQ without degrading the thermal comfort and
the heating demand, with natural ventilation and/or mechanical ventilation, varying
the air change rates, the setpoints and schedules. Some scenarios also reproduce
the special “COVID-19 conditions” with adapted classrooms’ occupancies and
ventilation behaviour.
The main achievement of this work is maybe the prototyping of a versatile automation
tool that allows to easily configure and generate EnergyPlus models, and to plot a
large variety of graphs. This has been named “bstools”, for “Building Science Tools”.

3.1

Measurements

To evaluate the actual performance, some lighting and acoustics measurements have
been taken to complement the so-called “datapoints” (timestep data coming from
sensors that have been installed in several rooms of the school since September
2019).

3.1.1

Lighting

Illuminance
Illuminance on the working surfaces have been measured on May 15th, 2020 for
natural and electric lighting in the rooms that are listed in Table 5 with a Chauvin
Arnoux C.A 810 Luxmeter device (Figure 14).
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Figure 14: Minolta Luminance Meter LS-100 and Chauvin Arnoux C.A 810 Luxmeter

For natural lighting, the measurements have been done with opened curtains within
the time ranges that are given in Table 5. For electric lighting, we waited for after
sunset (around 21:00) and closed all the curtains and external shading devices. Also,
we turned the lights on and waited 15 minutes for the neon lights to warm up before
taking the measurements.
Table 5: Indoor natural lighting illumination measurements
Studied room

Floor level

Relative
location

Windows
orientation

Measurements’
time range

Classroom 3a

1

South-East

East

14:03–14:10

Classroom 3b

1

South-West

South

12:45–12:50

Physics room

1

North-West

West

14:48–14:54

Teachers’ room

0

East

East

16:16–16:23

Pause hall

0/1

Centre / South

West

15:21

Figure 15, Figure 16, Figure 17, Figure 18 and Figure 19 show where the illuminance
has been measured for classrooms 3a and 3b, the physics room, the teachers‘ room
and the pause hall (always on working surfaces i.e., on tables).

Figure 15: Position of the lux meter in classroom 3a
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Figure 16: Position of the lux meter in classroom 3b

Figure 17: Position of the lux meter in the physics room

Figure 18: Position of the lux meter in the teachers' room
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Figure 19: Position of the lux meter in the pause hall

Daylight factor
A second lux meter stayed outside of the building under direct sunlight exposition
during the whole afternoon. Daylight factors are calculated by dividing for the same
time of the day the indoor illuminance values by the outside values. The daylight
factors in this document are for the working surfaces (desks) and not for the floor
surfaces.

Reflectance of indoor surfaces
Finally, the lux meter and the luminance camera Minolta LS-100 from Figure 14 have
been used to measure the illuminance and luminance of the main (horizontal and
vertical) surfaces that are present in classrooms 3a, 3b and in the teachers’ room
(blackboard, bookshelves, bricks, ceramic, doors, sofa, speckled linoleum, tables,
wallpapers, wood…). From the measured illuminance E [lx] and luminance L [cd/m2],
we get the reflectance with the formula:

ρ = Lπ / E

(3)

This quantity is unit-less and bounded between 0 and 1.

3.1.2

Acoustics

Reverberation time
Reverberation times in classrooms 3a, 3b, the teacher’s room and the pause hall have
also been measured on May 25th, 2020 with the following devices (see Figure 20):
•

Sphere speaker Norsonic 276 and amplifier Norsonic 280,
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•

Acoustic receptor Norsonic 140, calculation based on noise excitation,
starting at 30 dB for 10 s.

Figure 20: Norsonic 140 receptor (foreground) and Norsonic 276 speaker (background)

The Norsonic 140 stores results in Excel Spreadsheet files that are indexed. That
filename index identifies the measurements. The first 4 taken measurements
correspond to testing the devices and they are discarded. For measurements 5 to 10,
the Norsonic 276 and Norsonic 280 are used as emitter. Since the remote control was
not working properly and triggering the sound was quite random, from measurement
11 only a book has been used instead: by firmly and sharply clapping a book in your
hands, you can produce a noise that is intense enough to trigger the measurement.
Table 6 together with Figure 21, Figure 22, Figure 23, and Figure 24 describe the
reverberation time’s measurements with their corresponding filename indices, and the
device positions.
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Table 6: Reverberation time measurements
Result index

Studied room

Emitter position

Receptor position

5 to 7

Classroom 3b

S1

P1

8 to 13

Classroom 3b

S1

P2

14

Classroom 3b

S1

P3

16 to 19

Pause Hall

S1 to S4

P1

20 to 22

Pause Hall

S5 to S7

P2

23 to 27

Pause Hall

S8 to S12

P3

28 to 32

Conference room

S6 to S10

P2

33 to 37

Conference room

S11 to S15

P3

38 to 42

Classroom 3a

S1 to S5

P2

43 to 47

Classroom 3a

S6 to S10

P3

60 to 62

Classroom 3a

S11

P4 to P6

63 to 65

Classroom 3a

S12

P7 to P9

Figure 21: Position of the sound emitter (P) and receptors (S) in classroom 3a

Figure 22: Position of the sound emitter (P) and receptors (S) in classroom 3b
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Figure 23: Position of the sound emitter (P) and receptors (S) in the pause hall

Figure 24: Position of the sound emitter (P) and receptors (S) in the teachers‘ room

The Norsonic 140 sensitivity range is 0.125 Hz–20 kHz (although it sometimes fails
to deliver a result for the lowest frequencies 50–80 Hz). The results for all frequencies
are exported to a spreadsheet (this did not work with NorConnect 3.0 from December
2019, but we managed using an older software from Norsonic: NorXfer 6.1.1 from
2016) as well as weighted values “A”, “C” and “Z” for T20 and T30. For our case study,
the T30 “A” value fits the best:
•

The sound intensity that must be generated to measure the reverberation
time RT60 is practically not feasible, thus we measure the RT20 and RT30 and,
assuming that the decay is linear, we extrapolate the results. In practice, the
extrapolated values RT60(T20) and RT60(T30) calculated by the device should
be nearly the same (Larson Davis, 2021).

•

The weighting network “A” is for human hearing response.

For calculating the optimal reverberation times, we need the room volume (c.f. section
2.2.3): the surfaces that are written on the plans from architecture and beyond ZT
GmbH (2019) have been multiplied by 3 m. For the pause hall, it is better to
additionally consider the surface of the 1st floor’s corridor and to multiply by 6 m: an
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arbitrary interpretation of the pause hall’s geometry is necessary because this is not
a closed room, but it is connected to corridors via a stairway.
Since the optimal values are calculated for occupied rooms, but the measurements
have been done in almost empty rooms (with 1 or 2 occupants), we must shift the
optimal values by an offset that compensates for the lack of occupation. According to
AV-Info, 2021, it is suitable to add 0.2 s to the values that are calculated with the
equations from section 2.2.3.
The optimal RT60 values for empty rooms are listed in Table 7.
Table 7: Optimal reverberation times in empty rooms
Studied room

Surface [m2]

Volume [m3]

Optimal RT60 [s]

Classroom 3a

67.83

200.49

0.77

Classroom 3b

66.53

199.59

0.77

Teachers’ room

100.66

301.98

0.82

Pause hall

206.84

1301.04

1.21

Airborne sound insulation
The acoustic resistance of the building component between the classroom 3b and the
pause hall has been measured. This is a wall embedding a wooden door and a glazing
surface on top of it (clerestory window). There is also a bearing concrete column
traversing the wall (see Figure 25). The results have been saved by the device with
the indices 15, 58 and 59 (measurement type: „Eng Airborne BS-ISO-140“).
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Figure 25: Clerestory window and concrete column in classroom 3b

3.1.3

Datapoints

Sensors for indoor temperature, humidity, CO2, and windows openings are already
installed in different rooms (see Figure 100, Figure 101 and Figure 102 in the
appendix D), and integrated in a private Building Monitoring System (BMS) to which
we gained access. Timeseries have been downloaded as CSV files.

3.2

Simulations

Considering that the thermal aspect is already covered, since acoustics and lighting
measurements have been made, and regarding the importance of the COVID-19
pandemic, the simulation part of this work focused on ventilation.
EnergyPlus is a worldwide used energy simulation engine and it is free and opensource software (FOSS), it fits our requirements, but it lacks a decent geometry editor.
The most accessible way (in the sense of “easy” and “not costing money”) to model a
building for EnergyPlus is to use the legacy OpenStudio plugin for Sketchup, but it
remains a very cumbersome, random (because of the bugs), frustrating, and
thankless job. Fortunately, Professor Schuss provided an IDF model of the school
made by Alexandra Heiderer. All the simulations made for this work are based on it.
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The OpenStudio Application is a GUI for the OpenStudio framework that offers some
commodities for working with EnergyPlus. It helps to use OpenStudio, especially for
its measures that add model edition features and user-friendly outputs processing
(a.k.a. reports) to EnergyPlus.

3.2.1

Automation

An automation tool named “bstools” has been prototyped in Python. The features are
hidden in submodules, so that the user can focus on the main run.py script and the
settings.py

configuration

file

without

having

to

deal

with

technical

implementations. Running run.py –help will list the commands and give a short
description of what they do (see Figure 26, where the screenshot has been cropped
because the same tool is also used for plotting results graphs – in the current section,
we only focus on the simulation features).

Figure 26: output excerpt of run.py --help

The source code is released under the BSD licence and publicly available on
https://gitlab.com/souliane/bstools. The idea to make this program reusable (easily
adaptable and reconfigurable) has been kept in mind during the entire development.

Development background
After having updated the input IDF file to the latest EnergyPlus version and fixed some
geometry

errors

(e.g.,

for

some

non-convex

surfaces),

to

leverage

OpenStudioApplication to work easier with schedules, loads and HVAC loops seemed
like a good idea. The graphical user interface eases the model configuration indeed,
but it still does not allow to quickly replicate HVAC loops modifications. Also, to edit
an OSM file manually (this is eventually needed, occasionally) is much more
complicated than editing a corresponding IDF file, because OpenStudio uses objects
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identifiers (“handles”) that add indirections to the objects’ definitions (for example, you
will read something like f6c9685f-51f9-4800-99e5-2220552fd27b instead of
Classroom 3a).

In the beginning, to maintain git – that is a popular versioning system – branches to
store various EnergyPlus models and to easily compare and update them was
attractive, but it proved to be unhandy. Also, to write the models is not enough, we
need to run them and exploit the results. Nobody likes to seat in front of a computer
for hours to watch a simulation run, and re-press the same buttons again and again
to start the next simulation. Moreover, when manually manipulating the result files of
several simulations, it is easy to get confused, lose track of what is what, and make
errors.
For those reasons, it became clear that a tool to automate the generation and
processing of EnergyPlus and OpenStudio models would be beneficial. Parametric
simulation tools for EnergyPlus already exist:
•

OpenStudio PAT (graphical parametric analysis tool),

•

JEPlus (written in Java),

•

Modelkit (XML framework, formerly named Params),

•

Ladybug and Honeybee (graphical “programming” with Grasshopper/Rhino
or Dynamo/Revit canvases).

Nevertheless, it felt like none of them met the requirements, either for technical or
arbitrary reasons (it does the job only partially, unacquaintance with the programming
language, too much computational resources are needed…). The advantage of
writing a new tool is also that you can give it a special focus on ventilation scenarios
and the COVID-19 pandemic.
Fortunately, it was not required to write everything from scratch and a lot of efforts
has been saved by using “eppy”, a Python package from Philip Santosh for parsing
and editing IDF files.

Running environment
The development and running environment is the following:
•

Windows Subsystem for Linux (WSL) version 2 with Debian GNU/Linux 10.
This is basically a way to operate a GNU/Linux system on top of Microsoft
Windows 10. It has many advantages over the usage of a virtual machine
like Virtualbox or VMWare. WSL can be installed for free on Microsoft
Windows 10 systems via the Microsoft Store. Python being cross-platform,
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“bstools” should also work on any GNU/Linux or recent Macintosh operating
systems (maybe after some minor fixing, particularly concerning file paths).
•

Python 3.8.7 with the packages eppy 0.5.53 and openstudio 3.1.0 (section
3.3 about plotting will add some more Python dependencies, including
pyarrow version 2.0.0 that does not work with Python 3.9 – you can also
read the file dependencies.txt in the “bstools” git repository).

•

OpenStudioApplication 1.1.0 and EnergyPlus 9.4.0.

Scenarios and workflow
The workflow mechanism can run for a given variant or for all consecutively. Variants
are defined as Python classes that inherit from a baseline and that are configured only
with declarations (you need to know Python syntax, but do not have to write actual
code). The workflow can also be configured without programming (see Figure 27).

Figure 27: Configuration excerpt of the simulation workflow in settings.py

The first workflow step is to take the input OSM and IDF files and to programmatically
modify them to implement the desired heating and ventilation systems. You can
enable or disable natural ventilation, create finely configurable schedules, add
baseboard radiators connected to the district heating, install a dedicated ventilation
device for each ventilated space (originally, it was possible to implement central
ventilation, but it has been removed to focus on dedicated devices). Common
ventilation features like air economiser, night cycle or heat recovery can be enabled
or disabled.
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Once the model for a variant is created, the real OpenStudio workflow (it is described
in the file workflow.osw that is automatically created when using the
OpenStudioApplication, and you can also edit it manually) is run from the command
line. When OpenStudio finishes, the tool checks if it succeeded before copying the
results to another directory. Then, a CSV file of the results outputs is created (as the
well-known EnergyPlus auxiliary program EP-Launch would do) and the next
scenario variant is processed (if any).
This system allows us to simulate and gather results for all pre-configured scenarios
by entering a single command. This proved to be very handy for running all
simulations during the night and find the results on the next day. Also, the automatic
model edition reduces the risk of manual configuration errors because you do not
have to maintain a separate model for each scenario: only one OSM and one IDF file
is needed. If you realise that you misconfigured something, or you want to update
your model, you can implement the change only once and then re-run all the
simulations without bothering with propagating your change to all scenarios.
The “bstools” workflow has been designed to work with both EnergyPlus and
OpenStudio because of the OpenStudioResults measure (unlike other measures,
it is not possible to run this one directly on EnergyPlus results – it requires EnergyPlus
being triggered by OpenStudio). For our case, the geometry, zoning, and the loads
are stored in the OSM file, the heating and ventilation loops are written in the IDF file.
For people who prefer to use EnergyPlus only, the prototype could be adapted to work
with a single IDF file.

3.2.2

Ventilation scenarios

According to Chitaru et al., 2019, the opening of one window during the breaks is
inefficient but it is still the most common way of ventilating classrooms. When relying
on natural ventilation only, it is usually better to open all windows wide. However, it is
difficult to determine the exact ACR that will result from natural ventilation because
the volume of exchanged air depends on many factors (temperature and pressure
difference, wind speed…). EnergyPlus allows to set a fixed air change rate or to
calculate it automatically knowing the opened windows area.
The different scenarios will include natural and/or mechanical ventilation and will focus
on implementing the REHVA COVID-19 guidance in its version 4 (special operating
of mechanical devices) as well as the instructions from the Austrian government
(shock ventilation each 20 minutes, half occupied classrooms). Also, this study limits
mechanical ventilation to distributed installations because it better fits the renovation
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of existing school building on many aspects, and it is easier and cheaper to install
(Greml et al., 2008; komfortlüftung.at, 2020).

Studied classroom
Our case study room is the classroom 3a, some characteristics of which are given in
Table 8. Higher CO2 concentration levels have been observed in this room compared
to in classroom 3b, and it was convenient to study the simulations’ results of a room
where some measurements have also been taken.
Note that the “ceiling height” for EnergyPlus does not represent the real height
because the thickness of horizontal elements (slabs, dropped ceiling, etc.) is
distributed over the above and below zones, and it becomes a part of the room height.
Also, the “typical hours of occupation per week” value of 15.05 corresponds to an
overall occupation of 9 % which is less than the 13 % from Fraunhofer-Institut für
Bauphysik, 2010, but you cannot compare the occupation of a single classroom with
the one of the whole school: different classrooms are not occupied during the same
time, breaks do not add to the classroom occupation but they are counted for the
school occupation.
Table 8: Quantitative characteristics of classroom 3a (from the EnergyPlus reports)
Quantity

Value

Volume

261.64 m3

Floor area

70.71 m2

Ceiling height

3.70 m

Exterior gross wall area

62.74 m2

Infiltration rate

0.1 ACH

Exterior window area

19.37 m2

Relative location in the building

South-East

Windows orientation

East

Average occupation during occupation

12.94 persons

Maximum occupation

14 persons (5.05 persons/m2)

Typical hours of occupation per week
(including holidays i.e., yearly mean)

15.05

Devices’ characteristics
For supplying 10 L/s/person to 14 persons, the device’s airflow rate must be at least
504 m3/h (this is the recommended outdoor air flow rate in the context of COVID-19
epidemy, but if we target a higher flow rate of 15 L/s/person in classroom 3a, the
device must be able to supply 756 m3/h). Also, the noise pollution of the device must
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not exceed 30 dB. After having compared several products from different fabricants,
we selected the following ones:
•

A: Airflow Duplex Vent 800 (Airflow, 2020)

•

B: Exhausto VEX308 (Exhausto, 2020)

•

C: LTG FVS-1000 (LTG, 2020)

•

D: Turbovex TX 750A (Turbovex, 2020)

In Table 9, we present the main characteristics of each device. Those characteristics
have been used as a basis to configure our ventilation scenarios. Note that option “C”
is an air-to-water system, thus bigger and heavier than the others. The price range of
6,000–10,000 euros is estimated according to komfortlüftung.at, 2020 and Huber et
al., 2017, and it corresponds to the total price including the installation costs.
Table 9: Comparison of selected ventilation devices
Characteristic

A

B

C

D

Maximal capacity at
30 dB [m3/h]

650

650

600

600

Maximal capacity [m3/h]

725

850

720

750

Air-Air

Air-Air

Air-Water

Air-Air

Dimensions [mm x mm x
mm]

1,910 x 474 x
916

2,072 x 500 x
840

3,050 x 830 x
430

1,800 x 895
x 565

Ventilation Power
Consumption at 550 m3/h
[W]

< 90

650

55

78 W at 750
m3/h

Optional Preheater and/or
Reheater Power
Consumption [W]

1,500 and
1,000

2,975

1,600

1,000

Heat recovery
effectiveness at 550 m3/h

85–86

83–84

83

78–82

155

170

290.5

99-114

ePM10
(> 75%),
optional
ePM1
(> 55%)

ePM1 55%
(F7), optional
ISO Coarse
60% (G4)

F7

M5, optional
F7

ePM10 60%
(M5)

M5

System Type

Weight [kg]
Outdoor Air Filter

Exhaust Air Filter
Price range estimation [€]

6,000–10,000

The decision has been made to model an imaginary device with similar characteristics
to the devices A and B:
•

Maximal capacity: 756 m3/h (i.e., 0.21 m3/s),

•

Electric strips consumption: 2,500 W,
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•

Heat recovery effectiveness: 84%.

This kind of device is meant to be installed horizontally near the ceiling or in a dropped
ceiling. This should be planned and coordinated together with the thermal retrofit,
before starting the renovation works.
According to Kobler and Heim, 2013, the U-value of such device is ≈ 0.25 W/(m2K).

Ventilated rooms
The device that is modelled for the classroom 3a will be applied to 11 other rooms
where the nominal occupancy is between 12 and 18 persons. This corresponds to
installing devices in the rooms that are the most populated and the most often used
ones.
For ventilating e.g., the physician’s room (i.e., the medical’s room and not the physics’
classroom) we shall select another device model, with a much lower airflow capacity,
that would also be much cheaper. This is not addressed by the current work.

Scenario variants
The automation prototype can quickly populate hundreds of variants, but the
simulation runtime per model will stay the same: we must reduce the number of cases
to something we can work with.
Natural ventilation has been mainly studied with fixed ACH because most literary
references do the same, but some simulations variants model the opened area
instead. The fixed ACH is a precise but not practical information, that is suitable for
writing guidelines and giving general recommendations. If we work on a particular use
case, the opened area can be expressed as the number of opened windows and this
makes much more sense to the building occupants.
In the end, 22 different variants have been configured (it takes a few hours to run
them all):
•

The baseline scenario corresponds to district heating, no ventilation at all
and a retrofitted thermal envelope.

•

Heating is achieved either via district heating only or via the combination of
district heating plus electric strips (that can be embedded in the ventilation
devices).

•

For natural ventilation, opening the windows is simulated either:
o

For 15 minutes per hour and 2 ACH from October to May. For
variants that use no mechanical ventilation, it is additionally simulated
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all year long for 2 ACH or 4 ACH (Irulegi et al., 2017 showed that 4
ACH is a good rate for natural ventilation in summertime).
o

For 5 minutes from October to May and 10 minutes from June to
September, each 20 minutes and with auto calculated ACR for all,
the half, or the quarter of the windows wide opened. Also, those
scenarios model only the half occupation of the classrooms (special
Austrian instructions for COVID-19, see section 2.2.6).

•

Mechanical ventilation can be absent or simulated for 6, 10 or 14 L/s/person
(schedule-based DCV with a minimum air flow fraction of 0.52 – this setting,
a ratio of the maximum air flow rate, is difficult to adjust and a different or
autosized value might trigger thousands of EnergyPlus warnings), or for a
CO2 setpoint of either 800 or 1,000 ppm (CO2-based DCV with auto sized
minimum air flow fraction), with or without night ventilation or heat recovery,
but always with air economiser.

The variants naming format references the variable parameters of the scenarios, so
it is possible to determine what a variant does just by looking at its name. The naming
format is the following:
<D|DS>[_W[2|4|a[X]][w|y]][_D[6|10|14|d800|d1000][r|w]e[n]][_covid]

Where:
•

<…> means that the enclosed group is mandatory,

•

[…] means that the enclosed group is optional,

•

| means that either one or the other group that is left or right can occur,

•

_ is used to separate the main groups and has no special meaning.

The main groups are for heating, natural ventilation, and mechanical ventilation (in
this order). Besides that, we use some letters and digits to represent features, and
their meaning depends on which main group they belong to – see Table 10 for a full
description.
Note: the “Source” parameter in Table 10 describes how heating, natural or
mechanical ventilation is achieved. For instance, the heating source can be D for
“district heating” or DS for “district heating plus electric strips”, the natural ventilation
source parameter can only be W for “Windows” (there could also be a chimney, or a
door that is left opened, but here there are only windows). For mechanical ventilation,
we also have only one possible value which is D for “dedicated device”.
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Table 10: Description of the scenario naming format
Component

Parameter(s)

Character(s)

Description

Heating

Source

D

District heating

DS

District heating and electric strips

Source

W

Windows (15 minutes per hour)

Fixed ACR

2

2 ACH

4

4 ACH

a

All windows wide opened

a.50

Half of the windows wide opened

a.25

Quarter of the windows wide opened

Period of the
year

w

Ventilate from October to May

y

Ventilate all year long

Source

D

Dedicated device

Fixed ACR

6

6 L/s/person

10

10 L/s/person

14

14 L/s/person

d800

CO2 concentration setpoint 800 ppm

d1000

CO2 concentration setpoint 1,000 ppm

r

Heat recovery via plate exchanger

w

Heat recovery via enthalpy wheel

e

Air economizer

n

Night ventilation

covid

The classrooms are only half occupied,
and we open the windows after each 20
minutes of occupation, for 5 minutes from
October to May and for 10 minutes from
June to September (otherwise, natural
ventilation occurs 15 minutes per hour).

Natural
ventilation

Autocalculated
ACR

Mechanical
ventilation

Autocalculated
ACR
Features

Special
occupation
and natural
ventilation

Occupation
ratio and
ventilation
behavior

All 22 variants are listed with a short description in Table 11.
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Table 11: Scenario variants and their meaning
Variant name
(alphabetically sorted)

Description

D

Baseline – district heating only

D_W2w_D10ren

Windows 2 ACH in winter, schedule-based DCV 10 L/s/p

D_W2w_D14ren

Windows 2 ACH in winter, schedule-based DCV 14 L/s/p

D_W2y

Windows 2 ACH all year long

D_W4y

Windows 4 ACH all year long

D_W4y_covid

Windows 4 ACH all year long, Austrian COVID-19 measures

D_Wa.25y_covid

¼ windows all year long, Austrian COVID-19 measures

D_Wa.50y_covid

½ windows all year long, Austrian COVID-19 measures

D_Way_covid

All windows all year long, Austrian COVID-19 measures

DS_D6ren

Electric strips, schedule-based DCV 6 L/s/p

DS_D10ren

Electric strips, schedule-based DCV 10 L/s/p

DS_D14ren

Electric strips, schedule-based DCV 14 L/s/p

DS_Dd800ren

Electric strips, CO2-based DCV with 800 ppm setpoint

DS_Dd800wen

Electric strips, CO2-based DCV with 800 ppm setpoint,
enthalpy wheel

DS_Dd1000ren

Electric strips, CO2-based DCV with 1,000 ppm setpoint

DS_W2w_D6ren

Electric strips, windows 2 ACH in winter, schedule-based
DCV 6 L/s/p

DS_W2w_D10en

Electric strips, windows 2 ACH in winter, schedule-based
DCV 10 L/s/p without heat recovery

DS_W2w_D10re

Electric strips, windows 2 ACH in winter, schedule-based
DCV 10 L/s/p without night cycle

DS_W2w_D10ren

Electric strips, windows 2 ACH in winter, schedule-based
DCV 10 L/s/p

DS_W2w_D14en

Electric strips, windows 2 ACH in winter, schedule-based
DCV 14 L/s/p without heat recovery

DS_W2w_D14re

Electric strips, windows 2 ACH in winter, schedule-based
DCV 14 L/s/p without night cycle

DS_W2w_D14ren

Electric strips, windows 2 ACH in winter, schedule-based
DCV 14 L/s/p

In practice, those variants are generated by loops in the file variants.py (see
Figure 28). They are the default variants that will be used if variants.py is not fed
with your own manual definitions. Your manual definitions must subclass the
Scenario base class (see Figure 29 for an example). As soon as at least one manual
definition is found in variants.py, it (they) will be used instead of the 22 default
variants that will then be ignored.
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Figure 28: Piece of code generating some default variants

Figure 29: Manual definition that would create the variant D_W2y_D10

Note that the Scenario base-class defines default values that are used if the variant
does not override them. To discover what parameter can be passed to the Heating,
NaturalVentilation and MechanicalVentilation components of a scenario,
please read scenario.py. As an example, Figure 30 shows some configuration
possibilities and default values for the MechanicalVentilation component.

Figure 30: Inside the MechanicalVentilation component
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Air flow rates equivalences
The occupancy and room volume being known, we can calculate the ACR per hour
(ACH) from the air flow rate in L/s/person (DCV) and vice-versa:
ACH = DCV * 3,600 * occupancy / 1,000 / volume

(4)

DCV = ACH / 3,600 / occupancy * 1,000 * volume

(5)

Table 12 lists the equivalence between ACH and DCV for the values that are relevant
to our simulations.
Table 12: DCV and ACH equivalences for classroom 3a
Occupancy [person]

12.94 (average)

14.00 (maximum)

3.2.3

DCV [L/s/person]

ACH [/h]

6.0

1.1

10.0

1.8

14.0

2.5

11.2

2.0

22.5

4.0

6.0

1.2

10.0

1.9

14.0

2.7

10.4

2.0

20.8

4.0

EnergyPlus implementation

This section documents technical details for modelling in EnergyPlus.

HVAC templates selection
HVAC loops can be designed in a IDF file with all the necessary details to model reallife scenarios, but EnergyPlus also provides templates that are easier to use than the
low-level HVAC objects. However, it can be difficult for users with no basic mechanical
engineering knowledge to know which template fit their scenarios. The HVAC
technical terms often do not mean what you think, plus the EnergyPlus templates
names can be misleading. To address this, this document’s appendix provides two
helping resources: “Basic lexicon of HVAC technologies” and “Descriptions of
EnergyPlus HVAC templates”.
The radiators that are connected to the district heating system are modelled with
objects of type HVACTemplate:Zone:BaseboardHeat (as already done in the
original model from Alexandra Heiderer) and the ventilation devices with
HVACTemplate:System:DedicatedOutdoorAir (this is inspired by the work of
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students colleagues Florian Regnath, Oliver Spielhaupter and Thomas Zitterl, made
for a TU Wien course‘s project in 2020 – Regnath et al., 2020, unpublished).
The templates spare us the very cumbersome definitions of HVAC loops, but in
practice they do not suffice to fully model all our scenarios: after expanding the
automatically configured IDF with the auxiliary program ExpandObjects.exe
(shipped with EnergyPlus), „bstools“ post-processes the inserted objects or create
some extra ones. This is not very elegant, but it is preferable over directly dealing with
the HVAC loops.
Technical anecdote
The ventilation scenarios eventually model decentralised ventilation with the template
HVACTemplate:System:DedicatedOutdoorAir (let’s call it “A”), but the path
was

strewn

with

pitfalls.

Initially,

the

used

templates

were

HVACTemplate:System:UnitarySystem and HVACTemplate:Zone:Unitary
because they looked like the most flexible (they do not offer night ventilation, but you
can also model central systems with them) and it seemed that “A” was not an option
because

the

EnergyPlus

documentation

tells

us

that

the

object

AirLoopHVAC:DedicatedOutdoorAirSystem (let’s call it “B”) is for modelling
DOAS central systems. Now, “A” and “B” have quite similar names, but “A” does not
expand to “B”. “A” is actually for modelling packaged terminal units and it fits the
requirements of our scenarios.
Auxiliary commands
While struggling with the template selection, the tool prototype has been extended
with IDD search and differential features to complete EnergyPlus documentation
(besides the shared configuration pointing to the EnergyPlus IDD file path, those
commands are independent from the model edition and simulation workflow):
•

With run.py --search-idd, you can search for a pattern through all
EnergyPlus objects and attributes. This can be used to list e.g., all the objects
that refer to Night Ventilation Control Zone Name. This feature has
been added because a similar search in EnergyPlus documentation gives
different results, somehow hiding information. By default, only the names of
the concerned objects and attributes will be printed (as in Figure 31), but you
can also ask for a complete description of the matching objects and attributes
by adding the --verbose parameter. The information is directly retrieved
from EnergyPlus IDD file, where the IDF format is extensively described.
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Figure 31: Search results for "Night Cycle Control Zone Name"

•

With --expand-hvac-template, you can export to the OpenDocument
Spreadsheet file format (ODS) a listing of all HVAC templates and the
objects they expand to. To get those results, “bstools” retrieves the HVAC
templates from the IDD file and then run ExpandObjects.exe on each
template. The list of expanded objects is retrieved from the generated
expanded.idf file and ends in the ODS file as in Figure 32. This feature is
experimental and produces results for the default templates settings only.

Figure 32: Generated ODS file of HVAC templates and their expansion objects

•

The previous expansion results are stored in an intermediate JSON data, so
you can quickly list all the HVAC templates that expand to certain objects
without running ExpandObjects.exe each time. For instance, if you run the
command

run.py

--search-hvac-template

with

the

attributes

Fan:VariableVolume,AvailabilityManager:NightCycle,
print

the

following:

HVACTemplates

that

expand

it

will
to

{'AvailabilityManager:NightCycle', 'Fan:VariableVolume'}:
['System:PackagedVAV', 'System:VAV'].
•

You can print the expansion differences between two templates with the
command run.py --diff-hvac-template. The results when passing the
attribute System:PackagedVAV,System:VAV are displayed in Figure 33.
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Figure 33: Differential expansion results for System:PackagedVAV and System:VAV

Simulation period
Simulations are normally run for the whole year 2020, but only for 10 days in debug
mode (which is enough to check if the model is valid and to produce partial results).
Debug mode can be used by prefixing the run.py command with DEBUG=True.
The number of timesteps per hour is 12 (each 5 minutes), but only 1 in debug mode.

Infiltration and ventilation
Unintentional infiltration rates are fixed in ZoneInfiltration:DesignFlowRate
objects (infiltration rate per floor area corresponding to a tight – renovated – building:
0.0001 m3/s·m2).
DesignSpecification:OutdoorAir is not for natural ventilation and only works
with mechanical air loops. Natural ventilation can be modelled instead with
ZoneVentilation:DesignFlowRate if you directly input the air change rates, or
with ZoneVentilation:WindandStackOpenArea if you input the windows
opening area (we assume that the doors of the classrooms are always closed, and
thus we can leave the “stack” parameters empty to ignore the air buoyancy).
For the scenarios that embed in their names the _COVID prefix, a separate natural
ventilation schedule is auto created for each zone, according to the zone’s occupancy
schedule, so that the windows openings do not occur during the breaks.
Mechanical ventilation flow rates are defined with an occupancy schedule, and a value
in L/s/person (schedule-based DCV) or a CO2 setpoint (CO2-based DCV). Following
objects are used:
•

HVACTemplate:System:DedicatedOutdoorAir,

•

DesignSpecification:OutdoorAir,

•

Controller:MechanicalVentilation,

•

ZoneControl:ContaminantController,

•

AvailabilityManager:NightCycle.
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Mechanical ventilation is generally modelled for the context of a COVID-19 epidemy
and according to REHVA’s position: it starts 2 hours before and stops 2 hours after
the classroom’s occupation.

Occupancy
The maximal occupancy for each zone is defined in People objects with an absolute
value or with a mean number of persons per square meter. The occupancy for most
of the classrooms were already defined in the input IDF. We set 15 persons in the
rooms that are ventilated and for which no occupancy value was set. We do not need
to set occupants in each and every room because when all main classrooms are
occupied, other rooms are most probably empty. In the end, the total occupancy of
the school is 179 persons. The same count was used in Regnath et al., 2020, but we
have 12 ventilated rooms instead of 11, because our colleagues set 30 persons in the
teachers‘ room where we set only 15, and we use another room for the 15 remaining
persons.
Occupancy schedules sets a multiplier for each time of the day (between 0 and 1), so
we can modulate the effective occupancy without changing the maximal definition to
model the breaks etc.

Internal gains from people
For calculating internal gains caused by people, EnergyPlus requires an activity
schedule. If we apply the Dubois formula (Cornell University, 2000) to an average 11–
14 years old (42.9 kg, 153.15 cm according to Disabled World, 2020), we get a body
surface area of 1.323 m2. The metabolic rate in school is approximately 70 met (W/m2)
so the activity level is set to 92.61 W/person.

Loads from electric lighting
The simulated lighting system consumes between 1.5 W/m2 (in the restrooms) and 15
W/m2 (in the classrooms) between 08:00–15:30 (08:00–14:00 on Fridays). It
consumes the half of that between 07:00–08:00 and 15:30–17:30 (14:00–16:00 on
Fridays). Those are arbitrary values based on OpenStudio default ones and they
model an inefficient and non-renovated system.

Temperature setpoints
Heating of the school is enabled from October to May with the setpoint 21 °C for the
time range 06:00–17:30 (06:00–16:00 on Fridays) during schooldays, and 15.6 °C
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outside this time range plus during weekends and holidays. There is no heating from
June to September.
Cooling is achieved using the outdoor air only (no chiller) from March to October. As
windows openings and DCV are independent from indoor and outdoor temperatures,
this cooling date range essentially commands the night ventilation. Initially, it was only
from June to September but an analysis of the annual unmet hours during occupation
pointed out a misconfiguration. It appeared that March–October is a good range for
night ventilation. In March, April, May, and October we can have both heating and
cooling (but not simultaneously). The cooling setpoint is 23 °C between 06:00–19:00
(06:00–17:30 on Fridays) and 20 °C during the night (28 °C on weekends and
holidays). Before March and after October, the setpoint is 99 °C (this disables cooling
– also note that the cooling setpoint must never be set to 100°C or higher, because
this will trigger a lot of EnergyPlus warnings).

Energy conversion factors
The default EnergyPlus factors do not correspond to the reality in Austria. We use fPE
factors from the OIB Guideline 6 and write them in FuelFactors objects (1.63 for
electricity – “Liefermix” – and 1.10 for natural gas).
For district heating, the factor for a high efficiency plant is 0.88 but we cannot directly
feed EnergyPlus with this value. We divide the natural gas factor by 0.88 and write
the

result

in

EnvironmentalImpactFactors/District

Heating

Efficiency.

School holidays
There are several ways to implement holidays in EnergyPlus/OpenStudio. Many have
been tried and the easiest one (regarding definition and maintenance) is to feed
RunPeriodControl:SpecialDays objects, and to refer to them from compact
schedules with the For: Holidays instruction.
In the appendix C, Table 17, we list the holidays for the school year 2019/2020
(starting on 02/09/2019 and ending on 03/07/2020) and the first part of the school
year 2020/2021 (starting on 07/09/2020 until the Christmas holidays).

CO2 concentration
In OpenStudio, we set ZoneAirContaminantBalance to Yes and assign a
constant schedule of 420 ppm for the outdoor CO2 concentration. This might be the
atmospheric outdoor CO2 concentration in 2023 – current value is above 415 ppm
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(ProOxygen, 2021). If you do not use OpenStudio, to do it directly in the IDF file is
straightforward.

HVAC sizing
To get appropriate results, we use the following settings:

•

Zone Sizing: Yes if we have heating and/or cooling,

•

System Sizing: Yes if we have air loops (needs Zone Sizing),

•

Plant Sizing: Yes if we have plant loops,

•

Simulation for Sizing Periods: not required,

•

Simulation for Weather File Run Period: not required.

You need to define at least one design day in the OSM model, otherwise the
Sizing:Zone objects will not be exported, but this design day is later removed with
the OpenStudio measure fix_grein_school that has been written for this purpose.
The real design days are defined in the IDF file and will be injected as
WeatherFileDays by the InjectIDFObjects measure. It is not possible to run
a simulation with both design days and weather file days.

Model calibration
To calibrate the EnergyPlus model with the results of the measurements from section
3.1.3 does not make a lot of sense, because we work on an imaginary already
retrofitted thermal envelope.

3.3

Plotting

Three software are especially popular among the scientific community for plotting
data: Matlab, R and matplotlib. Matlab is not free, the others are both free and opensource software. Since the development started with Python, plotting is done with
matplotlib which is a Python library. Its usage is not the simplest but there exist higherlevel libraries that makes it easier.
The automation prototype described in section 3.2 has been extended to plot results
graphs. We use for this purpose the following Python packages (this completes
“Running environment” from section 3.2.1):
•

pyexcel 0.6.4 and pyexcel-ods 0.6.0 to read from XLS and ODS files,

•

pandas 1.1.2 to manipulate data frames,
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•

pyarrow 2.0.0 to dump data frames to files (for performance purpose). On
the developping environment, it was not possible to install pyarrow via pip.
In that case, the package can be installed another way (Apache, 2019),

•

matplotlib 3.3.2, seaborn 0.11.0 and psychrochart 0.3.1 to plot graphs.

Figure 34 shows the run.py arguments that concern graphs generation.

Figure 34: output excerpt of run.py --help

All the previously mentioned measurements and simulation data are handled.

3.3.1

Lighting

OpenDocument spreadsheet files that are filled with the lighting measurements
results from section 3.1.1 are read to generates heatmaps and isolines of the daylight
factors and illuminance values (as in Figure 35):
•

When the positions of the measurement devices do not draw a rectangle,
“bstools” extrapolates them to fill the gaps with pandas “forward fill” and
“backward fill” methods.

•

It is possible to add a background image to the graph (typically a plan of the
room so you can locate the windows).

Figure 35: Examples of heatmap and extrapolated isolines

3.3.2

Acoustics

Excel files generated by the Nor 140 device (see section 3.1.2) are read to generate
line plots of the measured reverberation times (raw results from each measurement
54

METHOD
and mean values with confidence interval of 95 %) and of the ratio of the mean
reverberation times over the recommended values. The rooms’ volumes must be
known – this can be configured in settings.py. Figure 36 shows some examples.

Figure 36: Examples of acoustics graphs
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3.3.3

Datapoints and simulations

Datapoints CSV files downloaded from a private Building Monitoring System and
EnergyPlus simulation CSV results are parsed and processed the same way: various
kind of graphs are plotted for CO2 concentration, relative humidity, and temperature.
For the datapoints, the count of opened windows is also plotted.
The datapoints results are for UTC (Coordinated Universal Time) and Vienna’s time
is UTC + 1, so 1 hour is automatically added to the time that is written in the CSV files.
An extra hour is also added to the entries from 2019/03/31 02:00 to 2019/10/27 02:00
and from 2020/03/29 02:00 to 2020/10/25 02:00 to account for the summertime. The
results from EnergyPlus are already using the correct times.
A mechanism to filter out the holidays and weekends based on manual holidays listing
and/or CO2-concentration variation has been implemented. When the CO2
concentration is monotonically decreasing during the whole day, it is assumed that
we have a weekend day or a holiday. This works perfectly with EnergyPlus results but
not on the datapoints because of the sensors accuracy (so it is better to filter the
datapoints using the manual holidays listing). The days of presence can be filtered
further to retain only the hours of presence (a future version of “bstools” could read
the occupied hours directly from EnergyPlus schedules, but you currently must define
them manually in settings.py – see Figure 40). Depending on the generated plot, it
makes sense to consider either:
•

A continuous timeset: for a line plot of the maximum or minimum values,

•

The occupied days: for a weekly or daily profile (that is also a line plot),

•

The occupied hours of the occupied days: for a bar plot or psychrometric
chart of unmet hours (according to threshold values defined in
settings.py), a boxplot or a violin plot, a distribution chart or a cumulative

distribution chart, a histogram, a line plot of the maximum, minimum or mean
values.
You can configure the periods for which to plot: the whole data time range or a limited
range (e.g., only January or June). Figure 37, Figure 38 and Figure 39 display some
examples of plots and Figure 40 displays an example of configuration from
settings.py.
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Figure 37: Example of violin plots from the datapoints

Figure 38: Example of distribution chart from EnergyPlus results

Figure 39: Example of psychrometric chart from EnergyPlus results

Note that the psychrometric charts also include CO2 concentration information: blue
dots correspond to level below or equal to 800 ppm, green dots correspond to the
range 800–1,000 ppm, etc. Events for which the three considered quantities
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(temperature, relative humidity, and CO2 concentration) lay within the acceptable
ranges are not plotted. When the chart plots data for the whole year, you have to
understand that the dots that are right to the acceptable psychrometric range (past 28
°C) represent temperature unmet hours during the warmer months of the year, and
those that appear left to the acceptable range (before 20 °C) correspond to
temperature unmet hours during the colder months.

Figure 40: Configuration excerpt for EnergyplusResultsProcessor

EnergyPlus plotting groups
Because plots showing too much information are difficult to read, those for EnergyPlus
results are organised in groups e.g., one for the scenarios using natural ventilation,
one for those using mechanical ventilation... These groups are also used to compare
the impact of a feature on the indoor environment e.g., heat recovery with a plate
exchanger vs energy recovery with an enthalpy wheel.
In the end, a lot of groups have been defined and this will generate a large quantity of
graphs. The graphs are sorted in folders and subfolders and properly named, so it
should be easy to find out what you are looking for. Table 13 lists the plotting groups
that are defined in settings.py.
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✅

D_W2w_D14ren

✅

✅

D_W2y

✅

✅

✅

D_W4y

✅

✅

✅

D_W4y_covid

✅

✅

D_Wa.25y_covid

✅

✅

D_Wa.50y_covid

✅

✅

D_Way_covid

✅

✅

DS_D6ren

✅

✅

✅

✅

DS_D10ren

✅

✅

✅

✅

✅

DS_D14ren

✅

✅

✅

✅

✅

DS_Dd800ren

✅

✅

DS_Dd800wen

✅

✅

DS_Dd1000ren

✅

DS_W2w_D6ren

✅

DS_W2w_D10en

✅

DS_W2w_D10re

✅

DS_W2w_D10ren

✅

DS_W2w_D14en

✅

DS_W2w_D14re

✅

DS_W2w_D14ren

✅

3.3.4

DCV

✅

RecoveryType

D_W2w_D10ren

NoRecovery

✅

NoNight

✅

NoStrip

Natural

✅

Mechanical

MainScenarios

D

COVID

Variant name
(alphabetically
sorted)

AllScenarios

MechanicalSummer

Table 13: Simulation plotting groups

✅

✅
✅

✅
✅
✅

✅

✅

✅

✅

✅
✅

✅
✅

✅

✅

✅

✅

OpenStudioResults measure

From the results.json files that are written by this measure, comparative bar plots
for the end uses (c.f. Figure 41), energy uses, and total site energy use indices (EUI)
are generated. This information could also be retrieved from EnergyPlus results
SQLite database, but it is easier to parse a JSON file.
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Figure 41: Example of stacked barplots from the OpenStudioResults measure’ results

3.3.5

Unmet hours

Unmet hours are defined as occupied hours during which a setpoint is not met, or a
quantity value is outside the tolerance range. The file settings.py define the
following tolerance range:
•

Carbon dioxide concentration: less than 800 ppm,

•

Relative humidity: between 30 % and 70 %,

•

Temperature: between 20 °C and 28 °C.

3.3.6

Weather data

The plots from the section 1.3.1 are also generated by „bstools“ from input EPW files.
This is meant to compare the weather conditions from different locations. For now,
only the outdoor temperature and relative humidity are plotted.
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RESULTS AND DISCUSSION

Results that have been gathered following the method from section 3 will be presented
and directly analysed in subsections 4.1 (for measurements) and 4.2 (for simulations).
Subsection 4.3 will confront and discuss all the results together, it will also suggest
some complementary measures that have been studied in other works.
This document displays the most interesting graphs, but more than a thousand have
been generated. Because we cannot put them all in the appendix, you can find them
on https://gitlab.com/souliane/thesis.

4.1

Measurement results

Subsections 4.1.1 and 4.1.2 concern the on-site measurements from May 15th, 2020.
The other subsections concern the timesteps data that have been downloaded from
the private Building Monitoring System.

4.1.1

Lighting

Illuminance
Natural lighting
Figure 42, Figure 43 and Figure 44 plot illuminance isolines for the studied rooms. As
a reminder, the minimal required illuminance value in the pause hall is 200 lux, in the
teacher’s room and classrooms 300 lux, and in the physics room 500 lux.

Figure 42: Natural lighting illuminance in classrooms 3a and 3b
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Figure 43: Natural lighting illuminance in the physics and teacher’s rooms

Figure 44: Natural lighting illuminance in the pause hall

At the time of the measurements, the natural lighting was sufficient in the pause hall
but not in the other rooms: the working surfaces that are far from the windows miss
some light. This is also visible in Figure 45, Figure 46 and Figure 47 (values fall below
5 % in the rooms but not in the pause hall).
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Figure 45: Daylight factors in classrooms 3a and 3b

Figure 46: Daylight factors in the physics and teacher’s rooms
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Figure 47: Daylight factors in the pause hall

Electric lighting
Figure 49 and Figure 50 show that we lack electric lighting everywhere, expect for the
teachers’ room where the lighting installation has already been renovated using T8
49W OSRAM neon tubes (2 tubes per luminaire, see Figure 51).

Figure 48: Daylight factors in classrooms 3a and 3b
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Figure 49: Electric lighting illuminance in the physics and teacher’s room

Figure 50: Electric lighting illuminance in the pause hall
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Figure 51: Teacher’s room (former conference room)

Reflectance
Table 14 and Table 15 present the reflectance results that can be used for calibrating
a lighting model. We did not exploit them.
Note: we must have made a typo while writing down the measured values for “Blue
window’s sill”. A reflectance of 1.44 is not possible as this quantity is bounded
between 0 and 1. The other values look plausible, for example the blackboard reflects
almost no light and the white paint (which is a bit old) reflects 0.63.
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Table 14: Measured reflectance of surfaces in classrooms 3a and 3b
Surface

Illuminance [lx]

Luminance [cd/m2]

Reflectance

IKEA “Expedit” shelf

442

74

0.53

Blue wallpaper

348

72

0.65

Concrete

436

36

0.26

Wood

426

48

0.35

Floor linoleum

304

24

0.25

Red sofa

1640

92

0.18

White paint

460

92

0.63

Blue window’s sill

190

87

1.44
(see note above)

Black board

513

13

0.08

Yellow paint

951

189

0.62

Ceramic

272

69

0.80

Green paint

340

66

0.61

Wooden door and
wooden ceiling

985

71

0.23

Table 15: Measured reflectance of surfaces in the teachers‘ room
Surface

Illuminance [lx]

Luminance [cd/m2]

Reflectance

Wooden regal

173

15

0.27

Floor

219

15

0.22

Table 1

210

33

0.49

Table 2

824

101

0.39

White wall

215

48

0.70

Bricks

515

38

0.23

4.1.2

Acoustics

Reverberation time
Figure 52 and Figure 53 display the ratio of the mean measured T30-based
reverberation time over the recommended RT60 for empty rooms. The classrooms do
not perform so bad, but the installation of acoustic absorbers would improve their
acoustics. The measured values in the teacher’s room perfectly fits the tolerance
range.

67

RESULTS AND DISCUSSION

Figure 52: Reverberation time ratio with tolerance range in classrooms 3a and 3b
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Figure 53: Reverberation time ratio with tolerance range in pause hall and teachers‘ room

Note: the results for the pause hall, that has already been renovated with perforated
plasterboard on the ceiling, must be interpreted with caution because an arbitrary
volume has been assumed for the calculation of the optimal reverberation time (see
section 3.1.2). Anyway, the reverberation time in the pause hall, where we normally
have no classes, is not as important as the acoustic resistance of building elements.

Airborne sound insulation
The measured weighted normalized sound level difference DnT,w between the
classroom 3b and the pause hall is 33 dB. The minimal requirement was 55 dB.

4.1.3

CO2 concentration

In both classrooms 3a and 3b, the recorded CO2 concentration peaks at exactly 2550
ppm – this must be the maximal recordable value of the measurement device. We
systematically miss data for the classroom 3a between approximately 02:30 and
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08:30: we must be careful when comparing the 2 classrooms because one as a lot
more data for unoccupied hours. In that case, histograms and distribution charts will
not be as helpful as a daily profile. Figure 54 presents the mean CO2 concentration
for each 15 minutes of the occupied days in January. Despite the missing values in
classroom 3a, the results clearly show that the indoor air quality is bad in the morning
and gets better in the afternoon.

Figure 54: Daily profile of CO2 concentration in classrooms 3a and 3b, January 2020

The sensors that are placed on each of the 16 windows of classrooms 3a and 3b
show that there are rarely more than 2 of the 16 windows that are opened at the same
time (see Figure 55). Note that the timestep of the x-axis being 15 minutes, it is
possible to get maximum values that are not integers. For example: if 3 windows were
opened at 12:14 and 4 were opened at 12:16, we round the two values and conclude
that 3.5 windows were opened at 12:15. Also, there are a few corrupted values that
are different than 0 or 1 (5 occurrences for classroom 3a and 2 occurrences for
classrooms 3b). According to Professor Schuss, those are caused by wrong
messages received from the sensors – we can ignore them and trust the rest of the
data.
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Figure 55: Weekly profile for windows openings in classrooms 3a and 3b, January 2020

The strange fluctuations in the nights between Wednesdays and Thursdays are
confirmed by Figure 56 which displays raw data from the loggers. To quickly spot
those values, we used the following command in a bash shell, from the directory
storing the datapoints CSV files: grep "2020-01-.. 0[1-5]:..:..;0.0" -r
*con* | cut -d ":" -f 1 | sort | uniq. It returns the names of the files
for which the value “0.0” appears in a January day between 01:00:00 and 05:59:59,
UTC.
January 23rd and 30th were both Thursdays and it seems that a window has been left
open during the night and closed on the next morning near 10:00 and 08:00, Vienna’s
time. Another explanation is that the windows were actually closed, but not very
tightly, and the sensor didn’t detect any contact.

Figure 56: Excerpts from datapoints 019594e2 (3b) and 019dc4c7 (3a)

The windows opening behaviour is maybe easier to read on Figure 57 where the
mean count of opened windows is plotted against the time of the day for all occupied
days of January.
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Figure 57: Daily profile for windows openings in classrooms 3a and 3b, January 2020

4.1.4

Relative humidity

As shown by Figure 58, the relative humidity during the wintertime is usually above
30 % in classroom 3b (which is good) but below 30 % in classroom 3a in the morning.

Figure 58: Daily profile of relative humidity in classrooms 3a and 3b, January 2020

4.1.5

Temperature

The temperatures in January are good for both classrooms (Figure 59).
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Figure 59: Daily profile of temperature in classrooms 3a and 3b, January 2020

A weekly profile for the whole studied period (between November 2019 and March
2020) shows a regular pattern in classroom 3b but suggest that the 2 temperature
sensors in classroom 3a are not working very well, or they were not placed at the right
positions (Figure 60).

Figure 60: Weekly profile of temperature in classrooms 3a and 3b, full time range

4.2

Simulation results

This section exploits the simulations that have been run with EnergyPlus and
OpenStudio. Except for sections 4.2.5 and 4.2.6 that concern the whole building, all
results are for the classroom 3a.
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The baseline scenario (D for „District heating“, without intentioned ventilation – see
section 3.2.2 for a description of the other scenarios and section 3.3.3 for a description
of the plotting groups) corresponds to an hypothetical standard retrofit of the thermal
envelope. The measurements results that we discussed in the previous section
concern the current state of the building and cannot be compared with the following
simulation results.

4.2.1

CO2 concentration

Natural ventilation only
As shown by Figure 61, the overall IAQ for the baseline scenario (in blue) in January
is quite bad. It is also insufficient for D_W2y (in orange) that ventilates through the
windows, 15 minutes per hour and for 2 ACH. The values for 4 ACH (in green) are
acceptable under normal circumstances (considering a threshold of 1,000 ppm).

Figure 61: Daily profile of CO2 concentration, January, group “Natural”

In June, we observe a similar pattern (Figure 103 in the appendix D).

Mechanical ventilation
During a COVID-19 outbreak, the CO2 concentration threshold should be lowered to
800 ppm according to REHVA. Figure 62 plots daily profiles in January for schedulebased DCV at 6, 10 and 14 L/s/person, with and without wintertime 2 ACH shock
ventilation.
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Figure 62: Daily profile of CO2 concentration, January, group “Mechanical”

Low-rate mechanical ventilation together with windows openings (in brown) gives
acceptable results, but the sole mechanical ventilation running at a higher flow rate
(10 L/s/person in blue or 14 L/s/person in orange) is better.
See Figure 104 (in the appendix) for the schedule-based DCV’s results in June.
Figure 63 compares schedule-based DCV at 10 L/s/person (in blue) and 14
L/s/person (in orange) with CO2-based DCV with the setpoint at 800 ppm (in red) and
1,000 ppm (in green).

Figure 63: Cumulative distribution chart of CO2 concentration, all year long, group “DCV”
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Unmet hours
Figure 64 shows that very good results can be achieved with the sole mechanical
ventilation and at least 10 L/s/person. Lower flow rates will require additional natural
ventilation.

Figure 64: Unmet hours for CO2 concentration, January, group “MainScenarios”

4.2.2

Relative humidity

Unlike for CO2, the outdoor relative humidity level is not a constant (outdoor CO2
concentration is not an absolute constant, but it is considered as one). Also, this
relative quantity depends on other variables (like temperature and pressure). For this
reason, the graphs might be more difficult to analyse so we will take the time to explain
them. We would also like to remind that the indoor values should be between 30 %
and 70 % in general, and this is true with or without COVID-19.

Natural ventilation only
Figure 65 plots January’s daily profiles for the scenarios that do not use mechanical
ventilation. The fast drop at 06:00 corresponds to the baseboard radiators that start
warming the indoor air (warmer air can contain more water vapor, so the dewpoint
raises and the relative humidity ratio decreases). The occupants arrive at 08:10 and
the indoor environment gains humidity. From this point, shock ventilation brings some
fresh air 15 minutes per hour and, even if the cold outdoor air relative humidity is
higher than indoor, it contains less water vapor: to open the windows during
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occupation releases humidity from inside to outside. There is a need to humidify the
indoor air in winter.

Figure 65: Daily profile of relative humidity, January, group “Natural”

In June (Figure 66), the heating radiators are “replaced” by the sun and this also has
for effect to lower the indoor relative humidity before the occupants arrive, but the
variation is lower. What happens from 08:10 in June is comparable to what happens
in January at the same time, even if the values’ range is different, because the outside
air is still colder than inside (maybe not always, but this is usually the case): to open
the windows lowers the indoor relative humidity. However, there is no need to humidify
nor to dehumidify the indoor air in summer.

Figure 66: Daily profile of relative humidity, June, group “Natural”
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Mechanical ventilation
Results for mechanical ventilation scenarios are plotted in Figure 67 and Figure 68:
in January, there is an obvious need to humidify the indoor air. In June, the results
are quite satisfactory.

Figure 67: Cumulative distribution chart of relative humidity, January, group “Mechanical”

Figure 68: Violin plots for relative humidity, June, group “MechanicalSummer”

Figure 69 compares schedule-based DCV at 10 and 14 L/s/person (in blue and
orange) with CO2-based DCV for a setpoint of 800 ppm and 1,000 ppm (in red and
green) for January. As we could expect, CO2-based DCV performs a bit better
because it brings a bit less outdoor air inside. However, the indoor air is still too dry.
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Figure 69: Daily profile of relative humidity, January, group “DCV”

The dedicated ventilation devices that we are studying recover heat via a plate
exchanger, but the scenario variant DS_Dd800wen (that corresponds to
DS_Dd800ren with an entropy wheel for energy recovery instead of a plate
exchanger) has also been simulated. Figure 70 and Figure 71 plot the results for
January. We see that the latent recovery helps but the relative humidity is still below
30 % during half of the occupied hours.

Figure 70: Daily profile of relative humidity, January, group “RecoveryType”
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Figure 71: Cumulative distribution chart of relative humidity, January, group “RecoveryType”

Unmet hours
Figure 72 confirms that to we should humidify the air in winter. Figure 73 shows that
natural and mechanical ventilation both have a positive impact on relative humidity in
summer.

Figure 72: Unmet hours for relative humidity, January, group “MainScenarios”
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Figure 73: Unmet hours for relative humidity, June, group “MainScenarios”

4.2.3

Temperature

Natural ventilation only
On Figure 74, we see how a shock ventilation at 4 ACH in January causes sudden
temperature drops and creates uncomfortable situations (in green) – especially for
those sitting next to the windows. Ventilating with 2 ACH (in orange) is acceptable
because the range variation is not that big (unless at 07:00, but there is no class at
that time).

Figure 74: Daily profile of temperature, January, group “Natural”
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Figure 75 shows that shock ventilation in June is not enough to keep the temperature
below 28 °C. This indicates that a higher ACH or longer period of ventilation are
needed.

Figure 75: Daily profile of temperature, June, group “Natural”

Mechanical ventilation
In winter (Figure 76), the variations that are caused by the shock ventilation are
mitigated the same way regardless the mechanical ventilation flow rate. This rate does
not really affect the indoor temperature when using electric strips because the
supplied air is delivered warm.

Figure 76: Daily profile of temperature, January, group “Mechanical”
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In summer (Figure 77), 14 L/s/person (in orange) gives better results than 10
L/s/person (in blue) for which the temperatures remain above 28 °C during the whole
occupation, and they reach very high values with 6 L/s/person (in green). But even
with 14 L/s/person, it is too warm in the classroom.

Figure 77: Daily profile of temperature, June, group “MechanicalSummer”

Figure 105 (in the appendix) compares schedule-based DCV at 10 and 14 L/s/person
with CO2-based DCV for a setpoint of 800 ppm and 1,000 ppm, in June.
Night ventilation
In Figure 78, we compare mechanical ventilation scenarios with and without night
cycles. Thanks to the ventilation at night, we can expect classrooms to be at least
1 °C cooler during the day. This is less than the typical temperature reduction that one
could expect but remember that our scenarios are configured for COVID-19 situations:
we start to ventilate 2 hours before the occupants arrive and stop 2 hours after they
leave – this somehow mimics a shortened night ventilation and thus limits the effect
of the “real” one.
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Figure 78: Daily profile of temperature, June, group “NoNight”

Heat recovery
Figure 79 shows that the absence of heat recovery has a very little impact on the
indoor temperature (if we use electric strips that can handle the load) – blue versus
orange for 10 L/s/person and green versus red for 14 L/s/person.

Figure 79: Violin plots for temperature, all year long, group “NoRecovery”

Unmet hours
Figure 80 and Figure 81 display the unmet hours through the whole year and for the
plotting groups MainScenarios and DCV: as previously stated, mechanical
ventilation is beneficial in summer, but do not suffice to avoid summer overheating.
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Figure 80: Yearly unmet hours for temperature, group “MainScenarios”

Figure 81: Yearly unmet hours for temperature, group “DCV”

Electric strips
Figure 82 shows that without electric strips inside the ventilation devices, we would
have more, but not excessively more, unmet hours in wintertime: it takes some time
for the radiators to heat the cold supplied air, but they do the job.
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Figure 82: Unmet hours for temperature, January, group “NoStrip”

4.2.4

Psychrometric charts

Psychrometric charts that also display CO2 concentration information have been
plotted. They display the events for which at least one quantity is outside the
acceptable range: temperature outside 20–28 °C, relative humidity outside 30–70 %,
CO2 concentration higher than 800 ppm.
The charts are a bit too small when embedded in this document, but you can browse
their full-sized versions on the git repository https://gitlab.com/souliane/thesis.
Figure 83 and Figure 84 shows the results for scenarios D_W4y (natural ventilation)
and DS_D14ren (mechanical ventilation). This pictures how mechanical ventilation
can improve the temperature (specially in winter) and CO2 concentration, but not the
relative humidity.
Note: in Figure 84, all the plots are outside the acceptable psychrometric range
because we have no unmet hours for CO2 concentration: if there was a plot inside
that range, it could (by definition) not correspond to an unmet hour for temperature or
relative humidity, so it would have to represent an unmet hour for CO2 concentration.
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Figure 83: Psychrometric chart for unmet hours of scenario D_W4y, all year long

Figure 84: Psychrometric chart for unmet hours of scenario DS_D14ren, all year long

Figure 85 and Figure 86 (plus Figure 106 and Figure 107 in the appendix) plots the
yearly unmet hours for the scenarios of the COVID group: half occupancy, windows
opening each 20 minutes, ACR fixed or calculated according to the windows’ opened
area (as explained in section 3.2.2). We see small discrepancies but all COVID
variants give very satisfactory results regarding the CO2 concentration. Not to forget
that the energy consumption is not visible on these graphs.
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Figure 85: Psychrometric chart for unmet hours of scenario D_W4y_covid, all year long

Figure 86: Psychrometric chart for unmet hours of scenario D_Wa.25y_covid, all year long

4.2.5

Sources of heat gains

Figure 87 displays where heat is gained from for the variant DS_D14ren. This graph
is created with the OpenStudio measure EnvelopeAndInternalLoadBreakdown.
This is for the whole building and not only for classroom 3a.
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Figure 87: Heat gains monthly breakdown (in kBtu) for variant DS_D14ren

4.2.6

Energy consumption

In Figure 88, we see how the absence of heat recovery leads to higher annual electric
consumption. Note that this figure plots the end uses for electricity only (the heating
values in red correspond to the electric strips).

Figure 88: Yearly end uses for electricity, group “NoRecovery”

Figure 89 displays the normalized total energy uses per square meter (EUI). As you
know, all mechanical ventilation scenarios apply the REHVA recommendations for
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COVID-19 and they also ventilate outside the occupied hours. The scenarios with the
_COVID suffix correspond to intensive natural ventilation.

Figure 89: Total Site EUI, group “AllScenarios”

Figure 90 splits the EUI between fans, pumps, interior lighting, and heating (district
heating and electricity together).
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Figure 90: Yearly end uses for all energy sources, group “AllScenarios”

Figure 91 shows what part of the used energy comes from the district heating, and
what part comes from the electric grid (including lighting consumption).

Figure 91: Yearly energy uses, group “AllScenarios”
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4.3

Discussion and recommendations

This section is mainly based on the previous results analysis. It also develops some
of the ideas that have been presented in section 2.3.3, but does not do it exhaustively.
To sum up, the following measures are necessary to complement the thermal
envelope retrofit of the NMS in Grein:
•

Install new lights to provide better illuminance values in the classrooms.

•

Install a CO2 sensor in each classroom and keep the concentration below
1000 ppm (or 800 ppm during a COVID-19 epidemy). This must be done all
year long, and not only when the outside temperatures are comfortable. If
mechanical ventilation devices are used, this is optional.

•

In summertime, ventilate intensively through the windows to avoid
overheating. If mechanical ventilation devices are used, this might still be
required to reach acceptable indoor temperatures. It is usually cooler outside
then inside during the whole day (at least in Grein, maybe not in Vienna), but
do not wait for the situation to become unbearable: leave the windows
opened during the morning in preparation for the afternoon.

•

In wintertime, it is not sufficient to open only 1 or 2 windows. Also, it is better
to open more windows for a shorter period than to open fewer windows for a
longer period.

The following measures are recommended:
•

Install acoustic absorbers in the classrooms.

•

Replace clerestory windows with acoustically insulating glass panes.

•

Install dedicated mechanical ventilation in the classrooms with DCV, heat
recovery, air economiser and night ventilation. The main motivation is to
improve the IAQ without causing a thermal discomfort in wintertime when the
classrooms are occupied. It is also beneficial in summertime, especially at
night to cool the building, but also during the day to depend less on the
occupants.

•

Install more PV panels to reduce the total EUI.

•

Add shading elements (where they miss) to reduce solar gains in
summertime. Surfaces that are oriented to the South are the best
candidates, but also large surfaces that are oriented East or West. Avoid
fixed elements because we do not want to block the sun rays in wintertime.

The following measures are optional because less interesting or difficult to implement:
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•

If ventilation devices are installed, to embed the (usually sold as an option)
electric strips will reduce thermal discomfort in wintertime.

•

Install solar collectors (only if a large part of the costs can be subsidised) to
heat domestic water for the kitchen, restrooms, etc.

•

Use active humidification devices in wintertime: this is actually much needed,
but the compelling operation makes it difficult to implement.

4.3.1

Lighting

Section 4.1.1 showed that the classrooms lighting system deserve a refreshment. The
lights rows are currently off-centre (there is one row close to the windows, one that is
somehow in the middle, but nothing near the internal wall where we get the least
sunlight), and the produced illuminance is not enough. It is recommended to change
the lighting system to reach 500 lux in the physics room and 300 lux in the classrooms
(or 500 lux also in the classrooms to make them suitable for evening courses).
Figure 92 presents the results of a simulation made in Dialux 4.13 for a typical
classroom dimension. This has been done for a previous educational project, also
about school renovation. It is equipped with 6 evenly distributed units of the pendant
LED luminaire from Figure 93, and white reflectors fixed to the ceiling above the
luminaires (those emit from both sides). With this setup, we get more than 500 lux in
the whole classroom while the U0 ratio is 0.64, and UGR values for horizontal
workspaces do not exceed 12. The average lighting electric consumption is less than
3 W/m2 everywhere.
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Figure 92: Illuminance in a typical classroom with 6 Castaldi DD109SD302DN and reflectors
(simulation for the winter solstice at 08:00)

Figure 93: Picture and light distribution of Castaldi DD109SD302DN (14878 lumens, 116W)

By lowering the lighting consumption from approximately 15 W/m2 to 3 W/m2, we can
expect from such an installation a reduction of the total site EUI of about 10 W/m2 (the
lighting consumption is divided by ≈ 5 so we save ≈ 32600 kWh per year, and 32600
kWh / 3243.46 m2 ≈ 10 kWh/m2). Assuming that the kWh costs 5 cents, this
corresponds to a reduction of about 1600 € on the annual electricity bill.
Alternatively, we could use fluorescent light bulbs that do not require the installation
of reflectors because they distribute the light better, but they lose luminance with time
and should be change each 10 years.

4.3.2

Acoustics

Section 4.1.2 showed that the acoustics of the classrooms 3a and 3b are not optimal,
and it could be improved with the installation of perforated or slotted gypsum boards
on the ceiling, and maybe some extra mineral wool behind the boards. Special
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acoustic plaster already incorporating mineral wool can also be used. In addition,
absorbers can be installed on the back of the room and around the blackboard.
The airborne sound insulation measurements made between the classroom 3b and
the pause hall ended on a poor result. In that case, the weakest element between the
two rooms is probably the glass pane that is above the door (c.f. Figure 25). It is
recommended to change it for an insulating glass.

4.3.3

Natural ventilation

On cold months
The measurements results presented in section 4.1.3 confirm that during the winter,
people do not like to open the windows (Gao et al., 2014; Heebøll et al., 2018).
Simulations have shown that shock ventilation that would keep CO2 concentration
values below 1000 ppm would create uncomfortable thermal conditions.
Nevertheless, it is necessary to do it in the absence of mechanical ventilation.

On warm months
Results from 4.2.3 show that a shock ventilation of 15 minutes per hour at 4 ACH is
not enough to provide comfortable thermal conditions in June. However, the outdoor
temperature in Amstetten (less than 12 km away from Grein, c.f. section 1.3.1) does
not often exceed 27 °C on a school month. A study of the EPW weather data shows
that in 2005 (we unfortunately do not have more recent data), this happened on May
28th, and in June between the 18th and the 25th – and never before 11:00. Usually, we
could consequently open the windows for much longer than 15 minutes, or even leave
them opened during the whole duration of the classes – especially in the morning to
prevent heat accumulation and prepare for the afternoon.
Natural night ventilation (not studied in this work), if logistically possible, would also
be very beneficial to evacuate the heat that has been stored during the day.

Official instructions for COVID-19
The scenarios simulated for implementing the current official Austrian’s instructions
have a tremendous impact on the heating demand, but those instructions are only
temporarily enforced, and they are supposed to provide particularly safe conditions.
It makes no sense to compare their EUI with that of another scenario.
We can see from the graphs in section 4.2.4 that the provided IAQ is excellent, and
that is the main criteria to consider. But our results also show that opening only 4
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windows out of the 16 that are in the classrooms would still provide a very good IAQ
while lowering the total EUI from 143 to the more acceptable value of 70 kWh/m2a.
On the interpretation of the instructions
There is an uncertainty whether the instructions require to both diminish the
occupancy and to open the windows each 20 minutes. The position paper
(Bundesministerium für Klimaschutz, Umwelt, Energie, Mobilität, Innovation und
Technologie, 2020) says that the particular ventilation behaviour should be adopted
in classrooms that are usually occupied by 20–30 persons (in the original text: “einer
Anzahl von üblicherweise 20-30 Personen pro Raum”). The limited occupancy is
described in another paper (Bundesministerium für Bildung, Wissenschaft und
Forschung, 2021) and in the end, it is difficult to know what the adjective “usually”
refers to: if the classroom used to be occupied by 20 persons but we have adopted
the half-occupancy rule, is the usual occupation still 20 or is it 10? In case of doubt –
and especially because we do not exactly know the relation between the IAQ and the
COVID-19 transmission’s risk, plus it is very likely that the occupants will not strictly
follow the rules – it is better to stay on the safe side and implement both measures at
the same time.
Note: you probably noticed that the regular occupation in the NMS Grein is around 15
persons per classroom, and not 20–30. It was more interesting for this work to ignore
the minimum occupancy condition for the application of the special ventilation
behaviour. If needed, new models implementing only 1 of the 2 measures can be very
easily generated by “bstools”.

4.3.4

Mechanical ventilation

The simplicity and free of natural ventilation is very attractive, but its operation
depends on people for whom thermal comfort (a sensible condition) is more important
than air quality (not very sensible). Mechanical ventilation comes with extra costs but
has two major advantages: it does not depend on the occupants and it can bring fresh
but not cold air in wintertime.

Topology
Under normal circumstances, we would not plan the retrofit of such a building with a
central ventilation system because this would cost more and would be more difficult
to install. Now the COVID-19 epidemy gave us yet another reason to focus on fully
decentralised (i.e., dedicated) systems because it is safer to isolate the served zones.
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Air flow rates
Attentive readers probably noticed that all our scenarios for mechanical ventilation
implement DCV, either based on occupancy schedule or CO2 concentration, but a
strict application of the REHVA guidance would be to run the device at nominal speed
(around 500 m3/h) through the whole day. It was more interesting to study variable
ventilation rates (but with a minimum airflow ratio of about 0.5, so in the end we get
at least 250 m3/h, also during the breaks).
An extension of this work could simulate with a constant flow rate from 06:00 to 19:00,
but the interest would be limited. We can predict from the patterns observed in section
4.2.3 what the results would look like: less CO2 in the indoor air (but our IAQ is already
good enough), even drier air in winter, probably better temperatures in summer and
a very little more energy consumption (see “Heat recovery” below).
Schedule-based DCV
Our results showed that 10 L/s/person and more provide COVID-19 safe conditions
(CO2 concentration below 800 ppm) during the winter period, with or without shock
ventilation. But the indoor temperature is more stable, the relative humidity is better
(but still not ideal), and the total energy consumption is slightly lower without shock
ventilation (variants DS_D10ren and DS_D14ren).
During the warmer months, 10 or 14 L/s/person also provide good CO2 concentration
values, but these rates do not suffice to keep the temperature below 28 °C (see
subsection “Additional natural ventilation” below).
CO2-based DCV
Regarding the IAQ, this type of DCV is more effective than the schedule-based
strategy because it does not over-ventilate the room when the setpoint is already
reached, so it saves a bit of energy and the indoor relative humidity is slightly better
in winter – but the summertime temperature issue remains.
An extension of this work could simulate with a double setpoint (when the upper
setpoint is reached, we ventilate until the lower setpoint is met) as done in Chenari et
al., 2017, but we know that it would have a limited impact on the energy consumption.

Heating in winter
Heat recovery
Simulations without heat recovery (but with electric strips) have been run and we saw
that it does not really affect the room temperature, but it greatly increases the heating
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costs because the electric strips will have to work much more (assuming that they are
powerful enough to heat that quantity of fresh air).
The rotary energy recovery devices that are not well maintained can be dangerous
regarding COVID-19, but the plate exchangers that are embedded in dedicated
compact devices are safe. In the NMS Grein and in other buildings of the same
context, mechanical ventilation should systematically leverage heat recovery.
With an effective heat recovery, the impact of the outdoor air flow rate on the energy
consumption is little: in case of doubt, we can increase the DCV rate or even operate
at the nominal rate during the whole occupation.
Electric strips
Scenarios without electric strip (but with heat recovery) have also been simulated and
the results showed that it would not really change the energy consumption (because
the district heating is also quite effective), but we would get more wintertime unmet
hours. However, the count of extra unmet hours is not huge, and the electric strips
are often sold as an option: if the budget for installing new ventilation devices is tight,
we can spare ourselves the electric strips and rely on district heating only.

Cooling in summer
An extension of this work should focus on solving the summer overheating issue that
is present in all our scenarios. One way to achieve this would be to increase the
nominal air flow rate, but with 14 L/s/person we are already reaching the limit of the
considered compact devices. Another way, since we know that the weather conditions
in Grein are favourable to opening the windows for long periods, would be to
complementary or even entirely rely on natural ventilation during the day – but
mechanical ventilation at night is still very attractive.
Air economiser
Also known as free cooling, it is enabled in all the simulated mechanical ventilation
scenarios. All the devices that can supply with a flow rate above 500 m3/h provide this
feature for sure and there is no reason to not use it.
Night ventilation
This special usage of the air economiser allows to cool with outdoor air outside the
normal ventilation schedule. It should be activated not only during the summer but
from March to October. Unlike natural night ventilation, the mechanical one does not
require somebody to open and close the windows, plus it does not expose the school
at the risk of theft or vandalism.
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The COVID-19 guidance document from REHVA recommends starting ventilating 2
hours before the occupants arrive and to stop 2 hours after they left: the purpose is to
flush the air loop, not to cool the room, but this does the same as a shortened night
ventilation.
Additional natural ventilation
When you already have a mechanical device with air economiser, to open the
windows for the purpose of cooling during the middle of a summer day might sound
contra-productive. However, the indoor temperature that we get with our simulations
is almost always higher than the outdoor temperature. On top of that, tweaking the
mechanical ventilation settings can be complicated, the device consumes energy and
makes noise.
To complement mechanical ventilation with windows opening is actually a good idea.
Ideally, you would need a display panel connected to indoor and outdoor
thermometers. Otherwise, considering the weather conditions in Grein, it is sufficient
to trust the occupants’ feeling.

Relative humidity
As shown in 4.2.2, an active air humidifier would be needed during the cold months
to compensate for the classrooms‘ ventilation. This is the sole studied quantity for
which the baseline performs better than our scenarios, but this is easily
understandable: when it is colder outside than in an occupied room, the more we
ventilate, the drier the indoor air.
However, it is very unusual to install active air humidifier devices in Austria because
the operative and documentation rules to avoid bacterial growths such as legionella
are compeling, and the legal responsability of the building operator is involved.
The devices selected in section 3.2.2 do not recover humidity and this is somehow a
good thing regarding COVID-19, as it prevents any risk of contaminating the fresh
supply air with the exhaust air – as previously said, energy recovery devices that
transfer humidity are not to be banned, but we must be sure that they do not leak.
For the sake of completeness, one scenario variant simulated energy recovery with
an entropy wheel and we could gain up to 10 % more indoor relative humidity in the
afternoon, but the values are still unsatisfactory until 11:00.
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Costs
Installation and maintenance
To change the filters does not require the competence of a HVAC technician and can
be done by the concierge of the school. The costs for the filters is evaluated between
40 € and 80 € per classroom and per year (Evaluierung von mechanischen
Klassenzimmerlüftungen in Österreich und Erstellung eines Planungsleitfadens,
2008).
Assuming that the device’s lifetime is 20 years and using the installation’ price range
from section 3.2.2 (between 6,000 and 10,000 €), Table 16 estimates the monthly
costs to cover the installation and maintenance costs of dedicated ventilation devices,
per person and per month. If active humidifiers were to be install, their purchasing
price would be almost negligeable in comparison to this price range: we could assume
that they are already included.
Table 16: Monthly cost per person to cover mechanical ventilation devices
Considered zones

Number
of
persons

Costs’ lower limit [€]

Costs’ upper limit [€]

For 20
years

Monthly,
per person

For 20
years

Monthly,
per person

Classroom 3a only

14

6,800

2.0

11,600

3.5

All 12 ventilated rooms

179

81,600

1.9

139,200

3.2

To these costs, we must add some of the school’s concierge’s time for changing the
filters and inspecting the devices: between 15 minutes and 2 hours per classroom and
year.
Operation and payback
Our ventilation scenarios do not allow to reduce the energy consumption of the
baseline but increase the total site EUI of at least 4 kWh/m2, so we can hardly talk
about a payback time. However, the baseline provides unhealthy conditions with CO2
concentrations above 2,000 ppm and sometimes over 3,000 ppm during most of the
occupied hours. The variants simulating ventilation devices also operate under
special circumstances, more than normally required, and thus consume more. The
scenarios that model natural but no mechanical ventilation cannot perform well for
both the IAQ and the thermal comfort, and they consume even more.
We are discussing an investment that has positive effects on the studying conditions
and the health of the occupants. Those effects are hardly measurable with monetary
quantities, but they essentially serve the main purpose of any building. The payback
is not the only criteria to decide for the necessity of a refurbishment measure.
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4.3.5

CO2 sensors

A CO2 sensor should be systematically installed in all classrooms that miss
mechanical ventilation. Sensors that cost ≈ 100 euros have a ±- 50 ppm accuracy (Air
Infiltration and Ventilation Centre, 2012). Values above 1,000 ppm or 800 ppm
(depending on the situation) should motivate the teacher or the pupils to manually
open the windows. For example, there could be each week a different responsible
pupil for operating the windows.
It is a good idea to install readable CO2 sensors also in classrooms that are
mechanically ventilated, not only to raise awareness or because the system might
sometimes not succeed to meet the requirements, but also because the sensors
installation could be integrated in the teachings. In schools like the NMS Grein (IT and
polytechnic), they could even be built by the pupils following examples from the „Do
It Yourself“ and „maker“ cultures. Figure 94, Figure 95 and Figure 96 show examples
of homemade CO2 sensors that use open-source hardware and software.

Figure 94: Homemade CO2 sensor unit (source: Brian Boyles, 2019)

Figure 95: Arduino and K-30 sensor (source: Marv Kausch, 2017)
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Figure 96: CO2 detector (source: Guillermo Amat, 2021)

4.3.6

Solar technologies

Solar collectors
In a previous TU Wien course‘s project made together with Caroline Walder, Hilde
Noreng and Nandor Mihàly in 2020, we studied the installation of 116 m2 of
GREENoneTEC GK3003 (GREENoneTEC, 2020) solar flat plate collectors on the
roofs of the NMS Grein (see Figure 97). The collectors are used together with a buffer
storage tanks and supplies the school with hot water.

Figure 97: School model with solar collectors in Sketchup

We gathered some information about the installation and maintenance prices from
“Austria Solar” and the “AEE – Institut für Nachhaltige Technologie” who kindly
answered our questions:
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•

There are several promotion programs for solar heating projects (Austria
Solar, 2020). The “Solarthermie – Solare Großanlagen” program subsidizes
projects with more than 100 m2 solar collectors up to 45 % (Klima- und
Energie Fonds, 2021).

•

The installation costs for projects of our scale vary between 500 and 600 €
per m2 of collectors (including buffer storage tank and with the value-added
tax) (Austria Solar, 2020).

•

The yearly maintenance costs can be planned as 0.5 % of the investment
costs. The lifetime of collectors can be assumed to be 25 years. The lifetime
of other components can be taken from the ÖNORM M 7140.

•

The yearly energy gain is roughly 350–400 kWh per m² of collector.

Our energy simulation showed that the payback time is between 17 and 21 years
when the installation is subsidised up to 45 %. Without any subvention, the payback
will not happen within the lifetime of the solar collectors.

Photovoltaic (PV) panels
The NMS Grein already installed 20 m2 of photovoltaic panels. A monitoring panel is
displayed in the pause hall near the stairway (see Figure 98).

Figure 98: Information panel of the PV installation of the NMS Grein

This work did not study it further, but 20 m2 is actually not a lot. We know from previous
case studies that the installation of PV panels on much bigger surface (up to 20 times
more) is a good practice (Österreicher, 2015). Also, as for the solar collectors, there
are subvention programs to push the usage of renewable energy. Since the PV
technology is more trendy than solar collectors, it may even be easier to get helped.
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4.3.7

Shading elements

The proportion of heat gained from the windows during the hottest months of the year
is not huge, but it still suggests that we could add some shading surfaces (see section
4.2.5). According to the EnergyPlus reports, the above ground windows to wall ratio
of the thermally retrofitted school is 31.2, so perfectly protected windows would gain
in total about 50 % of what the walls do, but they gain about 180 % in May and June.
We need the sunlight and are not willing to fully obstruct the windows, but this just
give a rough idea about the situation.
There are already curtains inside (those are not the best against summer overheating)
and external venetian blinds outside the classrooms, but nothing in the pause hall
where the windows to wall ratio is quite high (see Figure 99). Note that the pause
hall‘s windows are oriented to the West and not to the South. This is a good thing –
probably not fortunate but by design.

Figure 99: Pause hall (from the first floor)

When installing shading surfaces, we do not want to block the beneficial solar gains
in winter, so we better not select fixed opaque surfaces. Instead, we could use for
example special waterproof (because there are to be installed on the external side)
rolling textile screens that will keep most of heat out while partly letting visible light in.
For examples, see products from the “Phifer“ company.

4.3.8

Automation tool

The „bstools“ module currently counts approximately 4,000 lines of code and
comments that are organised in 32 files. It allows to parameterize EnergyPlus models
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to a certain extent without having to know how the technical implementation work.
From this perspective, it is comparable to an OpenStudio measure with a lot of
parameters to finely configure ventilation and more. But it also allows to run a batch
of scenarios and then to plot some graphs in order to help the user analyse the results.
In addition to the most popular types of graphs (lineplot, boxplot, distribution and
cumulative distribution charts, histogram, trend chart, bar plot), „bstools“ generates
some that are less accessible to the average Excel users (heatmap, isoline, stacked
barplot) and it even introduces a new kind of psychrometric chart that plots
temperature, relative humidity and CO2 concentration level on the same picture.
Nevertheless, this is for now a prototype that has been tailored for our case study and
it could be improved in many ways. For instance:
•

To work with IDF files without depending on OpenStudio. It is true that
OpenStudio makes the configuration of EnergyPlus models easier, but it is
even faster (and sometimes also easier) to do it with a command line tool. In
the end, the tool only requires from OpenStudio a JSON file that is generated
by the OpenStudioResults report, but the same information could be directly
retrieved from the EnergyPlus results database.

•

To get rid of all the EnergyPlus warnings is already difficult when working on
a single model, and it is a great challenge to generate a batch of autoparameterised models that will perfectly run through the workflow. While
working on this project, all scenarios could run without errors but some
outputed a lot of warnings (specially those using energy recovery). Since the
results look coherent and trustable, it has been assumed that those warnings
can be ignored.

•

To handle more configurations (central or partially decentralised ventilation).

•

To leverage parallelism, which could drastically reduce the runtime.
Nowadays, most computers are equipped with a processor that embeds at
least 4 cores and we are „wasting“ some resources when using only one.

•

To write an algorithm in order to generate less graphs and to assist the
analysis part. In case of doubt, it is better to generate too much than too
less, and to let the user filters the information. But there should be a way to
auto-detect what graphs are the most useful and to emphasis discrepancies.
For example: sometimes the generated graphs contain too much information
because they represent many scenarios, and it should be possible to merge
very similar scenarios in order to lower the number of plotted datasets.

•

To write tests to detect regressions when the source code is modified.
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CONCLUSION

The study of the NMS Grein, representative school building of the 70’s, was based on
measurements that were taken for the building’s status quo, and on simulations of
COVID-19 ventilation scenarios that derive from a hypothetical state of the school,
where the thermal envelope has already been retrofitted.
It appears that the current lighting system is not sufficient: it should be changed to
provide good studying conditions and to decrease the energy consumption. It is also
recommended to install sound absorbers in the classrooms (to improve the
reverberation times), and to change the clerestory windows above the classrooms’
entrances (to prevent noise propagation from the pause hall).
Even under normal circumstances, it is difficult in wintertime to get both good indoor
air quality and comfortable temperatures with natural ventilation only. In the context
of a COVID-19 outbreak, the CO2 concentration should remain under 800 ppm and
this is hardly manageable without mechanical ventilation. The costs for the dedicated
devices (one per classroom, ductless) are estimated between 2–3.5 € per person and
per month during the devices’ lifetime (20 years). In addition to providing a healthy,
hopefully risk-free environment, it is possible in wintertime to supply a large volume
of fresh air without perturbating the indoor temperature (heat recovery, electric strips).
In summer, you would benefit from advanced control strategies to help cooling the
room (night ventilation).
However, the installation of mechanical devices is not mandatory and, if temporary
thermal discomfort is tolerated during the colder months, it is possible to rely entirely
on natural ventilation. To prevent summer overheating and complementary to
mechanical or manual night ventilation, the results showed that it is necessary to open
the windows during the classes, specially in the morning to prepare for the afternoon
– and this is true even if mechanical ventilation is already available, because the
maximal air flow rate of affordable compact devices (corresponding to 2.7 ACH in the
studied classroom) does not necessarily suffice to quickly cool the classrooms.
If mechanical ventilation devices are not installed, and because we know that the
occupants rarely open the windows as much as they should, it is very necessary to
install CO2 sensors (with either a numeric display or LED indicators) in all classrooms.
This case study motivated the prototyping of a versatile tool for automating the
configuration and run of EnergyPlus simulations, as well as plotting graphs from
various data sources. This prototype has been tailored for the present work and it will
certainly not work “out of the box” for other use cases, but the current design should
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be flexible enough, and the programming language popular enough, to make it a good
candidate for serving other projects with similar context.
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APPENDIX

A. Basic lexicon of HVAC technologies
•

Boiler: a vessel where water is heated with electric or fossil fuel energy.

•

Chiller: a closed circuit composed of a compressor, an expansion valve and two
coils (one condenser and one evaporator) that is used to cool water or air.
Example: a fridge.

•

Heat pump: a chiller with a reversing valve, so that the role of the cooling and
heating coils can be inversed. In practice, we say „chiller“ when the device only
cools only and „heat pump“ when it can also heat or when it only heats.

•

Direct Expansion (DX): the coil for evaporation (when cooling) or condensation
(when heating) is in direct contact with the air that will serve the zone. Beside the
coil, there is no medium (like water or another fluid) that transfers the heat
between the refrigerant and the air.

•

Split system: refrigerant is pumped directly to the zones instead of using water as
a heat medium. This is a DX system.

•

Heat strip: an electrical resistance. Example: a toaster.

•

Packaged: all the components of the cooler or heat pump are in one single
package. For example, this does not apply to split systems because a package
unit implies that the refrigerant does not exit the unit.

•

Terminal: a component of the loop that is located in the zone it serves and that is
the last loop’s component before the air is delivered (via a diffuser or directly – a
diffuser does not count as a terminal).

•

Constant Air Volume (CAV): the air flow is fixed, but not the temperature setpoint:
to adjust the zone temperature, we deliver cooler or warmer air.

•

Variable Air Volume (VAV): instead of varying the air temperature, we deliver more
or less air. This uses less energy as CAV because it allows the fans to operate at
lower speed when the load is not at its peak (it uses less energy and makes less
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noise). There’s typically a VAV air handling unit that serves several VAV terminals,
but packaged VAV terminal also exist.

B. Descriptions of EnergyPlus HVAC templates
•

„Baseboard heating systems with optional hot water boiler“: no ducting, no fan but
a heating panel installed along the base of the wall. The heat of the device radiates
to the room and is also transported by convection around the device. It can be
electric (thermal resistance) or hydronic (in that case, hot water that is coming
from the building hot water system is used as a medium to transfer heat).
Example: a radiator connected to district heating.

•

„Fan coil systems with boilers and chillers“: a fan and coil combination, the fan
can be „blow-through“ or „draw-though“ depending if it is before or after the
heating or cooling coil. Those terminal systems are located just before the air
diffuser. The coil is part of the boiler‘s, chiller’s or heat pump’s loop.

•

„Packaged terminal air conditioner (PTAC) systems with optional hot water boiler“:
a cooler that is mounted in a wall to serve a single zone. Some models can be
linked to the building hot water system so that they can also heat the zone. Those
are typically used in hotel rooms.

•

„Packaged terminal air-to-air heat pump (PTHP) systems“: like a PTAC but with a
heat pump instead of a chiller. They can embed auxiliary heat strips to assist the
heat pump when its output does not suffice to reach the load.

•

„Water to air heat pumps with boiler and cooling tower“: this is used in large
systems where the water passes through a central boiler (probably in the
basement) and a cooling tower (on the roof). In between, the water is used by
heat pumps as a heat medium (not DX). With this kind of system, it is possible to
heat and cool different zones simultaneously.

•

„Variable refrigerant flow heat pumps (air-to-air)“: VRF systems are ductless and
can modulate the amount of refrigerant sent to each zone. The single outdoor
condenser or evaporative coil is connected to several indoor air handling units
(split system), so the refrigerant is directly pumped to the zones (DX).

•

„Variable refrigerant flow heat pumps (water-to-air) with boiler and cooling tower“:
similar to water to air heat pumps with boiler and cooling tower, but using VRF
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heat pumps. The VRF is connected to the boiler‘s and cooling tower‘s water loop
so that water is used as the heat medium (not DX).
•

„Direct-expansion cooling, packaged and split system simulations“: a packaged
chiller on the rooftop is ducted to the zones, or the refrigerant is directly pumped
to the zones (split system).

•

„Direct-expansion heat pump systems“: same as DX cooling, but with a heat pump
instead of a chiller.

•

„Packaged variable air volume systems using direct-expansion cooling“: DX chiller
on the roof with VAV.

•

„Variable air volume systems with boilers and air-cooled chillers“: VAV with boiler
in the basement and a water chiller on the roof (the condenser is on the roof and
it is cooled by fans).

•

„Variable air volume systems with boilers and water-cooled chillers [with] an object
related to towers“: VAV with boiler and chiller in the basement - the condenser
evacuates its heat to water that is sent to a cooling tower on the roof.

•

„Constant air volume systems with boilers and water-cooled chillers“: same as
before, with CAV instead of VAV.

•

„Dual-duct systems (constant or variable air volume) with boilers and water-cooled
chillers“: the zones are served by two ducts, one for heating and one for cooling the air is mixed in a mixing box before being delivered to the space. It is possible
to instantly change from cooling to heating mode and vice versa.

•

„Dedicated outdoor air systems (DOAS) combined with a zonal template system“:
system that is focused on ventilation in the first place, and not on heating or
cooling.
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C. Tables
Table 17: School holidays in Lower Austria between 02/09/2019 and 03/07/2020 1
Holidays

Description

26/10/2019–31/10/2019

Austrian national holiday and fall holidays

01/11/2019–02/11/2019

Allerheiligen and Allerseelentag

15/11/2019

Festtage der Landespatrone

08/12/2019

Mariä Empfängnis

23/12/2019–06/01/2020

Christmas holidays

03/02/2020–08/02/2020

Semester holidays

04/04/2020–14/04/2020

Easter holidays

19/04/2020

Karfreitag (for evangelists only)

01/05/2020

National holiday

21/05/2020

Christi Himmelfahrt

30/05/2020–02/06/2020

Pfingstferien

11/06/2020

Fronleichnam

04/07/2020–06/09/2020

Summer holidays

26/10/2020–31/10/2020

Austrian national holiday and fall holidays

01/11/2020–02/11/2020

Allerheiligen and Allerseelentag

15/11/2019

Festtage der Landespatrone

08/12/2019

Mariä Empfängnis

24/12/2020–06/01/2021

Christmas holidays

Source:
https://www.bmbwf.gv.at/Themen/schule/schulpraxis/termine.html,
https://www.oesterreich.gv.at/themen/bildung_und_neue_medien/schule/3.html
and
https://www.bmbwf.gv.at/Themen/schule/schulpraxis/termine/terminplan20.html.
1

122

APPENDIX

D. Pictures

Figure 100: Temperature, relative humidity, and CO2 sensors at level -1

Figure 101: Temperature, relative humidity, and CO2 sensors at level 0
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Figure 102: Temperature, relative humidity, and CO2 sensors at level +1

Figure 103: Daily profile of CO2 concentration, June, group “Natural”
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Figure 104: Daily profile of CO2 concentration, June, group “MechanicalSummer”

Figure 105: Daily profile of temperature, June, group “DCV”
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Figure 106: Psychrometric chart for unmet hours of scenario D_Wa.50y_covid, all year long

Figure 107: Psychrometric chart for unmet hours of scenario D_Way_covid, all year long
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