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Abstract

Energy demand has been increasing worldwide and the building sector represents a large
percentage of global energy consumption. Therefore, promoting energy efficiency in
buildings is essential. Among all building services, Heating, Ventilation and Air
Conditioning (HVAC) systems are significantly responsible for building energy use. In
HVAC, ventilation is the key issue for providing suitable Indoor Air Quality (IAQ), while
it is also responsible for energy consumption in buildings. Thus, improving ventilation
systems plays a vital role not only in fostering energy efficiency in buildings, but also in
providing better indoor air quality for the occupants and decreasing the possibility of

health and well-being issues in consequence.

Among several methods for improving energy efficiency in buildings, this thesis focuses
on development of several ventilation control strategies in order to maintain the indoor
air quality in a good level while lower energy use. To do so, firstly, ventilation control
strategies have been developed and implemented in office room. The reasons for choosing
an office room, which all experiments and simulation has been carried out with, are not
only being available in the Department of Mechanical Engineering (DEM) at University
of Coimbra and being equipped with the required facilities to perform the experiments,
but also the role of offices in general where many people are spending about one third of
their daily times. Unlike to 19th and 20th century, nowadays more people are doing office

works and investigating indoor condition is not only important because of the occupants



well-being but also because of their functionality and productivity. Moreover, the

variation of occupancy level in offices is also a promoting challenge.

The experimental arrangements have been designed and setup in order to test the
functionality of the developed ventilation control strategies. The ventilation control
strategies have been implemented using an application developed in LabVIEW and the
required results have been collected using the sensors, data loggers and other facilities
available in the laboratory at DEM. Then, all ventilation strategies have been simulated
using the building energy simulation software, EnergyPlus. Moreover, sensitivity
analyses have been performed in simulation cases, to assess the influence of changes in
several relevant factors on the final results. Finally, the Smart Readiness Indicator (SRI),
introduced by the revised Energy Performance of Buildings Directive (EPBD), has been
presented and the SRI concept has been used to evaluate the smart readiness of developed

ventilation control strategies.

Keywords: Indoor Air Quality, Smart Window, Ventilation Control Strategies, Energy
Efficiency, Demand-Controlled Ventilation, Smart Readiness Indicator



Resumo

A procura de energia a nivel mundial tem aumentado significativamente, sendo o sector
dos edificios responsavel por uma grande percentagem do consumo global de energia.
Consequentemente, a promocao da eficiéncia energética nos edificios € essencial. Entre
todos os servicos de edificios, os sistemas de Agquecimento, Ventilacdo e Ar
Condicionado (AVAC) sdo responsaveis por uma parte significativa do consumo total
de energia. No AVAC, a ventilacdo é o elemento-chave para proporcionar a Qualidade
do Ar Interior (QAI) adequada, sendo também responsavel por uma parte do consumo de
energia nos edificios. Assim, é crucial melhorar o desempenho dos sistemas de ventilagcdo
ndo s6 na promocao da eficiéncia energética nos edificios, mas também no fornecimento
de melhor qualidade do ar interior aos ocupantes, que se traduz numa diminuicdo da

possibilidade de ocorréncia de problemas de satde e bem-estar.

Entre os varios métodos existentes para melhorar a eficiéncia energética nos edificios,
esta tese foca-se no desenvolvimento de vérias estratégias de controlo da ventilacdo, a
fim de manter um bom nivel de qualidade do ar interior e baixos consumos energéticos.
Para este efeito, numa primeira fase, foram desenvolvidas e implementadas estratégias de

controlo da ventilacdo em salas de edificios de escritdrio.

As razdes para escolher uma sala de escritorio, na qual todas as experiéncias e simulacoes
foram realizadas, deve-se ndo s6 ao facto de existirem instalaces experimentais
devidamente monitorizadas no Departamento de Engenharia Mecanica (DEM) da
Universidade de Coimbra, mas também porque, de forma geral, as pessoas passam cerca

de um terco do seu tempo diério no interior destes espagos.
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Ao contrario do que acontecia nos séculos XIX e XX, hoje em dia ha mais pessoas a
desenvolver atividade em escritorios e € importante investigar as condigdes interiores
destes espagos, ndo sO devido ao bem-estar dos ocupantes, mas também devido a
influéncia da condi¢gdes ambientais na funcionalidade e produtividade dos ocupantes.

Além disso, a variabilidade do nivel de ocupacéo nos escritorios é também um desafio.

As instalacdes experimentais foram concebidas e montadas de modo a testar a
funcionalidade das estratégias de controlo da ventilacdo que foram desenvolvidas. As
estratégias de controlo da ventilacdo, foram implementadas utilizando uma aplicagédo
computacional desenvolvida em LabVIEW e os resultados necessarios foram recolhidos
utilizando sensores, sistemas de aquisi¢do de dados e outras instala¢fes disponiveis no
laboratério do DEM. De seguida, todas as estratégias de ventilacdo foram simuladas
utilizando o software, EnergyPlus, para simulacdo energética de edificios. Além disso,
foram realizadas anéalises de sensibilidade nas simulacGes, para avaliar a influéncia de
alteragBes em varios fatores relevantes nos resultados finais. Finalmente, foi apresentado
o0 Smart Readiness Indicator (SRI), introduzido pela Diretiva revista de Desempenho
Energético de Edificios (EPBD), e o conceito de SRI foi utilizado para avaliar o estado

de prontidao para o uso das estratégias de controlo de ventilagdo desenvolvidas.

Palavras-chave: Qualidade do Ar Interior, Janelas Inteligentes, Estratégias de Controlo
da Ventilacdo, Eficiéncia Energética, Ventilacdo Controlada pela Procura, Smart
Readiness Indicator
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Chapter 1

INTRODUCTION

1.1. Context and Motivation

Energy demand has been increasing worldwide, therefore, the environmental impact
resulting from energy production and consumption has become a major public concern.
Buildings are one of the biggest contributors to energy consumption in the modern world,
as shown in figure 1.1, building sector is responsible for 40% of EU final energy
consumption. Energy consumption in buildings refers to many factors such as lighting,

domestic and commercial appliances as well as HVAC systems [1].

Final Energy Consumption (%)

3.5%

13.7%

25.6%

® Transport = Households Industry Services m Others

Figure 1.1 — Final Energy Consumption in EU by Sector. (Reproduced from [2]).

After the energy crisis in 1970s, buildings were constructed thermally insulated which
decreased the amount of energy required for heating and cooling. This is still an ongoing
effort to promote more thermally insulated facades and ceilings. Different insulation

materials are tested and entered the market in order to provide better thermal insulation



conditions for buildings, lowering energy consumption in consequence. There was also
much effort on promoting energy-efficient domestic appliances such as refrigerators.
Going forward, conventional lighting bulbs have been replaced by energy-efficient
lighting systems and then with LEDs. Moreover, by development of renewable energy
technologies, in some areas, electrical or gas water heaters have been replaced by solar
ones. Then rooftop photovoltaic panels have been integrated into buildings in order to

produce at least some portions of electricity demand in buildings.

Many innovative solutions have been proposed for more energy-efficient buildings, and
there is an ongoing effort in promoting and demonstrating their energy saving potential.
The majority of these solutions, however, is directed towards new buildings and future
building designs, and is difficult to implement them in existing buildings. Across Europe,
only about 1% of the building stock is currently being renovated each year, and there have
been recent renewed calls for higher renovation rates, as high as 3% [3]. These higher
rates need to be sustained for the next 40 years if the long term carbon and economic
goals set out in the context of the European Economic Recovery Plan [4] are to be met.
Retrofitting existing buildings with energy-efficient solutions has been identified by the
European Commission (EC) as one of the research priorities in the coming decades [5],
and the EU policy for sustainability includes ambitious targets, not only for increased
energy efficiency (thus reducing wastage) but also, and more importantly, for reducing

the overall energy consumption [6].

As mentioned above, many efforts were carried on to foster energy efficiency in buildings
during previous decades, but in this period, less attention has been paid to environmental
air quality in buildings as well as using novel ventilation strategies for buildings [7].
Owing to the framework of Energy Performance of Buildings Directive (EPBD) [8], there
are many studies focusing on developing energy-efficient products and designs for
buildings in which integrating efficient ventilation strategies to building is one of the hot

topics that can provide the same ventilation rate consuming less energy.

Among all building services, HVAC systems play a significant role in energy
consumption [9]. As much as 40% of the energy consumed in office buildings in the EU
is used by HVAC systems [10]. These systems are aerodynamic circuits consisting of fans
and ductwork to supply outdoor fresh air and to remove polluted air from the building.
Depending on the complexity, they can include heat exchangers and humidifiers for
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conditioning the air, mixing chambers for adding fresh air to the circuit, filters for
cleaning the air, dampers for regulating the flow velocity, and silencers to attenuate fan
noise. These components, in turn, introduce pressure losses, which must be overcome
with higher fan power. Centralized HVAC systems are standard in modern buildings
while split-system air conditioning units are commonly installed in older buildings that
do not have ventilation ductwork. Despite HVAC systems having reached a high level of
technological maturity, coupled with the benefits of a constant and easily controllable
flow, ventilation and air conditioning energy consumption in buildings has been
increasing in the EU. It happened particularly in the southern countries, not only because
there are more systems in operation, but also because there has been a generalized
preference for installing higher power, with over-dimensioned systems. According to the
Directive 2010/31/EU [11], EPBD, all new buildings in EU member states should be
nearly-Zero Energy Buildings (nZEBs) by 2020 (for buildings occupied or owned by
public authorities by 2018). Also, all EU member states shall draw up national plans such
as retrofitting existing buildings to increase the number of nZEBs. Energy-efficient
design for HVAC systems in new buildings and efficient renovation of HVAC systems
during retrofitting process of existing buildings act positively to achieve the EPBD

targets.

As aforementioned, building sector is a large contributor in energy consumption in EU
and almost half of this amount accounts for HVAC systems. Giving the EU Directive,
EPBD, on promoting energy efficiency in buildings and EU energy target 2020 (reduction
of energy consumption by 20%), developing an energy-efficient product seems
motivating, because they can be used not only in new buildings but also in existing
building throughout their retrofit process. Reviewing the literature in energy and
buildings field and more specifically in ventilating system areas made the author more
motivated to carry on this research, as less attention was paid to develop energy efficient
ventilation strategies in offices. Also, smart ventilation technologies to be integrated to
buildings, which not only decrease energy use but also provide acceptable 1AQ, is
addressed. Furthermore, as emphasized in the 2018 revision of the EPBD [12] to improve
the potential of smart technologies in buildings, smart readiness indicator has been
integrated to this research to assess smart readiness of the buildings with ventilation

strategies presented in this research work.



1.2. Problem Statement

Recently, due to the national and European polices, most of the new buildings are built
more and more energy-efficient which lowers the increase in energy demand of building
sector. The reason is the energy consumption in existing buildings that most of them are
not really efficient in terms of energy use. This implies the importance of energy efficient
solutions that can be used not only in new buildings but also in the existing buildings in
order to improve their energy performance. Ventilation is an important element of energy
consumption in buildings, it contributes to energy use and the well-being, comfort and

productivity of the building occupants.

Many research work focused on development methods to improve energy efficiency in
buildings. However, less attention has been paid dealing with energy-efficient ventilation
methods in buildings. Therefore, this research focuses on developing, implementing and
testing various ventilation strategies to improve energy efficiency in buildings while

maintaining the IAQ in an acceptable level.

Accordingly, the following problems will be addressed by this research:

- The social general awareness about ventilation and 1AQ;

- The low ventilation and/or over (excess) ventilation in both new and existing
buildings;

- Development of energy-efficient ventilation strategies in buildings;

- Introducing smart ventilation as a smart ready technology for buildings.

1.3. Research Goals and Objectives

The general objective of this research work is to develop novel ventilation control
strategies and then implement them on a case study (e.g. an office room) analyzing the
obtained results in order to find the most energy-efficient control strategies, which

provide acceptable indoor air quality.

The specific goals of this research work can be listed as follows:

- ldentifying the critical factors to be considered in ventilation strategies;
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- Developing various ventilation strategies based on these factors;

- Implementing and testing the ventilation strategies on a case study;

- Numerical simulation of the developed ventilation control strategies;

- Assessing the performances of all strategies and explain their advantages and
drawbacks;

- Evaluating the smart readiness of this strategies using smart readiness indicator.
The final objective of the present research is to address the following research questions:

- How to implement ventilation control strategies in order to improve indoor air
quality and energy efficiency?

- Can a smart window be a suitable product for improving building’s energy
efficiency while maintaining suitable indoor air quality?

- What are the best control strategies to mitigate energy consumption while
providing good indoor air quality?

- Can SRIbe a suitable framework to assess human beings’ adaptation with modern

digitalization?

1.4, Research Focus and Strategy

In order to limit the scope of this study, the focus is directed to an office room. The reasons
for choosing an office room, where all experiments and simulations have been carried out
with, are not only being available in DEM and being equipped with the required facilities
to perform the experiments but also the role of offices in general, since many people are
spending about one third of their times in this type of buildings. Unlike to 19th and 20th
century, nowadays more people are doing office works and investigating indoor
conditions. This is not only important on account of the occupants well-being but also
because of their functionality and productivity. Hence it is also relevant for lucrativeness
of the businesses. Moreover, the variability of occupancy level in office rooms is quite
high, which implies that a better fitting of the provided conditions may represent a
significant gain in terms of the reduction of energy consumption and environmental

impacts.

The strategy begins with the development of a research framework. The research

framework of this study includes the state-of-the-art (Chapter 3), smart window



experimental prototypes development, implementation and test (Chapter 4), demand-
controlled ventilation strategies simulated in chapter 5 and an assessment of smart
readiness of these strategies in chapter 6. The overall structure of this research is

graphically illustrated below (Figure 1.2).

Evaluation of
Ventilation

Control Strategies
using SRI

Simulation of
Ventilation

Control Strategies
using EnergyPlus

Problem
Statement &
Research
Questions

Experimental Study
of Ventilation Control
Strategies

Smart Window Project

Conclusions
&
Recommendations

State-of-the-art

Figure 1.2 — Overall structure of the thesis.

1.5. Methodology

This thesis focuses on developing, analyzing and evaluating various ventilation strategies
in an office room as a case study. Firstly, ventilation strategies are implemented using
application developed in LabVIEW (a graphical programming environment to develop
automated research, validation, and production test systems) and the required results are
collected using the sensors, data loggers available in our laboratory in the Department of

Mechanical Engineering at University of Coimbra.

Then, all ventilation control strategies are simulated using EnergyPlus (a whole building
energy simulation program) and the results are presented. Moreover, sensitivity analyses
are performed in simulation cases, to assess the influence of changes in one factor on the

final results.

Furthermore, the energy consumption, as well as IAQ associated to ventilation strategies

are compared to find out the best suited strategies.

Finally, smart readiness indicator concept is used to evaluate the smart readiness of

developed ventilation strategies.
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1.6. Thesis Structure

This thesis is divided into 7 chapters, from which 4 chapters (besides Introduction,
Background and conclusion) are the core chapters, that corresponds to 7 publications
resulting from the present research work: 3 published in peer reviewed journals and 4 in

conference proceedings.

Chapter 1 addresses the context and motivation, problem statement, objective of the
research and research question as well as the research methodology.

Chapter 2 provides an overview of ventilation and indoor environmental quality.

Chapter 3 provides an extensive literature review of the field under research about
ventilation methods, ventilation effectiveness, 1AQ, correlation of ventilation with
building occupants etc. In particular, this chapter provides an overview on state-of-the-
art on existing energy-efficient ventilation models and how useful and applicable they

are.

Chapter 4 starts with introducing the smart window project. Then it explains the
experiment model, condition and implementation. Finally, the results from this section

are presented and a summary is provided.

Chapter 5 starts with definition the simulated of ventilation control strategies. Following,
the simulation steps are presented. Finally, the results from this section are presented and

a summary is provided.

Chapter 6 introduces the smart readiness indictor as a EU project aimed in raising
awareness about advantages of integrating smart technologies in buildings. Later, the
smart readiness of ventilation strategies developed in previous chapter is calculated and
compared. This chapter concludes with a description of recent improvement of SRI.

Finally, in the last chapter, the work will be summarized and conclusions will be
presented. Moreover, this chapter outlines the possible future developments of this

research.

A graphical outline of the thesis structure is depicted in figure 1.3.
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Chapter 2

BACKGROUND

2.1. Introduction

This chapter provides a preliminary information for the present research work. It
addresses a simple overview on ventilation, its principles and elements, as well as indoor

environmental quality, with a focus on indoor air quality.

New buildings and existing buildings that are undergoing renovation, are subject to
minimum requirements for energy efficiency. Satisfying these requirements, however,
must not be favored at the expense of the Indoor Environmental Quality (IEQ) and
comfort of the occupants and visitors. The IEQ represents a domain that contains various
sub-domains that affect the human health and comfort inside a building. The European
standard EN 16798-1 [13] published in 2019 by the European Committee for
Standardization, addresses specific requirements for indoor environmental parameters,
such as thermal comfort, indoor air quality, noise, and lighting in regards to building
design. This standard identifies the thermal environment as one of the IEQ criteria to be
considered in rating the energy performance of buildings. The thermal environment inside
a building can be controlled with more or less success, essentially depending on the
constructive solutions and on the installed systems. Like the standards ASHRAE 55 [14]
and 1SO 7730 [15], the standard EN 15251 [16] (recently replaced by EN 16798-1)
establishes criteria for the classification of the thermal environment of a building based
on either the Predicted Mean Vote (PMV) or the Predicted Percentage of Dissatisfied
(PPD) indices, originally proposed by Fanger [17].

In addition to influencing directly the thermal comfort of the occupants, the indoor
thermal environment also influences the perception of air quality and can directly or
indirectly produce unwanted effects on the health and productivity of building occupants

[18]. The IAQ can have an influence both in the sensation of comfort and in the health of



the occupants and visitors. In the past, up to the beginning of 20th century, it was
considered that the building occupants were the main source of indoor pollution, due to
human bio-effluents and/or tobacco smoke. In today's contemporary world, however, the
indoor environment is made up of elements such as furniture and office equipment,
internal partitions, surface paint and decorative pieces which contain and release
chemicals to the indoor air and can present increased health risks to the occupants. The
World Health Organization (WHO) published, in 2010, guidelines on protecting the
public from health risks associated with exposure to chemicals commonly present inside
buildings [19]. Other pollutants and contaminants commonly found in buildings are of a
biological nature. Condensation spots provide good growing media for fungi, while
micro-organisms such as the Legionella bacteria thrive in wet and warm environments
such as those found in HVAC cooling towers or evaporative condensers, swimming

pools, and hot water distribution systems.

Ventilation is the key issue for providing suitable indoor air quality as it is the process of
replacing stale indoor air by fresh outdoor air. This process can be done either using
mechanical equipment such as fans or blowers, being called mechanical ventilation, or
without interaction of any mechanical means, known as natural ventilation. Mechanical
ventilation generally uses electricity in order to provide proper ventilation rate.
Nowadays, buildings are mostly mechanically ventilated [20], which increases energy
consumption and the risk of climate change and global warming, in consequence. In
natural ventilation, the air motion results from temperature and pressure difference
between indoor and outdoor environment. Using wind driven or buoyancy driven forces,
natural ventilation can have a noticeable sharing of required ventilation in buildings and
causes notable energy saving. Moreover, naturally-ventilated buildings play a significant
role in mitigating the risk of climate change because of their lower energy consumption
and consequent CO. emission comparing to mechanically-ventilated buildings [21].
Besides natural and mechanical ventilation, there is another type of ventilation, known as
hybrid ventilation or mixed-mode ventilation. This type is a combination of mechanical
and natural ventilation. In hybrid ventilation, mechanical fans compensate the lack of
natural ventilation when conditions are not favorable. Cao et al. [22] reviewed the
performance of various ventilation methods such as mixing ventilation, displacement
ventilation, personalized ventilation, hybrid air distribution, stratum ventilation, protected

occupied zone ventilation, local exhaust ventilation and piston ventilation in buildings.
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They pointed out that the ventilation effectiveness should be in accordance with the
ventilation system purposes such as air distribution, air exchange rate, pollutant removal,
heat removal and reduction of occupants’ exposure to contaminants. For instances, when
it is not possible to remove or control the source of indoor air pollution, and air filtration
is ineffective, the pollutant concentration can be lowered by ventilation with fresh air, i.e.
by diluting the indoor pollutants with outdoor fresh air or in case of bio-contaminants
with air purification. The ventilation of a space with outdoor fresh air serves a number of
purposes [23]:

. provision of oxygen for human respiration;

. dilution of gaseous contaminants to achieve short-term exposure limits to odors

and vapors, and harmful chemical compounds;

. control of aerosols inside buildings using (filtered) outdoor air with lower aerosol

concentration;

. control of internal humidity as outside air normally has lower moisture content;
. promotion of comfort and a healthy environment to the occupants by proper air
distribution.

Throughout history, considering different climatic zones, as well as the daily and seasonal
cycles of change, human beings have improved their capability to adjust to different
outdoor conditions. Using fireplaces in the center of rooms for heating purposes and using
wind catchers for cooling can be mentioned as examples. Discovery of fire, and using it
for space heating might be earliest indoor air quality issue that humans faced. The solution
that they found was to incorporate chimneys into their living space or even putting vent
holes in the roofs to vent the smoke out. Besides, the airborne contaminants generated by
human activities, the lack or poor existence of neither bath nor waste systems made early
houses almost odorous and poor in terms of hygiene. Later, some let’s say rules have been
established. For instance, to build houses in specific orientations, with high ceilings and
especial conditions for windows to allow natural ventilation. This was the earliest solution

that human beings created to provide a better indoor condition for the occupants.

Dealing with indoor air quality was continuously an issue for human beings. In 20th

century, mechanical ventilation and air conditioning technologies have been incorporated

11



to provide the desired thermal comfort and indoor air quality. VVarious solutions have been
developed and appeared in the building market but still the focus is on simpler, stronger
and more energy-efficient solutions. Chapter 3 will further discuss the recent

improvements that have happened in ventilation technologies and methods.

2.2. Ventilation

Ventilation is the process by which clean outdoor air is deliberately inserted to a space
and stale air is removed. This might be accomplished by either natural or mechanical
means. In addition to intentional ventilation, air unavoidably enters a building by the
process of air infiltration. This is the uncontrolled flow of air into a space through gaps
and cracks in the building envelope (wall, roof, window, door etc.). Ventilation is the key
factor to maintain the indoor air quality in an acceptable level by providing fresh air
including oxygen for occupants’ metabolism and diluting pollutants. It can be also used
for cooling purposes especially in dwellings. Therefore, ventilation is a main contributor

to the health, well-being and comfort of buildings occupants.

Regarding the ventilation methods, as previously mentioned, buildings can be ventilated
using one of the following three methods, namely, natural ventilation, mechanical

ventilation and hybrid, also known as mixed-mode, ventilation [22].

Natural ventilation is the process of exchanging air between indoor and outdoor
environment without using any mechanical means, mainly based on natural driving forces
like wind, thermal buoyancy or both. In addition to driving forces, natural ventilation
concept includes principles and elements. Single-sided, double-sided (cross) and stack
ventilation are natural ventilation principles. Furthermore, natural ventilation elements
such as wind towers, chimneys, double-skin fagades, windows, and vent openings are
needed to achieve the required ventilation in a space. The main drawback of natural
ventilation is the matter of control. Actually, the driving forces cannot be predicted and

this may cause insufficient or over ventilation which anyhow will result in discomfort.

Mechanical ventilation is the process of exchanging air between indoor and outdoor
environment using mechanical fans or ventilators. Fans are installed in windows or walls,
or in air ducts for supplying air into (supply ventilation), or exhausting air from a space

(extract ventilation), or both (balance supply/extract ventilation). Unlike natural

12
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ventilation, the main advantage is the control over the system, in which the air flow rate

can be controlled.

Hybrid ventilation counts on natural driving forces to provide the desired air flow rate
and uses mechanical ventilation when the natural ventilation flow rate is too low or
insufficient. In case hybrid ventilation is well organized and implemented in a building,

the occupants can rarely experience discomfort.

Ventilation is responsible for an important portion of energy delivered to buildings. As
reported by [24], approximately 30% of the energy delivered to buildings is used by the
ventilation and exfiltration air streams. It is even more critical in high thermally insulated
buildings, where the amount of airborne energy loss can represent a significant part of the
overall energy demand. This implies the importance of considering energy use in
ventilation models. Energy consumption associated to ventilation can be reduced by
developing various energy-efficient ventilation methods. Minimizing preventable indoor
pollutants such as tobacco smoke which lowers the need for ventilation, using heat
recovery systems, using air pre-conditioning and more importantly applying demand

controlled ventilation will reduce the energy use associated to ventilation.

During the development of energy-efficient ventilation methods, an important issue to be
taken into account is that satisfying energy efficiency in these methods must not be at the

expense of the indoor environmental quality.

2.3. Indoor environmental quality

The IEQ encompasses the thermal environment, the IAQ, as well as other health, safety
and comfort aspects such as ergonomics, acoustics and lighting. Indoor environmental
quality contains the factors that affect human life inside a building. It is related to the
coexistence of thermal comfort, indoor air quality, visual comfort and acoustic comfort.
The indoor environmental quality can be affected by several factors which are categorized
as outdoor conditions, building elements, building services and occupant activities.
Figure 2.1 shows an overview of the indoor environmental quality indices, the factors that

affect it and their risk for human health and well-being.
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Figure 2.1 — Factors that affect IEQ and their risk for human health and comfort.

The thermal environment and the 1AQ, together, make up Indoor Climate (IC). During
the ventilation process, these are the IEQ factors that are more affected.

Thermal comfort is the state of mind at which occupant expresses satisfaction with its
surrounding thermal environment without requiring a noticeable effort to maintain its
body temperature. In other word, thermal comfort is the perceived sensation of
satisfaction with the thermal environment. Fanger [17], introduced predicted mean vote
(PMV), as an index that predicts the mean value of the votes of a large group of persons
on the 7-point thermal sensation scale, presented in table 2.1. Six main parameters act in
the function to calculate the PMV, namely, metabolic rate, clothing insulation, air
temperature, mean radiant temperature, relative air velocity and relative humidity (see
figure 2.2).

Table 2.1 — The PMV seven-point sensation scale.

Cold Cool Slightly cool ~ Neutral Slightly warm  warm hot
-3 -2 -1 0 +1 +2 +3
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PMV

Fanger Equation

Air JRadiant

temp. temp.

Humidity Air
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Activity rate Clothing

insulation

Figure 2.2 — Parameters acting in the function to calculate the PMV.

Fanger [17] also defined another index, predicted percentage of dissatisfied (PPD) that
represents the percentage of people that vote too cold or too warm. The PPD index
quantifies the expected percentage of dissatisfied people with a given thermal
environment. This varies between 5% and 100%, in a symmetrical way as a function of
the PMV index. The lowest value of 5% corresponds to an ideal environment, neutral in
relation to thermal sensation, and reflects the fact that, in a large group of people, there
will always be someone who expresses dissatisfaction, even if the majority of people feel
most comfortable in that environment. In practice, it is not possible to provide a thermal
environment in a room that would satisfy every single person, as different persons have
different metabolism, clothing and preferences about their thermal environment.
Therefore, a level of thermal comfort that can satisfy the majority of occupants should be

provided. Figure 2.3 shows the PPD curve as a function of the PMV index.

Good indoor air quality may be defined as air which is free of pollutants that cause
irritation, discomfort or ill health to occupants. There are several definitions for IAQ but,
generally, it is a descriptor of the amount and the type of contaminants in the air [25].
Moreover, according to the ASHRAE 62.1 definition [26], acceptable indoor air is the air
in which the concentration of pollutants is not in an identified harmful level and the
occupants (80% or more) do not express dissatisfaction. There are, however, large
differences between occupants’ preferences. Some people are more sensitive to the IAQ
than others, therefore, more likely to feel dissatisfied. Like PMV and PPD in thermal
comfort, Percentage Dissatisfied (PD) can be used as a subjective method to measure the
level of IAQ [27]. The European standards EN 16798-1 [13] and EN CR 1752 [28],
published by European Committee for Standardization, classified IAQ into different

categories according to a graph showing the relation between outdoor fresh air flow rate
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per person and the PD in which higher outdoor flow rates results in better IAQ and a

lower number of dissatisfied occupants (see figure 2.4).
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Figure 2.3 — Predicted percentage dissatisfied versus predicted mean vote as two methods of
determining thermal comfort in a population.
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Figure 2.4 — Percentage dissatisfied versus fresh air flow rate and the three indoor air quality
categories (reproduced from [29]).

As mentioned earlier, IAQ is very fundamental because an environment with poor I1AQ
can cause health, productivity and comfort issues for its occupants. Since nowadays, most
of people’s time is being spent in indoor environments, a poor indoor air quality can cause

syndromes such as sick building syndrome (SBS) which involves several symptoms such
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as dry throat, nausea, lack of concentration, headache, eye irritation etc. fundamental
reasons for SBS could be poor ventilation, poor infiltration and therefore, excess of

contaminants which will cause discomfort for building occupants.

Contaminants can be categorized as indoor and outdoor contaminants. Those entering the
space from outdoor environment are normally generated by industrial sources (SO, NO
VOCs etc.), street traffic (CO, lead, carbon dusts etc.), soil borne (radon, methane and
moisture), fungal and pollens. The indoor contaminants are carbon dioxide, generated by
human metabolism, tobacco smoke, cooking process etc., carbon monoxide as a result of
incomplete combustion, mainly in the kitchen, bio-effluents, generated by human
respiration, transpiration and sweating, VOCs, from paint, glue, furniture fabrics etc. A
list of selected pollutants is presented in Table 2.2, along with the source, the known

health risks and the recommended exposure limits.

As the contaminant sources are both from outdoor and indoor environment, so it is
important to first control the outdoor air pollutant by techniques such as filtration of intake
air, avoid ventilation in polluted peaks and improving air-tightness of buildings.
However, urban pollution, especially from high traffic densities, remains a problem.
Additionally, as ventilation plays an essential role in securing good indoor air quality,

more attention has to be paid to efficiently ventilate the space in an optimal manner.

The ventilation rates necessary for dilution are determined by the pollutants’ generation
rates. In the US, the ventilation rates are established by adding the flow rates necessary
to dilute each pollutant whereas in the EU it is common practice to choose the maximum
of those ventilation rates. The majority of the existing regulations on building ventilation
and 1AQ, however, fix the required ventilation rates according to comfort criteria of 20%
PD for people that enter the indoor space, i.e. for occupants whose sensory perception has
not yet adapted to that environment. This will produce ventilation rates that reduce to
acceptable levels the effects of odors and sensory irritants from human bio-effluents, and
pollutants emitted from the building fabric, the building systems and its furnishings. In
the state-of-the-art chapter, different ventilation methods studied by several research

work has been extensively reviewed.
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Table 2.2 — List of selected pollutant sources, risks and limits [19].

Contaminant

Source

Potential risk

Exposer limits

Carbon Monoxide

Formaldehyde

Nitrogen Dioxide
(NO»)

Radon

Sulphur Dioxide
(SOy)

Total Volatile
Organic
Compounds
(TVOC’s)

Ozone

PM 25

PM 10

Combustion
(indoor/outdoor)

Pressed wood,
fiberboard (indoor)

Combustion
(indoor/outdoor)

Soil
(indoor/outdoor)
Industry- unvented
space heaters
(indoor/outdoor)

Building materials
Furnishings
(indoor/outdoor)

Electrostatic
appliances
(indoor/outdoor)
Combustion
(indoor/outdoor)
Carpeting

Gypsum board and
concrete, stove,
fireplace, cigarettes

Acute reduction of exercise
tolerance; Increase in
symptoms of heart disease

Sensory irritation

Respiratory symptoms,
bronchoconstriction,
increased bronchial
reactivity, airway
inflammation and decrease
in immune defense,
respiratory infection

Lung cancer; other
cancers

Lung cancer, Respiratory
symptoms

eye, nose and throat
irritation

Higher  exposer  cause
irritation of the lungs,

damage liver, kidney, or
central nervous system

coughing and sore or
scratchy throat
Cancer

Allergic symptoms

8 hours - 10 mg/m?3

0.1 mg/m?
(30 minute average)

40 pg/m® (annual
average)

4 pCil/litre
80mg/m?

<300mg/m? (good)
300 - 3000mg/m?
(OK)

> 3000mg/m?
(complaints)

60 pg/m®

15 ug/m®

50 pg/m®
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Chapter 3

STATE-OF-THE-ART

3.1. Introduction

An enormous amount of research has been carried out on a global scale on all aspects of
ventilation and its energy use. Aspects such as natural ventilation, demand controlled
ventilation, energy-efficient ventilation strategies etc. that are absolutely interconnected
and can rarely be dealt with separately. In this chapter, a great quantity of research studies
on ventilation methods and indoor environmental quality in buildings was reviewed, with
special focus on those related to energy saving and improving indoor climate as well as

the correlation between ventilation and health and productivity.
3.2. Literature Review Up to 2016, Paper |: Towards
Sustainable, Energy-Efficient and Healthy Ventilation

Strategies in Building: A Review

A comprehensive literature review has been carried out about energy-efficient ventilation
strategies, natural ventilation, hybrid ventilation, influence of occupants’ behavior on
ventilation and energy consumption as well as the correlation between ventilation and
health and productivity of the occupants in 2016. The outcome of this literature review
has been published as an article in the Renewable and Sustainable Energy Reviews
Elsevier Journal, titled “Towards sustainable, energy-efficient and healthy ventilation

strategies in building: A review”.

Author Contributions: B. Chenari as the main author, conducted the research, reviewing
dozens of articles published in international scientific journals, conference proceedings,

reports, book chapters, standards, etc., gathering and collecting data; The paper
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manuscript was written together with J. Dias Carrilho; and M. Gameiro da Silva

supervised the work, reviewed the contents and contributed to enhancing its quality.
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ABSTRACT

Energy demand has been increasing worldwide and the building sector represents a large percentage of
global energy consumption. Therefore, promoting energy efficiency in buildings is essential. Among all
building services, Heating, Ventilation and Air Conditioning (HVAC) systems are significantly responsible
for building energy use. In HVAC, ventilation is the key issue for providing suitable Indoor Air Quality
(IAQ), while it is also responsible for energy consumption in buildings. Thus, improving ventilation
systems plays an important role not only in fostering energy efficiency in buildings, but also in providing
better indoor climate for the occupants and decreasing the possibility of health issues in consequence. In
the last decades, many energy-efficient ventilation methods are developed by researchers to mitigate
energy consumption in buildings. This paper reviews scientific research and reports, as well as building
regulations and standards, which evaluated, investigated and reported the development of energy-
efficient methods for ventilation in buildings. Besides energy-efficient methods such as natural and
hybrid ventilation strategies, occupants’ behaviours regarding ventilation, can also affect the energy
demand in buildings. Therefore, the influence of occupants’ behaviour on the energy use and the cor-
relation between ventilation and the occupants’ health and productivity were also considered. The
review showed that ventilation is interrelated with many factors such as indoor and outdoor conditions,
building characteristics, building application as well as users’ behaviour. Thus, it is concluded that many
factors must be taken into account for designing energy-efficient and healthy ventilation systems.
Moreover, it should be mentioned that utilizing hybrid ventilation in buildings integrated with suitable
control strategies, to adjust between mechanical and natural ventilation, leads to considerable energy
savings while an appropriate IAQ is maintained.
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1. Introduction

Energy demand has been increasing worldwide, therefore, the
environmental impact resulting from energy production and
consumption has become a major public concern. Buildings are
one of the biggest contributors to energy consumption in the
modern world. Energy consumption in buildings refers to many
factors such as lighting, domestic and commercial appliances as
well as HVAC systems. Many innovative solutions have been pro-
posed for energy-efficient buildings, and there is an ongoing effort
in promoting and demonstrating their energy saving potential. The
majority of these solutions, however, is directed towards new
buildings and future building designs, and is difficult to implement
in existing buildings. Across Europe, only about 1% of the building
stock is currently being renovated each year, and there have been
recent renewed calls for higher renovation rates, as high as 3% [1].
These higher rates need to be sustained for the next 40 years if the
long term carbon and economic goals set out in the context of the
European Economic Recovery Plan are to be met. Retrofitting
existing buildings with energy-efficient solutions has been iden-
tified by the European Commission as one of the research prio-
rities in the coming decades [2], and the EU policy for sustain-
ability includes ambitious targets, not only for increased energy
efficiency (thus reducing wastage) but also, and more importantly,
for reducing the overall energy consumption [3].

Among all building services, HVAC systems play a significant
role in building energy consumption [4,5]. As much as 40% of the
energy consumed in office buildings in the EU is used by HVAC
systems [6]. These systems are aerodynamic circuits consisting of
fans and ductwork to supply fresh air from the exterior and to
remove polluted air from the building. Depending on their com-
plexity, they can include heat exchangers and humidifiers for
conditioning the air, mixing chambers for adding fresh air to the
circuit, filters for cleaning the air, dampers for regulating the flow
velocity, and silencers to attenuate fan noise. These components,
in turn, introduce pressure losses, which must be overcome with
higher fan power. Centralized HVAC systems are standard in
modern buildings while split-system air conditioning units are
commonly installed in older buildings that do not have ventilation
ductwork. Despite HVAC systems having reached a high level of
technological maturity, coupled with the benefits of a constant
and easily controllable flow, ventilation and air conditioning
energy consumption in buildings has been increasing in the EU,
particularly in the southern countries, not only because there are
more systems in operation but also because there has been a
generalized preference for installing higher power, over-
dimensioned systems. According to the Directive 2010/31/EU [7],
Energy Performance of Buildings Directive (EPBD), all new build-
ings in EU member states must be nearly-Zero Energy Buildings
(nZEBs) by 2020 (for buildings occupied or owned by public
authorities by 2018). Also, all EU member states shall draw up
national plans such as retrofitting existing buildings to increase
the number of nZEBs. Energy-efficient design for HVAC systems in
new buildings and efficient renovation of HVAC systems during
retrofitting process of existing buildings act positively to achieve
the EPBD targets.

New buildings, and existing buildings that are undergoing
renovation, are subject to minimum requirements for energy
efficiency. Satisfying these requirements, however, must not be
favoured at the expense of the Indoor Environmental Quality (IEQ)

and comfort of the occupants and visitors. The IEQ encompasses
the thermal environment, the IAQ, as well as other health, safety
and comfort aspects such as ergonomics, acoustics and lighting.
The thermal environment and the IAQ, together, make up the
indoor climate. Thermal comfort is the perceived sensation of
satisfaction with the thermal environment. In practice, it is not
possible to provide a thermal environment in a room that would
satisfy every single person, as different persons have different
metabolism, clothing and preferences about their thermal envir-
onment. Therefore, a level of thermal comfort that can satisfy the
majority of occupants should be provided.

The thermal environment inside a building can be controlled
with more or less success, essentially depending on the con-
structive solutions and on the installed systems. The European
standard EN 15251 [8], published in 2007 by the European Com-
mittee for Standardization, identifies the thermal environment as
one of the five IEQ criteria to be considered in rating the energy
performance of buildings. Like the standards ASHRAE 55 [9] and
ISO 7730 [10], the EN 15251 standard establishes criteria for the
classification of the thermal environment of a building based on
either the Predicted Mean Vote (PMV) or the Predicted Percentage
of Dissatisfied (PPD) indices, originally proposed by Fanger [11].

In addition to influencing directly the thermal comfort of the
occupants, the indoor thermal environment also influences the
perception of air quality and can directly or indirectly produce
unwanted effects on the health and productivity of building
occupants [12]. The IAQ can have an influence both in the sensa-
tion of comfort and in the health of the occupants and visitors. In
the past, up to the beginning of 20th century, it was thought that
the building occupants were the main source of indoor pollution,
due to human bio-effluents and/or tobacco smoke. In today's
contemporary world, however, the indoor environment is made
up of elements such as furniture and office equipment, internal
partitions, surface paint and decorative pieces which contain and
release chemicals to the indoor air and can present increased
health risks to the occupants. The World Health Organization
(WHO) published, in 2010, guidelines on protecting the public
from health risks associated with exposure to chemicals com-
monly present inside buildings. Other pollutants and con-
taminants commonly found in buildings are of a biological nature.
Condensation spots provide good growing media for fungi, while
micro-organisms such as the Legionella bacteria thrive in wet and
warm environments such as those found in HVAC cooling towers
or evaporative condensers, swimming pools, and hot water dis-
tribution systems.

According to Ref. [13], there are several definitions for IAQ but,
generally, it is a descriptor of the amount and the type of con-
taminants in the air. Moreover, according to the ASHRAE definition
[14], acceptable indoor air is the air in which the concentration of
pollutants is not in an identified harmful level and the occupants
(80% or more) do not express dissatisfaction. There are, however,
large differences between occupants’ preferences. Some people are
more sensitive to the IAQ than others, therefore, more likely to feel
dissatisfied. Like PMV and PPD in thermal comfort, Percentage
Dissatisfied (PD) can be used as a subjective method to measure
the level of IAQ [15]. The European standards EN 15251 [8] and EN
CR 1752 [16], published by European Committee for Standardiza-
tion, classified IAQ into different categories according to a graph
showing the relation between outdoor fresh air flowrate per
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person and the PD in which higher outdoor flowrates results in
better IAQ and a lower number of dissatisfied occupants.
Ventilation is the key issue for providing suitable indoor air
quality as it is the process of replacing stale indoor air by fresh
outdoor air. This process can be done either using mechanical
equipment such as fans or blowers, being called mechanical ven-
tilation, or without interaction of any mechanical means, known as
natural ventilation. Mechanical ventilation generally uses electricity
in order to provide proper ventilation rate. Nowadays, buildings are
mostly mechanically ventilated [17], which increases energy con-
sumption and the risk of climate change and global warming, in
consequence. In natural ventilation, the air motion results from
temperature and pressure difference between indoor and outdoor
environment. Using wind driven or buoyancy driven forces, natural
ventilation can have a noticeable sharing of required ventilation in
buildings and causes notable energy saving. Moreover, naturally-
ventilated buildings play a significant role in mitigating the risk of
climate change because of their lower energy consumption and
consequent CO, emission comparing to mechanically-ventilated
buildings [18]. Besides natural and mechanical ventilation, there is
another type of ventilation, known as hybrid ventilation or mixed-
mode ventilation. This type is a combination of mechanical and
natural ventilation. In hybrid ventilation, mechanical fans com-
pensate the lack of natural ventilation when conditions are not
favourable. Cao et al. [19] reviewed the performance of various
ventilation methods such as mixing ventilation, displacement
ventilation, personalized ventilation, hybrid air distribution, stra-
tum ventilation, protected occupied zone ventilation, local exhaust
ventilation and piston ventilation in buildings. They pointed out
that the ventilation effectiveness should be in accordance with the
ventilation system purposes such as air distribution, air exchange
rate, pollutant removal, heat removal and exposure. For instances,
when it is not possible to remove or control the source of indoor air
pollution, and air filtration is ineffective, the pollutant concentra-
tion can only be lowered by ventilation with fresh air, i.e. by diluting
the indoor pollutants with outdoor fresh air. The ventilation of a
space with outdoor fresh air serves a number of purposes [20]:

e provision of oxygen for human respiration;

e dilution of gaseous contaminants to achieve short-term expo-
sure limits to odours and vapours, and harmful chemical
compounds;

e control of aerosols inside buildings using (filtered) outdoor air
with lower aerosol concentration;

e control of internal humidity as outside air normally has lower
moisture content;

e promotion of comfort and a healthy environment to the occu-
pants by proper air distribution.

The ventilation rates necessary for dilution are determined by
the pollutants' generation rates. In the US, the ventilation rates are
established by adding the flow rates necessary to dilute each
pollutant whereas in the EU, it is common practice to choose the
maximum of those ventilation rates. The majority of the existing
regulations on building ventilation and IAQ, however, fix the
required ventilation rates according to comfort criteria of 20% PPD
for people that enter the indoor space, i.e. for occupants whose
sensory perception has not yet adapted to that environment. This
will produce ventilation rates that reduce to acceptable levels the
effects of odours and sensory irritants from human bio-effluents,
and pollutants emitted from the building fabric, the building sys-
tems and its furnishings.

2. Energy-efficient ventilation methods

As aforementioned, there are many ongoing research focused
on developing energy-efficient ventilation model for buildings.
Some studies solely focused on natural ventilation and passive
methods in order to make the process of ventilation more efficient,
but as natural ventilation is not always available and/or suitable,
more recent studies focused on hybrid ventilation. Hybrid venti-
lation excludes the drawbacks of both natural and mechanical
ventilation systems while includes their advantages [21]. Another
group of studies developed various ventilation control strategies
that simultaneously provides acceptable indoor climate quality
levels and lowers energy consumption. They believed that pre-
sence of control systems can increase the influence of hybrid and
natural ventilation in improving energy saving in buildings.

In the last two decades, many studies focused on developing
natural ventilation design for buildings and utilize it as long as
possible, in order to decrease the amount of energy consumed by
ventilation systems. Perhaps the single most pertinent question
faced by building designers wishing to take advantage of natural
ventilation is how to control the rate of air exchange with the
exterior to provide the required amount of fresh air to the building
while simultaneously removing excess heat in the cooling season
or minimizing heat losses in the heating season. Whereas constant
ventilation rates are easily guaranteed by mechanical systems,
natural ventilation requires a different approach since the flow
velocity and direction at the openings is not known beforehand. In
addition, the way air moves in and around a building is an
unsteady, complex phenomenon, being highly affected by design
choices and very much dependent on the dynamics of both the
internal and the external environment.

Natural ventilation is the process of exchanging air between
indoor and outdoor environment without using mechanical sys-
tems, mainly based on wind, buoyancy or both. They are known as
natural ventilation driving forces. Thermal buoyancy driven ven-
tilation takes place as a result of density difference between indoor
and outdoor air that is a consequence of temperature differences.
This indicates the importance of opening position in buildings
envelop. The wind driven ventilation results from pressure dif-
ferences in the building fagade, which can be inward or outward
depending on position of openings, located in windward or lee-
ward facade, respectively. In a study that developed a simple tool
to assess the effects of wind and its direction for providing natural
ventilation in a built environment, wind, air temperature and
humidity have been introduced as the main parameters in human
comfort [22].

Researchers from a variety of fields have been studying, ana-
lyzing and perfecting natural ventilation techniques for a few
decades [23]. However, predicting and controlling the indoor
environment in window-based ventilation systems remains
essentially an open issue. Existing research outputs of relevance
include theoretical and experimental work on the fluid mechanics
of natural ventilation [24]; the physics of indoor thermally strati-
fied flows [25]; the prediction of pressure coefficients on building
facades [26]; flow and dispersion patterns in urban street canyons
[27]; the positive and negative impacts of ventilation on occu-
pants’ health and productivity [28] the behavioural aspects of
window opening by occupants [29]; the ingress of environmental
noise through natural ventilation openings [30]; the impact of
future climate change on the performance of passive cooling
strategies [31] and the current barriers and difficulties faced by
natural ventilation in gaining regulatory acceptance [32].

Linden [24] reviewed the work of several researchers on the
mechanisms that drive and control natural ventilation. Early work
was mainly concerned with wind-driven flows. A scale model of a
building was placed in a wind tunnel, and the pressure
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distribution on the surface of the building was measured for dif-
ferent directions of the incoming flow. The pressure coefficients
determined in this way were, and still are, used to calculate the
flow rates through openings at different positions of the building
facade. From this information, the flow rates through the building
can be related to the wind speed and direction, but there is little
information on what happens in the interior of the building.

Later, as a result of problems with interior heat gains,
researchers became interested in flows driven by differences in the
air temperature. These temperature differences produce buoyancy
forces that drive the flow through openings in the facade.
Depending on the location of these openings, the incoming flow
can be in the form of a turbulent plume that will tent to mix the
air within the space, or it can be a displacement type of flow,
where the cooler outside air falls towards the floor, pushes warm
air up and out through the upper openings. A well-defined stra-
tified flow is established, and this flow regime has been shown
experimentally to be a stable and predominant feature in flows
driven by temperature differences [33]. While, for the same tem-
perature difference and opening area, displacement ventilation
leads to higher air exchange rates than mixing ventilation, the
mixing type of flow produces a relatively uniform temperature
distribution in the space, whereas the displacement type of flow,
because of stratification, results in sensible temperature variations
in the space. This, in turn, is associated with cold drafts, which is a
major concern because of the potential for causing local dis-
comfort to the occupants, particularly during the heating season.

Heiselberg and Perino [34] argued that an effective strategy for
single-sided, buoyancy driven, ventilation is to explore the tran-
sient features of the initial flow, as opposed to traditionally leaving
the windows open for a long time. They experimentally show that
airing by open windows is most effective in the initial transient
phase, the flow regime being of the displacement type, with high
airflow rates and high ventilation efficiency. The air temperature
decreases rapidly when the windows are open, until it reaches a
quasi-steady state which is typically the average value between
the indoor and the outdoor temperatures. Highest air velocities
were found at the floor level, which means that the risk of dis-
comfort by cold drafts is mainly at the floor level. They conclude
that the optimum use of windows for buoyancy-driven ventilation
should be a relatively short opening time and high opening
frequency.

Other types of buoyancy flows, e.g. caused by differences in
moisture content between the interior and the exterior air, have not
been found in the literature and there remains a question as to what
extent these can play a role in determining the ventilation rates.
Andersen [35] does note, however, that when adding both heat and
moisture to a parcel of air, the effect of heat will be dominant in
changing the air density, and that only in very extreme conditions
will an error over 10% be incurred in neglecting the effect of
moisture differences on natural ventilation rates.

When there is a combined effect of wind and buoyancy, the
incident wind may assist in increasing the ventilation rates due to
the pressure drop between the windward and leeward openings
[36], but this is not necessarily the case in opposing wind and
buoyancy forces. In the latter situation the behaviour of the
internal flow can be quite complex, with transitions between
displacement and mixing regimes. Hunt and Linden [37] investi-
gated the effect of an opposing wind on the flow in an enclosure
with a heat source located on the floor. The enclosure had venti-
lation openings located at high level on the windward side and at
low level on the leeward side. They found that two stable steady
flow and a third unstable steady flow regimes could be established
depending on the relative magnitudes of the wind-driven and
buoyancy driven velocity fields. The transition between the two
stable regimes shows hysteretic behaviour. Mostly, the

combination of both wind and buoyancy driven ventilation occurs
at the same time. However, they can oppose or complement each
other depending on the position of the opening and the wind
direction [38,39]. Through natural ventilation process, domination
of wind speed or temperature difference (buoyancy effect)
depends on the ratio between forces and wind direction [40].

Most of the analysis tools reported in the literature have been
developed for steady-state conditions (e.g., see [41]). Building
designers will have an idea of the required air exchange rates and
use semi-empirical formulae and rules for determining the size
and placement of the openings. These formulae are typically given
in terms of the difference between the inside and outside air
temperature. Larsen and Heiselberg [40] developed a semi-
empirical expression for the combined wind and buoyancy effect
which, they claim, can predict flow rates with an average error of
23%, a substantial improvement over the average error of 29%
achieved by previous researchers.

Besides the classification taking into account different driving
forces, natural ventilation can be done based on different princi-
ples such as, single-sided ventilation, cross ventilation or stack
ventilation, as shown in Fig. 1. They are known as natural venti-
lation principles and show the way that indoor and outdoor
environments are connected. Fordham [42] expressed his experi-
ence as an architect in designing buildings with controllable nat-
ural ventilation. He discussed various issues relevant to ventilation
in building design, such as single-sided and cross ventilation,
orientation of the building for absorbing heat from the sun and
being oriented windward or leeward. Later, it was noted that the
design phases of naturally-ventilated buildings are more compli-
cated than those of mechanically ventilated, which is mainly due
to different principles of natural ventilation [21]. High uncertain-
ties associated with the natural ventilation driving forces and the
random character of weather conditions are the main reasons for
making the design phase more complex.

Single-sided ventilation happens when the openings are loca-
ted on only one fagade of a ventilated space. It mainly provides
lower ventilation rate as well as less penetration of airflow com-
paring with other schemes. Providing openings in different heights
with greater vertical size is the only way to strengthen the airflow
rate and its penetration length [39]. It was also highlighted, as a
result of an experimental study, that in a naturally ventilated space
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Fig. 1. Schematic view of different natural ventilation principles. Adapted from [18].
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the higher the inlet supply air is located above the room floor, the
better is the thermal comfort provided [43]. Recently, Chu et al.
[44] experimentally assessed the wind-driven natural ventilation
through two openings on the same external wall. They used the
tracer gas decay method to measure the air exchange rate and
highlighted that the exchange rate in naturally-ventilated build-
ings with two opening on the same wall is greater than those with
one opening.

Cross ventilation occurs in spaces that normally have openings
on opposite facades. In this case, the outdoor air enters the space
from the windward fagade and leaves from the leeward side. The
position of opening is not only significant in single-sided ventila-
tion but it is also important in cross ventilation [45]. A recent
study [46] has assessed the influence of opening shape and posi-
tion on efficiency of natural cross ventilation in buildings using a
CFD model. In cross ventilation, there is a rule of thumb to have
effective cross ventilation, which says that the building length (L)
should be less than five times of ceiling height (H). Recently, Chu
and Chiang [47] numerically assessed the reasons behind this rule
of thumb. They revealed that ventilation rate of buildings with L/
H>11 is considerably less than those with L/H<2.5, due to
smaller pressure difference between windward and leeward
facades in long buildings as well as the internal friction, which is
higher in long buildings. They also pointed out that location of
openings is significantly influential in cross ventilation in
buildings.

Cross ventilation does not have always better performance com-
paring to single-sided ventilation. For instance, a study [39] assessed
and compared different ventilation strategies in a narrow multi-storey
office building. It has been concluded that, for cooling purposes, night
ventilation (both single-sided and cross ventilation) can cause
approximately 40% of energy saving while in day-time ventilation,
single-sided ventilation performs much more efficiently than cross
ventilation. Finally, it is recommended to use cross ventilation when
favourable wind (both speed and direction) is available and single-
sided ventilation when there is unfavourable wind.

Stack ventilation takes place when the airflows enter the ven-
tilated space through openings located on different facades and go
out through an opening located in a high level such as a chimney.
For instance, solar chimneys, that have considerable effects on
decreasing heat gains and enhancing natural cooling and ventila-
tion, work with stack effects [48]. There are many studies about
natural ventilation using solar chimneys. Recently, Jing et al. [49]
developed an experimental study to predict the airflow rate
through solar chimneys considering different gap-to-height ratios
ranging from 0.2 to 0.6. They mentioned that the currently avail-
able method over predicts the airflow rate of the solar chimneys,
especially in large gap-to-height ratios. Their experiments also
showed that the maximum flowrate has been obtained in gap-to-
height ratio around 0.5.

Besides solar chimneys, there are also many other characteristic
elements or features for natural ventilation such as atria, wind
towers, wind scoops, wind catchers, ventilation shafts, chimneys,
double skin facades, ventilation openings and windows. Table 1
indicates advantages and disadvantages of these elements as well
as surveyed studies focused on them.

Atrium is the most common feature to capture natural venti-
lation and daylighting in buildings. It is a space with glassy roof,
typically in big commercial buildings, located in the core or the
sides. Although atria have existed from ancient times, modern
designs have been developed by many architecture researchers. A
comprehensive review carried out on investigating natural venti-
lation in atria is available in [50].

Wind scoop is another roof top natural ventilation feature,
which can capture the wind and let it enter the ventilated space.
Similarly, wind towers are devices used for ventilation and cooling.

It was used since ancient times in arid regions, especially in Per-
sian Gulf countries. The one developed by Iranians, so called
“Badgir”, is able to both supply the air in and extract the air out of
the buildings, simultaneously [21]. Wind catchers, has a sustain-
able passive technology for cooling and ventilation notably
attracted attention of researchers in recent decades. An assess-
ment of different types of traditional as well as modern wind
tower designs such as wind vent and wind catchers is available in
[51,52]. Moreover, a recent review on wind tower technology
accompanied with a new design for wind tower has been con-
ducted by [53]. They proposed a wind tower to be installed on roof
in the direction of maximum prevalent wind speed. It is also
capable to rotate based on the wind direction. They also listed
some advantages of their proposed system such as easy installa-
tion, low maintenance cost, simple technology, capability of rota-
tion according to the wind direction, energy saving, etc.

Double-skin facade is another natural ventilation feature that
can be integrated into buildings. Basically, it is a second layer
facade made by glass, which is useful for capturing daylighting,
protecting against noise and preheating the supply air in
sunny days.

A recent review on natural ventilation applications over the
building facade elements in tropical regions [54] revealed that
ventilation shaft, window-to-wall ratio and building orientation
are main factors in capturing natural ventilation and should be
carefully considered in design and construction phase. Natural
ventilation may, not only provide sufficient IAQ using less energy,
but sometimes it can also provide suitable thermal comfort level.
For example, natural ventilation can be used for cooling the
building interior whenever the outdoor temperature is lower than
indoor temperature, cooling building envelopes based on thermal
mass concept and cooling of occupants body by convection and
evaporation [21]. The night ventilation, with purpose of cooling
down indoor air as well as building structure, is a well-known
passive cooling and ventilation strategy, and many researchers
developed studies focusing on it [55-57]. Additionally, Wang et al.
[58] recommended the use of night ventilation as an energy-
efficient approach to improve indoor climate in moderate climates,
especially for heavy construction buildings. They also presented
ventilation rates, ventilation duration, building mass and climatic
conditions as the most influential factors on night ventilation and
reported that the closer night ventilation occurs to active hours
the higher efficiency is achieved.

As thermal mass has an obvious influence on ventilation in
buildings, Zhou et al. [59] developed a heat balance model cou-
pling external and internal thermal mass and natural ventilation.
They assessed the influence of external and internal thermal mass
on indoor air temperature using an adiabatic wall and different
realistic walls. This study shows the effect of thermal mass (both
internal and external) on indoor air temperature, since this effect
is significant to be considered for natural ventilation design and
studies. A review about natural ventilation, building thermal mass
and diffuse ceiling ventilation technologies has been conducted by
Yu et al. [60]. They also proposed a novel system solution for
energy-efficient ventilation and cooling systems in office buildings
combining the three mentioned technologies. Their novel system
showed notable energy saving potential comparing with the other
HVAC systems, mostly in summer and intermediate seasons.

The results from a study [55] show that natural ventilation
cooling potential is significantly influenced by the effect of each
local climate, the thermal properties of the building, the ventila-
tion types, the internal gains such as electrical devices and lighting
as well as number of occupants and their activity level. Therefore,
it recommends that the strategic design of natural ventilation
should consider all aforementioned factors. It is also believed that
in hot summer climate zones natural ventilation is not sufficient



Table 1

Characteristic elements/features of natural ventilation (summary of advantages and drawbacks).

Elements/features Natural ventilation Supply or Main advantages Main drawbacks Studies focused on
principle exhaust features
Atrium Single-sided, Cross  Supply and 1. It protects the space to be enclosed to noise and inappropriate wind. 1. In sunny hot days the supply air will be preheated [21,50,64-66]
and Stack Exhaust 2. In sunny days the supply air will be preheated (heating season). Also (cooling season).
in cold days without sun, the atrium space is warmer than outside, 2. The glassy layer causes noise transfer by reflection.
so windows facing the atrium can be opened for ventilation purpose. 3. It will occupy a considerable area of the building, so
this area can be used for limited purposes such as
canteens, gardens and cafés.
Wind scoop Cross and Stack Supply 1. Suitable for buildings in which facades are not appropriate to use for 1. The airflow is affected by wind speed and in fixed [21,23,67]
ventilation purpose. model, if the direction of wind is different it will be
2. Can be installed either on the roof or, in case of no space, can be useless.
located in the landscape and being connected by ducts. 2. Rain and snow can go in the feature, which will
3. Can be either fixed to work with prevailing wind direction or omni- negatively affect its performance.
directional to capture winds unregard their direction.
Wind tower Cross and Stack Exhaust 1. They can be designed to function independent of the wind direction. 1. Some models such as Venturi element are not effective [21,23,67]
2. Rain and snow cannot enter the feature. enough, so it is not recommended.
3. Roof cowl is one of effective models of wind towers.
Wind catcher Cross and Stack Supply and 1. They can capture wind unregard their direction, as they normally 1. As the design of wind catcher is complicated, it should [21,23,51,67,68]
Exhaust have inlets in for sides. be designed and constructed carefully.
2. They can supply the cooled air in and in the same time extract the 2. It is useful mostly for hot and dry regions.
hot air out through leeward side.
3. In absence or shortage of wind they can still ventilate the space by
stack principle.
Ventilation shaft Single-sided, Cross ~ Supply and 1. It is an effective ventilation element in order to achieve acceptable 1. Mostly used for ventilating underground structures [21,69-71]
and Stack Exhaust IAQ as well as thermal comfort (not in whole summer). such as subways and mines.
2. This feature alone cannot provide good thermal com-
fort in summer.
Chimney Cross and Stack Exhaust 1. It is an effective and simple device for extracting air. 1. It can be used solely for air extraction. [21,72-74,75]
2. It takes advantages of both buoyancy and wind driven forces unre- 2. Rain and snow can enter the device if the top of
gard wind direction. chimney is not covered.
Ventilation openings on Single-sided, Cross  Supply and 1. It can not only be used for ventilation but it also can be used for 1. The fixed opening model cannot be adapted according [21,29,38-40,61,76,77]
facade including and Stack Exhaust capturing day lighting. occupants requirements.
windows 2. The window model allows the inhabitants to control opening mode. 2. In single-sided openings the ventilation effectiveness
3. The window model can be integrated to control systems to work is quite low.
automatically in order to capture natural ventilation.
Double-skin facade Single-sided, Cross  Supply and 1. It protects the space to be enclosed to noise and inappropriate wind. 1. In sunny days the supply air will be preheated (cooling [21,74,78-80]
and Stack Exhaust 2. In sunny days the supply air will be preheated (heating season).it season), especially in higher floors, in case it is also

w

provides better comfort, as least in moderate climates.

. Unlike atrium, it does not occupy any spaces in the building.

using for extracting the air.

2. The glassy layer causes noise transfer by reflection in
adjacent rooms.

3. If constructed only for ventilation purpose, the cost is
too high.
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Table 2

Summary of surveyed studies on natural ventilation.

Reference Natural ventilation concept Method Main task(s) Main finding(s)
Driving force Principle Characteristic
element
Allocca et al. 2003 [38] Buoyancy Single-sided Windows Numerical (CFD), analytical Investigating natural ventilation driving forces The results from Computational Fluid Dynamics (CFD)
Jwind and empirical model of buoyancy-driven flow showed an acceptable
discrepancy comparing with analytical results while
the difference increased when they considered com-
bination of wind and buoyancy-driven flows. This
study also discovered that wind and buoyancy-driven
flows may support or oppose
Gratia et al. 2004 [39] Buoyancy Single-sided, Windows Computational simulation Analyzing airflow rates, temperature evolution, size, In day time ventilation, cross ventilation performed
Jwind Cross and Stack (TAS software) location and shape of openings as well as wind less effective comparing with single-sided ventilation.
direction Use cross ventilation when favourable wind (speed
and direction) is available and single-sided ventilation
when there is unfavourable wind. This study also
discovered that wind and buoyancy-driven flows may
support or oppose. Use two openings in de=different
heights in order to increase the efficiency of single-
sided ventilation.
Larsen and Heiselberg  Buoyancy Single-sided Windows Wind tunnel experiment Develop a new expression for airflow calculation in Domination of wind speed or temperature difference
2008 [40] Jwind naturally-ventilated buildings, influence of wind in natural ventilation depends on the ratio between
direction on prediction of airflow rate trough forces and wind direction, progress in predicting air-
openings in different cases such as leeward, wind  flow rate with an uncertainty of 23%.
ward and parallel flow.
Stavridou and Prinos Buoyancy Cross Ventilation openings  Laboratory (experiment) and Investigation of cross ventilation due to buoyancy  The position of openings considerably affects the
2013 [45] Jwind computational simulation assisted by wind ventilation flowrate
(FLUENT)
Jiang et al. 2003 [81]  Wind Single-sided Ventilation openings  Experimental (wind tunnel)  Investigation of wind-driven natural ventilation As there is a good agreement between experimental
and Cross and numerical (CFD, LES) and simulation results, LES can be used for assessing
wind-driven natural ventilation
Chu and Chiang 2014  Wind Cross Ventilation openings  Experimental (wind tunnel)  Investigation of the rule of thumb to have effective The study proved the rule of thumb, reduction in
[47] and numerical (CFD, LES) cross ventilation, which says, the building length ventilation rate when the building length increases.
(L) should be less than five times of ceiling height They also pointed out that location of openings is
(H) significantly influential in cross ventilation in
buildings.
Gratia and Herde Buoyancy Single-sided, Double-skin facade Computational simulation Assessment of double-skin fagade behaviour con-  In a sunny summer day, excessive increase in tem-
2004a [78] Jwind Cross and Stack (TAS software) sidering different parameters such as double-skin  perature in the space between the facade skins cre-
facade orientation, wind direction and how it pro- ates some difficulties, such as disturbing the comfort
ject to building of the occupants due to the hot radiation coming from
the interior skin.
Gratia and Herde Buoyancy Single-sided, Double-skin facade Computational simulation Efficiency investigation of various strategies in an  Night ventilation performed better that day ventila-
2004b [79] Jwind Cross and Stack (TAS software) office building with and without a double-skin tion. They found out that the dynamic use of double-
fagade with a focus on possibility of natural night  skin is important, which means, it really depends on
ventilation the climate condition.
Gratia and Herde 2004 Buoyancy Single-sided, Double-skin facade Computational simulation Investigating possibility of applying daytime natural In a hot sunny day, a building with a southern double-
c [80] Jwind Cross and Stack (TAS software) ventilation to an office building with double/skin skin fagade has some difficulties to be ventilated
facade. naturally.
Prajongsan and Shar-  Wind Single-sided Ventilation shaft Computational simulation Evaluating potential of energy saving by natural Their results showed that the comfort hours in the
ples 2012 [71] (DesignBuilder) ventilation in high-rise buildings integrated with room facing ventilation shaft raised almost 50%
ventilation shafts comparing with the room without ventilation shaft.
They also proposed integration of fan and damper to
the ventilation shaft in order to control, optimize and
assist natural ventilation.
Jamaludin et al. 2014  Buoyancy Cross Windows Experimental measurements Position or the floor level of the room has more

[57]

Jwind

influence on effectiveness of ventilation rather than
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Assessing various ventilation approaches in selected the orientation of it, as rooms located in higher floors

rooms considering temperature and relative

humidity

shows greater mean temperature and relative

humidity. Night ventilation as the most effective

ventilation strategy among all, as it provides lower

mean temperature and higher relative humidity.
In strategic Natural ventilation design, the climatic

Investigating the cooling potential of natural venti-

Buoyancy Single-sided, Windows Thermal Resistance Ventila-
tion (TRV) model

Jwind

Yao et al. 2009 [55]

condition, building's thermal characteristics as well as
internal gains such as electrical devices, lightings,

lation considering three scenarios: Day-time venti-

Cross and Stack

lation to cool down the building interior, night-time
ventilation for pre cooling of interior thermal mass

number of occupants and their activity level must be

and combined day-time and night-time ventilation taken into account. In the climate zone with the hot

summer natural ventilation is not sufficient for space
cooling and hybrid ventilation is recommended as an

alternative.

Assessing feasibility of using natural ventilation for Natural ventilation can provide acceptable thermal

cooling purpose in hot summer time in Denmark

Single-sided Windows Computational simulation
(EnergyPlus)

and Cross

Buoyancy
Jwind

Oropeza-Perez and

comfort in 90% of the investigated period. Internal

@stergaard 2014 [82]

heat sources, outdoor temperature, temperature set-
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point, wind speed and solar heat gains are introduced
as the parameters with highest effect on ventilation

control model.

for space cooling and hybrid ventilation is recommended as an
alternative. This is also recommended by other studies [61, 62].
However, using adaptive thermal comfort model, the results from
[63] showed high satisfaction of occupants in a well-designed
naturally ventilated building in summer time. It is reported by
ASHRAE standard 55 [9] that dwellers can adapt to higher or lower
indoor temperature if they can control the indoor environment.
Table 2 summarizes some surveyed research regarding natural
ventilation in buildings.

Although natural ventilation has some advantages comparing
to mechanical ventilation such as savings of energy in cooling and
fan power as well as savings in cost and space for HVAC systems,
there is also some shortcomings such as lower control and relia-
bility, less possibility of air treatment, acoustics issues and security
concerns [83]. Computer based control systems may help natural
ventilation to overcome some of the drawbacks by providing the
possibility to predict its availability. Many studies such as [61,84-
89] pointed out that presence of control systems and proper use of
them in naturally ventilated buildings can cause considerable
energy saving amount because control system can predict when
natural ventilation is sufficient to be used. The main factors
affecting ventilation control are internal heat sources, outdoor
temperature, indoor temperature set-point, wind speed and solar
heat gains [82].

It has been seen in many of aforementioned studies that nat-
ural ventilation cannot always maintain IAQ and thermal comfort
in the acceptable levels. Therefore, newly developed research
mostly focused on hybrid ventilation. They integrated control
system to predict when mechanical ventilation is required [88].

One way to achieve a significant reduction in the energy con-
sumption of buildings required to have mechanical ventilation
systems installed, is to harness the natural energy of the wind and
temperature gradients for additional “free” ventilation and cool-
ing, rather than relying solely on the mechanical systems. At times
when wind pressure or temperature gradients are not sufficient to
drive the flow by natural means, the desired ventilation rates can
still be maintained by the mechanical systems. This is the working
principle of hybrid ventilation [90], also known as mixed-mode
ventilation. This approach is characterised by the use of building
elements, such as windows and doors, for space ventilation and
cooling by natural means, and HVAC systems for ventilation and
air conditioning when needed. The purpose is to provide a healthy
and comfortable indoor climate by passive means at the times of
the day when conditions are favourable. At times when outdoor
temperatures are above comfortable ranges, night-time natural
ventilation combined with adequate thermal inertia can be an
effective strategy for providing a comfortable environment in the
cooling season. Several studies have reported on the preference of
building occupants for natural or hybrid ventilation over fully
mechanical ventilation systems [91-93]. The combination of nat-
ural and mechanical ventilation-known as hybrid ventilation-is
recommended by many studies in order to compensate drawbacks
of natural ventilation and provide comfortable indoor climate. In
other words, in hybrid ventilation, the active mode (mechanical
ventilation) reflects the outdoor environment and benefits from
ambient condition by a passive system (natural ventilation). For
instance, in intermediate season natural ventilation can provide
acceptable IAQ and thermal comfort when outdoor temperature is
lower than room temperature and in the rest of the year combi-
nation of natural and mechanical ventilation provides comfort
condition [94].

The concept of hybrid ventilation was largely popularized by the
International Energy Agency program on buildings in annex 35
“Hybrid Ventilation in New and Retrofitted Office Buildings”, in a
project known as HybVent [95]. This project ran between 1998 and
2002, and had the participation of eleven European countries, the
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United States, Japan, Canada and Australia. Outcomes of this project
were, among others, an analysis of the state of the art of hybrid
ventilation solutions implemented in contemporary buildings, and a
number of recommendations for strategies to control hybrid ventila-
tion systems. Twenty-two buildings were analyzed as case studies,
seven of whom had been recently renovated and the remaining fifteen
were new construction. Most of the solutions encountered exploit the
stack effect for natural ventilation, either through dedicated ducting or
through the use of building elements such as corridors and hallways.
The interaction of the occupants with the ventilation system is per-
mitted in about half of the buildings and control strategies are varied,
some based on the temperature difference inside and outside of the
building, others using both temperature difference and CO, con-
centration, and still others making use of occupation information via
infra-red (IR) sensors.

Utilizing natural ventilation, as long as possible, is the main
benefit of applying energy-efficient hybrid ventilation strategies to
buildings. Homod and Sahari [96] developed a physical and
empirical hybrid model to calculate building thermal (heating and
cooling) load focusing on effective control of indoor temperature by
ventilation airflow rate. They calculated the energy saving of their
hybrid model, which was 27.92% comparing to solely mechanical air
conditioning system. They also reported the need of variable supply
of airflow by mechanical ventilation (e.g. variable-speed fan) for
providing acceptable indoor air quality. Moreover, Ezzeldin and
Rees [97] studied the potential of hybrid ventilation as well as
passive cooling methods by simulation of an office building using
EnergyPlus. They found that implementing hybrid strategies for
ventilation can cause 40% of energy saving comparing with active
conventional system only by changing between natural and
mechanical ventilation. They also reported more energy savings by
applying night-time ventilation especially for cooling purposes. As
solely naturally-ventilated building design can be applicable in
limited range of climates, a study [98] developed ventilation stra-
tegies based on combination of natural and mechanical ventilation
with air treatment (cooling or heating). They prepared an innova-
tive and energy-efficient design for a library building based on four
HVAC system operating models (mechanical ventilation with
heating, mechanical ventilation with cooling, passive ventilation
and passive ventilation with heating) for different times of year
together with night time ventilation for cooling building’s thermal
mass. Likewise, a newer research [99] evaluated indoor climate
quality and energy performance of a high-rise building in Tokyo,
Japan after applying hybrid ventilation. They recorded notable
amount of energy reduction while maintaining indoor climate with
little problems in thermal comfort.

In addition, wind characteristics, as one of the main parameters
of natural ventilation, has been introduced in [100,101] as an
influential factor in hybrid ventilation strategies. This is due to the
significant role of natural ventilation in development of a hybrid

ventilation model. Therefore, not only wind characteristics but also
all parameters affecting natural ventilation such as climatic condi-
tion, building location and orientation, openings’ location, size and
height must be considered in very basic design steps. Effectiveness
of hybrid ventilation depends on having really careful building
design from its beginning steps. To do so, a technical report by [102]
developed a simplified method to assess the achievability of hybrid
ventilation in early building design phase.

In buildings with hybrid ventilation, natural and mechanical
ventilation can work separately or both at the same time. Com-
parative studies on assessing different types of ventilation repor-
ted that natural ventilation is more efficient compared to hybrid
ventilation when cross ventilation and sufficient wind speed is
available while hybrid ventilation performs more efficient in
single-sided ventilation and unavailability of sufficient wind
characteristics [103,104].

Similar to natural ventilation, hybrid ventilation may be cate-
gorized in three main principles [90], as follows:

e Natural and mechanical ventilation,;
® Fan-assisted natural ventilation;
® Stack and wind-assisted mechanical ventilation.

Buildings with hybrid ventilation can follow either one the
principles or a combination of them. Fig. 2 illustrates the pattern of
each abovementioned principles.

The Liberty Tower of Meiji University in Tokyo, Japan, shown in
Fig. 3, uses a natural ventilation system (a combination of stack
and cross ventilation) to provide acceptable indoor climate in
intermediate season and mechanical ventilation and air con-
ditioning is used for the same purpose in the rest of the year,
which caused an annual energy saving of 17% [105]. The Bang and
Olufsen Headquarters building in Struer, Denmark, shown in Fig. 4,
is an example of fan-assisted natural ventilation, which is nor-
mally ventilated through controllable windows by natural venti-
lation, while a low-consumption fan with variable speed located in
cowl on the roof works in case the required ventilation flowrate is
not provided by natural ventilation [106]. In the concept of
RESHYVENT project, Antvorskov [107] listed and described possi-
ble renewable energy technologies that can be integrated with
hybrid ventilation in buildings in which some natural ventilation
elements are mentioned such as solar chimney, wind turbine,
wind cowl and wind catcher. The Media School in Grong, Norway,
shown in Fig. 5, uses balanced (supply and exhaust) mechanical
ventilation to provide acceptable indoor climate in which the air
intake is coming from a wind tower connected to the building’s
basement via underground duct [108]. These commercial build-
ings were some of the case studies for the HYBVENT project in
which different hybrid ventilation principles were assessed.

<~

(a) (b)

(c)

Fig. 2. Schematic view of different hybrid ventilation principles. Reproduced with permission from [90]. (a) Natural and mechanical ventilation; (b) Fan-assisted natural

ventilation; (c) Stack and wind-assisted mechanical ventilation.
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Fig. 3. Liberty Tower of Meiji University. Reproduced with permission from [90].

Fig. 4. Bang and Olufsen Headquarters building. Reproduced with permission from
[90].

Proper design for hybrid ventilation usually results in providing
better indoor climate condition for building occupants. However,
hybrid ventilation can perform more energy-efficient by inte-
grating proper control systems and ventilation control strategies.

The main difference between a conventional system and a
hybrid system is that, with hybrid systems, there are two or more
ways to perform the same task, each with their particular advan-
tages and disadvantages, whereas with conventional systems
there is only one way to perform the task. In order to explore the
benefits of having more than one system to perform the same task,

the hybrid system controller must have the capability to make an
informed decision as to which of the available individual systems
is most suited for the task at hand, at any given time, given a set of
criteria to fulfil and a set of objectives to achieve. This capability is
generally implemented in the form of a supervisory controller,
which decides and commands the operating modes of each of the
individual systems that make the hybrid system.

Although the conventional approach-and today's industry
standard-to controlling the indoor climate is through Rule-Based
Control (RBC), where IF (condition) THEN (action) rules are used to
introduce expert knowledge in the control loop [110], there have
been two active lines of research in advanced control strategies,
during the last two decades, one with a background in optimal and
predictive control theory, which relies on a mathematical model of
the underlying thermal and airflow dynamics of the building and
its surroundings, and another with a background in computational
intelligence, based on neural networks. Dounis and Caraiscos [111]
reviewed works on advanced control systems for energy and
comfort management, with an emphasis on applications from the
computational intelligence branch.

In the last few years, however, there seems to have been a
renewed interest in incorporating predictive capabilities into the
control strategy, so as to further improve the quality of the indoor
climate while optimizing the usage of energy in buildings [112-
121]. This predictive capability, however, can only be effectively
achieved through a mathematical model that represents the
behaviour of the system or phenomenon under control. The
quality of the predictions is highly dependent on the fidelity of the
model and, in the process of developing such control strategies,
there must be an effort in quantifying the added potential of
energy saving and of occupants' satisfaction in relation to the
complexity invested in the control system.

Oldewurtel et al. [122] reported on a large-scale simulation
study, performed under the SwissElectric funded project Opti-
Control, on the potential of Model Predictive Control (MPC) cou-
pled with weather forecasts for climate control in office buildings.
They show that, in more than half of the cases simulated, the
additional energy (non-renewable primary energy) use of a system
based on RBC can be more than 40% of a theoretical performance
bound and, as such, there is scope for exploiting this savings
potential in introducing MPC with weather forecasting. Replacing
the weather predictions by 24 h persistence predictions, however,
resulted in more than double the energy used (well over the
energy used by the RBC system), revealing an important depen-
dence of their controller's performance on the accuracy of the
weather prediction. Moreover, Djuric and Novakovic [123] used
multivariate analysis to identify which variables drive the con-
sumption of energy in buildings. They found that the important
variables in the case of total and fan electricity use are the same
throughout the year, whereas for heating energy the important
variables are different at different times of the year. Total elec-
tricity is well explained by occupancy level and fan input signals.

A considerable amount of research has been previously done on
supervisory control of mechanical HVAC systems [124], but only
recently has research on supervisory control of hybrid natural-
mechanical ventilation systems started appearing in the literature
[100,101,117,125-127]. Nowadays, studies investigating natural
and/or hybrid ventilation are mostly focused on developing
energy-efficient ventilation control strategies. They found control
strategies as the key factor of improving energy performance of
ventilation system. Different types of control system can be
applied to hybrid ventilation, such as natural ventilation control,
mechanical ventilation control, fan-assisted natural ventilation
control, night ventilation control and a control system to switch
between natural and mechanical ventilation [110]. The control
systems can vary from simple and basic to advanced control
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Fig. 5. Medid School. Reproduced with permission from [108, 109].

methods. Recent research utilizes intelligent control systems,
which are applied to hybrid ventilation in order to automatically
adjust between natural and mechanical ventilation mode when-
ever it is required. The main purpose of ventilation control systems
in buildings is providing occupant satisfaction with least energy
consumption. Therefore, IAQ, thermal comfort and energy use are
the main actors in control systems. For instance, Mankibi et al.
[128] conducted a research aiming to identify optimal control
strategies based on hybrid ventilation to simultaneously provide
comfortable indoor air quality and reach energy savings. They
concluded that hybrid ventilation system has a higher consump-
tion during winter and spring accompanied with better indoor air
quality and thermal comfort while it has better performance in
energy consumption in summer with mildly higher CO, con-
centration. In terms of energy saving, combination of hybrid
ventilation with ventilation control strategies showed 90% reduc-
tion in energy consumed by the exhaust fan comparing with only
mechanical exhaust while providing the same thermal comfort
level [129].

In ventilation control strategies, normally, set points are con-
sidered for different parameters affecting indoor climates. For IAQ,
CO, concentration set points are the most popular ones because
this gas is considered as an indicator for occupant-related pollu-
tant concentration. As regards thermal comfort, indoor air tem-
perature set point is the mostly used one. It is also possible to use
other set points throughout ventilation control process. For
example, Mossolly et al. [130] introduced various control strategies
and using optimization model selected the best control strategy
that has highest reduction in energy consumption comparing to
conventional strategy, while still satisfies indoor climate. They
reported 11% of energy saving by varying the supply air tem-
perature and fresh air flow rate, and 30.4% of saving when they use

PMV set points instead of temperature set points while still
varying the supply air flow rate, its temperature and fresh air flow
rate. Similarly, Walker and Sherman [131] assessed the effect of
different ventilation strategies on concentration of contaminant,
particularly ozone, in indoor environment. They reported that
building envelop has high influence on concentration of ozone by
filtration of it. They also reported that extracting ventilation pro-
vides lower concentration of ozone comparing with balance
(supply-exhaust) ventilation system. Finally, they recommended
turning off the ventilation system when the outdoor concentration
is in high level.

In RBC, which is mostly used in studies investigating ventila-
tion in buildings, different parameters such as indoor and outdoor
temperatures, relative humidity, concentration of CO,, wind speed
and its direction can be considered to prepare a rule-based ven-
tilation control strategy. In order to do the measurements some
sensors are required to be installed in the building as well as
weather data required from weather station. For instance, Ji et al.
[132] simulated low energy building in South China using hybrid
ventilation. They developed a CFD model to assess passive venti-
lation accompanied with simple rule-based control strategies.
Performing the simulations, they revealed the capability of the
new ventilation mode to mitigate energy consumption by 30-35%
comparing to purely mechanical mode.

Advanced control of openings size and of the outdoor flow rate
is another important issue that should be considered in both
naturally and hybrid ventilated buildings. In this subject, Schulze
and Eicker [133] assessed the airflow rate through openings con-
sidering different opening types and control strategies. The results
indicated that the indoor air quality maintained in acceptable level
in different climate zones but the thermal comfort, especially in
summer, varies with the selected natural ventilation control
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strategy. It is also mentioned by this study that control strategies
for openings are necessary in order to avoid over-cooling and
providing required fresh air. Likewise, another study [134]
implemented a CFD analysis to assess the capability of a hybrid
ventilation system in providing thermal comfort and suitable
indoor air quality in a 100 m? apartment, considering three dif-
ferent ventilation rates. They summarized that 60 m>/h is the flow
rate that satisfies all criteria, 30 m>/h satisfies thermal comfort
with lower energy consumption but not indoor air quality and
120 m3/h obviously satisfies the IAQ in a shorter time but not
thermal comfort while uses higher amount of energy. Moreover, a
recent study [ 135] experimentally and analytically investigated the
effects of four different ventilation rates (0.1, 0.2, 0.35 and 0.7 L/
s m?) on IAQ and energy saving in a single-family house in order to
prove the overestimation of ventilation rate in Swedish Building
Standards (BBR). The results showed that the ventilation rate of
0.2 L/s m? not only provides an acceptable IAQ with indoor CO,
concentration of 950 ppm but it also has an energy saving of more
than 40% comparing to the ventilation rate of 0.35L/s m2. They
concluded that a ventilation rate of 0.3 ACH can save energy and
maintain the acceptable IAQ level, while the recommended ven-
tilation rate by BBR is 0.5 ACH.

Moreover, demand-controlled ventilation (DCV) strategies have
very significant effects on improving the energy efficiency of a
ventilation system. Using DCV method, the space is ventilated
based on its occupancy level, as presented in Fig. 6, or con-
centration of contaminants. DCV is a suitable strategy for venti-
lation of spaces where the occupancy level varies frequently such
as restaurants, canteens, lecture halls, shopping malls and sport
halls. For instance, office buildings are mostly ventilated based on
constant air volume systems, which causes wasting of energy for
ventilating empty offices or those with fewer occupants. It is
strongly believed that the actual level of occupancy is much lower
than the design level in U.S., which causes over ventilation of the
buildings [136]. In other words, in DCV systems, the demand of a
space for air exchange is always being measured by IAQ sensors
and the outside flowrate is being attuned to match the real
demand. For example, Mysen et al. [137] has calculated the profits
of implementing DCV systems on each cellular office on a refer-
ence office building in Norway. In DCV, supply is continuously
matched with demand, so it results in always having acceptable
IAQ accompanied by notable energy and cost savings.

In beginning steps, occupancy schedules were the primary way
to implement DCV strategies. Nowadays, CO, and motion sensors,
infra-red and video or camera [138] occupant counters as well as
3D depth sensors [139] are devices used in DCV approaches. Fur-
thermore, by applying sensor based demand-controlled ventila-
tion (SBDCV) ventilation flowrate can be modulated over time
based on occupancy or pollutant level, which causes better control

of indoor pollutant concentrations, and lower energy use [140]. In
the late 1990s, Fisk and Almeida [140] reviewed existing work
relating to SBDCV. They announced that SBDCV offers efficient
strategies for the following reasons: it is capable of control by
most pollutants, it is capable of control by the occupancy level, it is
useful for hot and cold climates as well as where the energy is
expensive. CO, sensors are the most used IAQ sensors in DCV
studies in which the outdoor air intake is based on the con-
centration of CO, in a space. Another study [141] reviewed studies
on CO,-based DCV and concluded that, although the energy saving
potential of this method is proved, there are still significant issues
on implementing CO,-based DCV. They revealed that CO,-based
DCV alone cannot provide acceptable IAQ because it cannot con-
trol non-occupant related pollutants as it was later mentioned in
[142]. Furthermore, in [141] the location of CO, sensors has been
discussed as a critical issue because non-uniformity of air dis-
tribution and buildings’ occupancy. Later on the proposed location
for CO, sensors in single and multiple zones discussed in [143].
Recently, some studies such as [142,144] report the placement of
the CO, sensors inside the ventilation supply and return ducts.
Additionally, Lu et al. [145] developed a dynamic flexible and
energy-efficient DCV control strategy to control indoor con-
centration of CO, and to reduce energy consumption. They tested
their novel control strategy in a sport training centre as well as a
common office building, which resulted in substantial energy
saving in both cases. Table 3 summarizes more studies that
reported energy savings throughout investigating and developing
various energy-efficient ventilation methods.

3. Occupants' behaviour, ventilation and energy consumption

So far, different ventilation methods and control strategies, and
the influence of building characteristics and the indoor and out-
door environment conditions on efficiency of ventilation in
buildings have been discussed. However, the behaviour of the
building occupants also affects ventilation rate [157] and subse-
quently energy consumption in buildings. For instance, studies
such as [158,159] indicated that behavioural factors have more
effect on energy performance and comfort than those related to
building, using experimental measurements and sensitivity ana-
lysis to compare the role of building characteristics and occupants’
behaviour on ventilation, comfort and energy consumption.
Therefore, not considering occupants’ behaviour in building
energy simulation leads to increased uncertainty in its energy
performance [160,29]. For illustration, Daniel et al. [161] examined
the influence of occupants’ behaviour on cooling and heating
energy consumption using simulation in the context of the Aus-
tralian regulatory house energy rating scheme and showed that
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Fig. 6. Occupancy-based control for ventilation. Reproduced with permission from [110].



Table 3

Summary of surveyed studies recorded energy saving throughout investigating efficient ventilation control strategies.

Reference

Buildings
application

Climatic region

Control strategy

Method

Main task(s)

Main finding(s)

Energy saving

Jreijiry et al. 2007
[129]

Karava et al. 2012
[146]

Homod et al.
2013 [96]

Menassa et al.
2013 [147]

Ezzeldin and
Rees 2013 [97]

Pavlovas 2004
[148]

Chao and Hu
2004 [142]

mysen et al. 2005
[149]

Xu et al. 2009
[150]

Residential build-
ing (single family
house)

Institutional
building

Residential
building

Commercial
building

Office buildings

Residential
building

Academic build-
ing (auditorium)

Academic build-
ing (classroom)

Commercial
building

Athens (Greece), Nice
and Trappes (France),
Stockholm (Sweden)

Montreal (Canada)

Kuala Lumpur
(Malaysia)

Madison (USA)

Alice Springs (Aus-
tralia), Manama (Bah-
rain), El Arish (Egypt),

Madinah (Saudi-
Arabia)

Sweden

Hong Kong

Oslo (Norway)

Various weather
conditions

DCV (Occupancy detection
and CO, concentration)

Model-predictive control
strategies

Rule-based control strate-
gies for Temperature and
PMV

Basic control strategies

Rule-based control strate-
gies+ passive cooling
strategies

DCV (Occupancy, CO, and
humidity control)

DCV (Occupant related and
non-occupant related
contaminants)

Constant air volume (CAV)
and DCV (CO; and IR occu-
pancy detector)

model-based control

Numerical Simulation
(MATLAB/SIMULINK and
SIMBAD Toolbox)

Full-scale experimental set-
up

Numerical calculation,
Empirical model (RLF
method)

Experimental measure-
ments, Computational
simulation, Optimization
Computational simulation
(EnergyPlus)

Computational simulation
(IDA Indoor Climate and
Energy) and Experimental
measurements

Experimental
measurements

Experimental
measurements

Computational simulation
and Optimization

Develop and analyze control
strategies for hybrid ventilation to
compare solely mechanical
extract ventilation with low
pressure hybrid ventilation

Providing reliable experimental
data for buildings with hybrid
cooling strategies and investigat-
ing night cooling strategies

Calculating energy saving of con-
trolling building indoor condition
by natural and mechanical
ventilation

Developing and testing different
basic hybrid ventilation control
strategies

Assessing feasibility of providing
acceptable indoor climate using
mixed mode ventilation in arid
areas

Assessing capability of DCV in

energy saving. Evaluating cap-
ability of IDA software for ana-
lyzing DCV performance.

Developing a dual-mode demand
controlled ventilation based on
CO, and Radon

Comparing ventilation energy
consumption based on three dif-
ferent control strategies

Developing an optimal model-
based control strategy to provide
acceptable indoor climate and
reduce energy consumption

The colder the climate, the better the
potential of stack effect, therefore
exposure to high CO, concentration
and fan energy consumption is lower.
Hybrid system decrease exposure of
occupants to high CO, concentration
and reduces at the same time energy
consumption of fan.

Hybrid ventilation system showed
good performance accompanied by
considerable energy saving during
cooling season (April-October). Per-
forming night cooling strategies cau-
ses more energy saving (as it cool
down the building's internal thermal
mass and walls)

Mechanical ventilation is necessary to
control IAQ (Use of variable speed fan
is recommended). The proposed
method is capable to mitigate energy
consumption.

Substantial energy saving can be
achieved by automatically controlled
hybrid ventilation.

Considerable amount of energy sav-
ing is achieved by implementing the
mixed mode strategies and facilitat-
ing adaptive behaviour. More saving
can be achieved by applying night
time ventilation.

Possibility of energy saving by redu-
cing average ventilation while the
indoor air quality is acceptable.
Occupants’ behaviour can affect DCV
performance. The simulation results
showed a good agreement against
measured data.

Using only CO,-based DCV, non-
occupant related pollutant level is not
acceptable. Dual-mode DCV is able to
provide suitable IAQ with notable
amount of energy saving comparing
with constant rate ventilation.

CAV is defined based on full design
occupancy and full time function
while the occupancy level is less than
75% and occupied time is typically
40%. CO, and IR DCV resulted in
considerable amount of energy
saving.

Comparing with multi-zone and con-
ventional demand-controlled ventila-
tion, the results showed considerable
amount of energy saving comparing

About 90% (Fan)

More than 30% (free
cooling)

27.92% (comparing to
conventional system)

20%(comparing with
conventional system)

More than 40% (by
switching between
natural and mechanical
ventilation)

More than 50% (RH and
CO,) about 20% (occu-
pancy control)

8.3-28.3% (daily elec-
trical energy)

38% (CO,) and 51% (IR)

7.55% (cooling) and
4.65% (total power
consumption)
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Kulic 2009
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Mossolly et al.
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Nielsen and
Drivsholm
2010 [153]

Laverge et al.
2011 [154]

Sun et al. 2011
[155]

Ng et al. 2011
[156]

Office building

Academic
building

Residential build-
ing (single family
house)

Residential
building

Super high-rise
office building

Gymnasium

Belgrade (Serbia)

Beirut (Lebanon)

Denmark

Belgium

Hong Kong

Indiana (USA)

Genetic algorithms based on

CO,, control

base strategy (VAV) and
Advanced control strategies

DCV (CO, and humidity)

DCV

CO,-based DCV

CO,-based DCV

Computational simulation

(EnergyPlus), Mathematical

model (MATLAB/
SIMULINK)
Visual DOE software

Experimental
measurements

Computational simulation
(Contam)

Experimental
measurements

Experimental
measurements

Evaluating amount of energy
saving by CO, concentration
model in a HVAC system

Investigating the influence of dif-
ferent optimized control strate-
gies on energy consumption
while maintaining IAQ and ther-
mal comfort

Investigating indoor climate and
energy consumption using DCV
strategy with high and low flow
rates

Investigating the energy saving
potential of four different DCV
strategies

Testing and evaluating the energy
and environmental performance
of CO,-based DCV comparing
with Constant outdoor flow rate
strategy

Assessing IAQ and energy saving
by implementing CO,-based DCV
strategies in a gymnasium under
the new and old ASHRAE venti-
lation standards

with the former and notable improve
in thermal comfort and indoor air
quality comparing with the latter.
The energy saving of the HVAC sys-
tem is calculated based on for differ-
ent CO, limits in control cases.

The multi-variable control strategies
are capable to improve energy per-
formance of HVAC systems and in the
same time, maintain IAQ and thermal
comfort.

The low ventilation rate (recom-
mended by IAQ standards) can guar-
antee acceptable IAQ in 37% of occu-
pied time, which has notable saving
comparing with high ventilation rate
(Danish building regulation
requirements)

Considerable amount of energy sav-
ing is recorded by simulating differ-
ent strategies. Humidity based strat-
egy was the least suited to maintain
1AQ level.

In summer and warm mid-season
days the DCV strategy is able to
reduce both fan and cooling energy
consumption while in winter and cold
mid-season days use of enthalpy
Control strategies are recommended
instead.

The energy saving from CO,-based
DCV under the new ASHRAE 62.1 is
lower than the same under the old
ASHRAE 62 comparing with constant
ventilation rate. The result can also be
used for other humid continental
climates.

20-82%

11% (Temperature set
point)- 30.4% (PMV set

point)

35% (Fan)

25-60%

55.80%

0.03% (ASHRAE 62.1)

1.86% (ASHRAE 62)
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the present regulation cannot assume occupants influences cor-
rectly and needs to be improved. This section reviews some
existing literature that investigated the influence of occupants’
behaviour on ventilation rate and energy consumption in
buildings.

People's behaviour in naturally ventilated spaces closely fol-
lows the outdoor climate in the way they use windows to adjust
their indoor environment [29,162]. Although the debate about the
advantages and disadvantages of the exclusive use of natural
ventilation is far from finished, natural ventilation can provide a
healthy and comfortable indoor environment, allowing energy
savings compared to purely mechanical ventilation [163]. The
simplicity of opening a window makes natural ventilation extre-
mely attractive in principle but, though seemingly simple, the
conditions and the parameters that affect the behaviour of this
type of ventilation are very complex. Given the uncertainties
associated with the performance of natural ventilation, architects
and engineers avoid its use as it is difficult to implement and
control. In naturally ventilated spaces there is a risk that, over
time, it is not possible to satisfy the ventilation needs and the
desired level of comfort, requiring a high degree of flexibility on
the part of the occupants in relation to their indoor environment.

Many modern residential buildings have a low air infiltration
rate (around 0.2 h—'), which, by itself, is not appropriate to dilute
the contaminants and provide acceptable IAQ [164,165] and can
lead to increased health issues [166]. A review on existing litera-
ture shows that almost 10% of dwellers do not use their ventilation
system [167] and this ventilation behaviour is independent of
infiltration rate or space size [168]. As a case in point, Park and Kim
[166] investigated influence of occupants' behaviour on ventilation
of their apartments throughout a heating season. The evaluation
has been made by a field study, questionnaire survey as well as
airflow rate measurements. Their results showed that almost 70%
of occupants did not use mechanical ventilation at all due to dif-
ferent reasons. As shown in Fig. 7, among all matters, raising
heating energy cost was the main reason not to use mechanical
ventilation by about 60%. Based on the survey results and venti-
lation period per day, the study divided the dwellers into four
categories in which the first category has the highest level of
dissatisfaction while the fourth category has the lowest. The study
also calculated the energy consumed by operation of a fan for four
hours per day (category four) to be about 1 US$/m? on average for
the whole heating season.

The main factors associated with energy consumption in
building are categorized in [169] in which building occupants'
behaviour and activities are mentioned as crucially influential
factors. This shows the need for investigating influence of occu-
pants’ behavioural aspects on energy consumption in building and
find out new methods to develop energy efficiency in buildings
with the cooperation of occupants. Some of the studies that
developed and proposed new methods to investigate influence of
occupants’ behaviour on energy consumption are presented
below:

® Modelling of user behaviours, such as their presence and
activities, using numerical simulation is proposed in [170] to be
integrated with building energy simulation in order to improve
its energy performance.

® Authors of [169,171] developed methodologies to evaluate the
effects of occupants’ behaviour on energy consumption in
residential buildings in Japan. The methods are not only capable
to identify the occupant's behaviour that required to be
improved but they also provide practical recommendation for
making decisions, which lead to energy efficiency improve-
ments. In other words, the developed methods enable

Increase in

heating
energy cost
Difficulty 58%
of (n=55)
operation
21%

(n=20)

Fig. 7. Major reasons for not using mechanical ventilation during heating season.
Reproduced with permission from [166].

researchers and building actors to identify the energy saving
potential throughout occupants’ behaviour modification.

® A methodology developed in [172] considers a combination of
climatic data and occupants’ behaviour as input data for build-
ing energy simulation. This model decreases the uncertainty of
building energy simulation by reducing the discrepancy
between calculated and actual energy performance.

® Gunay et al. [160] reviewed and categorized existing studies on
adaptive occupants’ behaviour and explained developed meth-
odologies as well as the limitation of their application. They
presented logistic regression models as proper methods for
occupants' behaviour modelling and concluded that it is possi-
ble to mitigate the influence of occupants' behaviour on energy
performance of buildings by using occupant-predicting control
strategies.

Where possible, occupants can have control on their clothing
and activity level but they might also have control on the indoor
environment through adjusting fans, windows, blinds, lights, as
well as cooling and heating systems. On the other extreme, a strict
dress code in a professional setting can be very limiting on the
capability of a person to adapt to its environment. Andersen et al.
[173] assessed the influence of occupants’ behaviour on energy
consumption by simulating one person located in a single room
with all aforementioned controls based on two different (energy
expensive and energy efficient) behavioural modes. Fig. 8 illus-
trates influence of different behavioural modes on controlling PMV
and energy consumption in consequence.

One of the most influential occupants’ behaviour is their ten-
dency to open or close windows. This is well-accepted that win-
dow opening behaviour has very crucial effects on indoor climate
and energy consumption because operable windows offer the
opportunity to control the indoor environment and link the
occupants to the outdoor environment. Some of the studies that
assessed the window opening behaviours are summarized below:

® The results from questionnaire surveys in [174] showed that
outdoor temperature has the most significant effect on window
opening behaviour among other factors such as IAQ, noise, floor
area, gender and so on.
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Fig. 8. PMV control in energy expensive and energy efficient modes. Reproduced with permission from [173].

® occupants’ window state adjusting behaviour assessed in [175]
based on various influential factors such as indoor temperature
and climatic data (i.e. temperature, wind characteristics, relative
humidity and rainfall) throughout seven years continuous
measurements. They developed three different window adjust-
ing models. A Bernoulli process based on a logit probability
distribution, a discrete-time Markov process with sub-models
for different occupancy statuses and extended this latter to a
continuous-time random process. They also tested combination
of these models, so called hybrid model to benefit from
including advantages of all while excluding drawbacks.

® Roetzel et al. [29] carried out a comprehensive review on
investigating effects of occupants’ behaviour on controlling
natural ventilation in buildings. They assessed various para-
meters that affect occupants' behaviour for window opening
such as outdoor environment condition (i.e. occurrence of
temperature, wind, rain and noise), season, time of day, window
opening type, size and location as well as previous window
state. The main reason to modify window state is to let fresh air
come in during heating and cooling season and cool down the
space during cooling season.

® Fabi et al. [176] investigated and presented dominant factors
and driving forces of window adjusting behaviour of occupants
in residential buildings by reviewing existing studies as well as
the result from a field study survey conducted in Denmark.

® Fabi et al. [177] provided an extensive literature review on
window adjusting behaviour and they indicated lack of more
realistic and precise occupants' behaviour model.

And more recently:

® Schakib-Ekbatan et al. [178] evaluated the interaction of occu-
pants with natural ventilation by a long-time monitoring of an
office as a case study. They found out that users' interaction
with window opening causes some increase in energy con-
sumption during winter as the heating demand increases but
not in summer (when outdoor temperature is higher than
indoor) as there is no cooling system.

® Wang and Greenberg [179] assessed various control strategies
on window opening behaviours using EnergyPlus simulation
software. They highlighted the significant role of window
opening behaviour on occupants comfort and HVAC system
energy saving potential that is calculated up to 47% in hybrid
ventilated buildings.

In addition to window opening behaviour, Wymelenberg [180]
and Zhang and Barrett [181] focused on occupants' control on
blinds. The latter reference [181] revealed that solar radiation has
the highest influence on blind adjusting and occupants mostly
tend to put the blinds position completely up or completely down.

Most of studies in this field focused on energy saving potential
during occupied hours but dissimilarly, a study [182] focused on

wasting of energy during non-occupied hours, so called the dark
side of occupants’ behaviour and reported that in commercial
buildings more than half of energy use accounts for non-occupied
hours, which is mainly due to lightings and equipment needlessly
left on by the users.

Recently, more studies investigated influence of occupant
behaviour on ventilation and energy consumption in buildings.
The existing research indicates that the influence of occupants on
ventilation and energy consumption is rather high. Therefore,
more studies to investigate this relation can aware dwellers on
their energy and ventilation behaviour, which results in improving
energy efficiency [183] and IAQ in the same time.

4. Correlation of ventilation with health and productivity of
occupants

While the main purpose of ventilation is to provide fresh air to
the building occupants and to dilute pollutants down to acceptable
concentrations, it can present a substantial energy load to the
heating and cooling subsystems. For that reason, ventilation sys-
tems are designed and operated in such a way as to provide
acceptable air quality through minimum ventilation rates
requirements, such that known harmful contaminants are only
present in small enough concentrations and, for which, only a
statistical minority of the building occupants, say, 20% or less,
would express dissatisfaction in relation to odours and smells. This
is frequently achieved with recirculation of the indoor air by
introducing some of the exhaust air back into the supply stream to
conserve energy.

Consequently, and mostly due to poor cleaning and main-
tenance of the various HVAC system components, many people
find their indoor environment hardly acceptable, and several
adverse health effects are reportedly caused by the low quality of
air that people are exposed to inside buildings. The debate about
the effects of mechanical ventilation and air conditioning on
people's health is still open today but there are already strong
suggestions of an association between inadequate ventilation and
the prevalence of respiratory and other building related symp-
toms, even more so for those systems which include air con-
ditioning capabilities [28,184]. Still, despite the standards and best
practice guidelines being frequently revised, there continue to be
many problems during the operation lifetime of mechanical ven-
tilation systems including insufficient fresh air supply, inadequate
settings for the air temperature, humidity and velocity, and
improper or neglected cleaning and maintenance.

As people spend most of their time inside buildings, it is cru-
cially important to provide adequate IAQ in addition to thermal
comfort, especially for office buildings and schools, where people
are working and learning. Insufficient ventilation may lead to Sick
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Building Syndrome (SBS), which causes health issues for occupant
and lowers their productivity [184]. It is well-accepted that
improving indoor climate condition can significantly increase the
productivity and health of occupants [185,186]. Moreover, not
well-designed ventilation systems may lead to destructive effects
on building occupants’ health and performance [187]. Therefore,
health, productivity and comfort of occupants are significant issues
that should be considered throughout building design and
operation [188].

Ventilation standards specify minimum ventilation rates
required for buildings in order to meet acceptable indoor air
quality. According to the findings of [186], however, ventilation
rates requirements of standards might not be sufficient for always
providing suitable IAQ, in particular for formaldehyde level [189].
Table 4 summarizes the ventilation standards of different coun-
tries for general non-smoking spaces. Some of the standards have
defined different flowrates required for different types of spaces
such as office, classroom, auditorium, shop and restaurant. For
spaces in which smoking is permitted the demand of outside
flowrate significantly increases. Moreover, a recent review of
ventilation in dwellings of 12 European countries [190] concluded
that an air exchange rate of 0.5 h~! as a minimum requirement in
many European standards might not satisfy health criteria. A
recent review about development of ventilation and IAQ stan-
dards, mostly based on ASHRAE 62, is also available in [191].

Many studies investigated the use of ventilation rate above
standards requirements in order to increase performance and
decrease health issues. Findings of some studies are listed below:

® Increasing the standard ventilation rate 25% to 90% can cause
0.33% to 0.91% increase in productivity of workers accompanied
with improvements in preventing SBS symptoms and short-
term absence of them accompanied with more energy con-
sumption while using economizer, improvement in all criteria is
recorded [197].

® [ncreasing the ventilation up to 25L/s per person decreases
occurrence of SBS symptoms while short-term absence, respira-
tory infections and asthma symptoms increases by low ventila-
tion rate [184].

e Ventilation rate higher than 10 L/s per person and up to 20 L/s
per person reduces prevalence of SBS symptoms and respiratory
diseases [187].

® A recent review about the relationship between ventilation and
health in public and residential buildings [198] has mentioned
that higher ventilation rates lead to lower health risks while has
indicated some limitations in available literature such as

Table 4
Recommended outdoor flowrate and indoor CO, level in different ventilation
standards.

Country Standard Rate of outside air CO, level
(m*/h person) (ppm)
Switzerland SIA382/1 12-30 1000-1500
[192]
Austria ON6000-3 20-70 1000
[193]
Europe IDA1 (High IAQ) EN13779 > 54 > 400*
IDA2 (Medium [194] 36-54 400-600*
IAQ)
IDA3 (Moderate 22-36 600-1000*
1AQ)
IDA4 (Low 1AQ) < 22 < 1000*
Germany DIN 1946-2 20-60 1000-1500
[195]
USA ASHRAE 62 [196] 29-36 700*

* Means above outdoor concentration

inadequate statistical power, lack of data about pollution
sources, diversity of ventilation rates at which the health
problems have been seen, etc. They also pointed out that the
available information cannot be universally applicable.

Besides different ventilation rates, the following studies have
investigated and compared influence of different ventilation
systems on health and productivity.

e Dutton et al. [199] investigated workers health conditions in
retrofitted office buildings in which traditional mechanical ven-
tilation and air-conditioning is replaced by natural ventilation
and they found increasing several health problems in occupants
due to exposure to outdoor contaminant such as ozone. However,
they revealed that the number of workers experiencing SBS
symptoms is decreasing. As the care cost of increased health
problems dominates the saving from decreased SBS symptoms,
they recommended use of mechanical ventilation and air-
conditioning instead of natural ventilation when the outdoor
ozone and particulate matter concentration is high.

® Muhi¢ and Butala [91] evaluated and compared the health
condition of occupants in naturally and mechanically ventilated
buildings through 6 month measurements and a questionnaire
survey. They pointed out that in terms of occupants’ health
condition naturally ventilated building performs better, except
in eye inflammation and swollen eyelids. They also reported
significantly high occurrence of SBS symptoms in mechanically
ventilated building.

e From a field study survey in [200] that assessed three buildings
with different ventilation systems (HVAC system, fan coil unit
and natural ventilation), it is reported that comparing with
workers in naturally ventilated building, those worked in office
with HVAC system experienced more short-term throat irrita-
tion and those who worked in office with fan coil experienced
greater number of short-term sinusitis while both of them
experienced more usual coughing in cold air.

Table 5 shows that significant profit can be gained from
improving indoor climate like increasing productivity and
decreasing health-related effects such as SBS symptoms, respira-
tory illnesses and allergies. Based on data available in Table 5,
many employers prefer to neglect energy efficiency to improve
productivity because the employees' remunerations and profits
considerably exceeds energy costs [201]. Therefore, developing
methods to design ventilation systems that can improve indoor
climate and energy efficiency in the same time is promising.

Among all factors affecting workers’ productivity, Seppanen
et al. [202] investigated the influence of indoor temperature on
performance of workers. The highest productivity has been
recorded in temperature around 22 °C and by increasing tem-
perature to 30 °C it showed about 10% reduction. Furthermore,
another study [203] investigated various factors affecting workers’
productivity in different indoor climates in two factories in China
using a field study. They announced that, although IAQ has the
highest influence on productivity, thermal feeling of workers can
significantly affect their productivity. They found that workers
perform more productive in either a little cooler or a little warmer
comparing with neutral condition, however, the highest pro-
ductivity has been recorded for slightly cooler temperature in both
case studies.

Additionally, as children spend most of their time at indoor
spaces, concentration of pollution can have more adverse effects
on their performance and health. In this subject, Franklin [204]
and Etzel [205] studied the effects of indoor air pollution on
respiratory health of children. The latter reference, [205], parti-
cularly assessed exposure of children to tobacco smokes, and
recommended legislation of new policies to decrease this expo-
sure immediately. Putting the fresh air intake in the cleanest
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Table 5
Estimated potential productivity gains in 1996 $US [185]

Source of Productivity Gain

Potential Annual Health Benefits

Potential Annual Savings or
Gains.

Reduced respiratory illness
Reduced allergies and asthma
million asthmatics
Reduced SBS symptoms
by ~15 million workers
Improved performance from thermal and lighting Not applicable

changes

16 to 37 million avoided cases of common cold or influenza
10% to 30% decrease in symptoms within 53 million allergy sufferers and 16 $2-$4 billion

$6-$14 billion

20% to 50% reduction in SBS health symptoms experienced frequently at work $10-$30 billion

$20-$160 billion

outdoor location, protecting the HVAC components from dusts and
pollutant sources, using local exhausts and using high-quality fil-
ters with low pressure drop results in better IAQ and in con-
sequence more productivity and energy efficiency [206]. Tem-
perature fluctuation should be controlled not to exceed 4 °C in a
working shift [207].

5. Conclusion

Energy demand is continuously increasing worldwide and the
building sector is responsible for a large portion of global energy
consumption. Thus, promoting energy efficiency in buildings is
essential. Among all building services, HVAC systems are sig-
nificantly responsible for building energy use. Therefore, improv-
ing ventilation systems plays an important role not only in fos-
tering energy efficiency in buildings but also in providing better
indoor climate for the occupants and in decreasing the occurrence
of health issues. In consequence, energy-efficient ventilation sys-
tem causes reduction in building-related GHG emission and
reduces the climate change risks. The present paper reviewed
existing literature in energy-efficient ventilation methods, the
influence of occupants’ behaviour on ventilation and energy con-
sumption and the relation of ventilation with health and pro-
ductivity. A summary of findings in this review is listed below:

e Natural ventilation driving forces can either oppose or com-
plement each other.

® As noted by many authors, the position and size of openings
plays a significate role in natural ventilation effectiveness.

e [n hybrid ventilation, mechanical ventilators compensate the
shortcomings from natural ventilation, when required.

e Utilizing hybrid ventilation not only provides acceptable IAQ
level but also causes notable amount of energy saving due to
lower use of mechanical ventilation.

® [ntegrating ventilation control strategies to hybrid ventilation
leads to considerable amount of energy saving.

® A large amount of energy is annually wasted in the world due to
ventilating spaces during low or even zero occupancy. In this
case, DCV improves ventilation energy performance through
considering occupancy level.

® Besides building characteristics, environmental condition and
ventilation methods, and occupants’ behaviour on controlling
their environment significantly affects IAQ and energy perfor-
mance in buildings.

® Not well-designed ventilation systems might lead to increasing
health issues and symptoms among building occupants. This
shows the tight relation between ventilation rate, occupants’
health and their performance.

® Regarding healthy and productive environment, many studies
propose ventilation rates higher than minimum requirements of
the standards and regulations.

® More research is required to broadly assess the relation of
ventilation and occupant health, not only for offices but also for
homes, schools and day care centres in various climates espe-
cially regions with high outdoor pollution and more attention is
required to be paid for air cleaning and efficient filtration
systems.

Nowadays, ventilation requirements are addressed by most of
the standards dealing with Indoor Environmental Quality in
buildings. The process of definition of a ventilation requirement,
e.g. the fresh air flow rate, usually starts with the fixation of a
reference value for a health or comfort criterion based on the
indoor air quality or on the removal of the heating or cooling load.
The fresh air flow rate may be the result of a prescriptive method,
usually corresponding to a table where, depending on the type of
space, it is defined, or, in a different way, it may be calculated
applying an analytical method. There are still important differ-
ences between the requirements defined by different national
standards, and also international standards are far from being
consensual. There is a need of a better harmonization of the
existing standards and also the difference between infiltration and
ventilation rates needs to be more discussed and clarified. As
regards the integration of standards and codes with international
building certification methods, this is an important issue. Most of
the certification schemes consider some ventilation requirement,
which usually is coincident with the prescription of national or
international used standards. What is expected and desirable is
that building certification schemes and standards will keep an
evolutionary character changing together with the evolution of the
state-of-the-art of ventilation science.

Based on this review, it was found that, despite considerable
advances in the field in the last two decades, there remain open
questions which are pertinent to the wider acceptance and
implementation of novel hybrid ventilation strategies. One fun-
damental question that remains open relates to what extent
today’s state-of-the-art rule based control strategies can be
improved upon for hybrid ventilation systems, and whether a
different approach to control could introduce substantial
improvements in a real use situation. In particular, there is no
study in the existing literature, addressing intelligent window-
based hybrid ventilation strategies for maintaining the IAQ and
reducing the energy consumption at the same time. On the other
hand, many researchers have reported on various approaches to
controlling ventilation with various degrees of performance in
terms of energy savings and occupants’ satisfaction. It is pertinent,
nevertheless, to think in terms of a lower bound for the energy
requirements in order to provide a comfortable and healthy indoor
environment for people, and it does not make sense to reduce
energy consumption further if it affects negatively people’s com-
fort and health. With the introduction of more and more nZEBs in
the coming decades, the energy consumption in buildings para-
digm will shift from a long time scale (yearly) assessment metric
to a short time scale (daily) quest for a balance between local
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production, demand and storage capacity. In this new paradigm, it
is envisaged that dynamic, predictive control of the building sys-
tems, including hybrid ventilation, can become a much more
effective strategy to condition the indoor climate, not necessarily
because energy consumption is reduced, but because the available
renewable energy resources are used most efficiently.
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CHAPTER 3. STATE-OF-THE-ART
3.3. Updated Literature Review - 2016 Up to Now

As the article presented in the previous section was published in 2016, this section
presents an updated literature review from 2016 up to now. The review will follow the
same structure as the previously presented article. It starts with reviewing the recent
research studies about natural ventilation and then moves to studies on mixed-mode
ventilation and energy efficient ventilation control strategies in buildings. Afterwards, it
addresses the influence of occupant behavior on ventilation and energy use, as well as the
correlation of ventilation with health and productivity of the occupants. Since the
COVID-19 pandemic draws attention to the importance of ventilation requirements in
buildings, the final topic appeared even more in the literature in the past 2 years.
Moreover, and in addition to the previous article, some recent research work that
investigated the newly presented indicator for evaluation of smart readiness of buildings

has also been reviewed.

Since the recent global awareness toward environmental sustainability and indoor
environment quality, naturally-ventilated buildings have been comprehensively
welcomed [30]. As an important player that contributes to building energy performance
and occupants comfort, natural ventilation has been considered as a desirable feature of
sustainable buildings [31]. Although the demand for natural ventilation has increased with
development of more sustainable buildings, there are still challenges with regards to the
uncertainties associated to it which need to be overcome [32].

It was reported by many studies such as [33] that air movement into and around buildings
is highly influenced by building design. Similarly, the natural ventilation performance
highly depends on building design and its interaction with the local environment, which
proves the importance of taking natural ventilation into account since the early stage
building design. Ref. [34], proposed an evaluation approach to estimate the feasibility of
wind-driven natural ventilation during early stage building design. It used CFD to
simulate various single-sided and cross-ventilation models with different opening sizes
and windows. Table 3.1, summarizes some recent studies on natural ventilation
considering its principles, namely, single-sided, cross-ventilation and stack ventilation
with natural ventilation, its characteristics elements and driving forces. As it can be seen

in table 3.1, most of the studies on natural ventilation considered either thermal buoyancy
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or wind as the driving force and less considered both as of the complexity associated.
This was also reported by [35], which carried out a critical review of combined natural

ventilation techniques in sustainable buildings.

Additionally, natural ventilation highly interacts with outdoor environment condition
such as weather and climate condition as well as outdoor pollution. Many research works
studied the influence of weather data on availability, feasibility and effectiveness of
natural ventilation in different climate zones [36]-[39]. Considering hot and humid or
Tropical Climates as critical climates for use of natural ventilation, ref. [30] revealed that
most of recent research on the topic is focused on these critical climates that shows the
added value of natural ventilation in other climates is quite proven. Also, delivery of
required ventilation rate with passive energy efficient method like natural ventilation in
buildings has caused an increase in indoor pollutant concentration coming from outdoor
fonts, which has been proven to put building occupants’ health in significant risk. Taking
it into account, ref. [31] investigated the influence of PM2.5, PM10, and ozone as the
three main outdoor air pollutants on natural ventilation effectiveness in several major US
cities and climate zones, using the outdoor air pollutant histories from the US
Environmental Protection Agency. This study concluded that PM2.5 is the most
influential factor to be considered in natural ventilation design while the effect of PM10
IS quite insignificant. They also mentioned that, although the influence of ozone is not
noticeable in most cases, it cannot be neglected. Similarly, [40] experimentally studied
the influence of natural ventilation rate on PM2.5 deposition in indoor space and come
up with the same conclusion as [31]. It is also concluded that ignoring the influence of
natural ventilation on indoor PM2.5 deposition may cause an underestimation for air
cleaner systems. It is reported by several studies such as [30], [35] that continuous outdoor
conditions monitoring must be an integrated part of natural ventilation system design to
avoid being affected by the disadvantages of external conditions. Accordingly, integrating
automated openings and other control strategies to natural ventilation is proposed to lower

these effects and provide acceptable indoor climate.

Recently, [41] has reviewed the studies on natural ventilation in warm climates and made

the following main conclusions:

- Indoor air quality is adversely affected by outdoor air pollution;

- Current natural ventilation methods mostly meet thermal comfort standards;
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- solar chimney and windcatchers (stack ventilation) are the natural ventilation
characteristic elements that provide the best thermal comfort and indoor air
quality due to their ability to induce air movement;

- cross ventilation proves to be satisfactory as well but single-sided ventilation
although provides acceptable indoor air quality but associates to poorest thermal

comfort.

Owing to the initiative launched by Building and Environment journal on “Ten
Questions” in built environment research, [42] prepared a ten question and answers papers
with regard to natural ventilation in non-domestic buildings. This study presented several
issues about natural ventilation. As such, the issue in hot climates, increasing the number
of overheating hours caused by climate change negative impacts and of course increasing
the hours to take advantage of natural ventilation in transition and cold months have been

mentioned.

It has been seen, in many of aforementioned studies, that natural ventilation is not always
capable to sustain the indoor climate in an acceptable level for building occupants and
suggested the use of control system to predict or check the natural ventilation adequacy
to meet the required condition. It is pointed out that in cases where natural ventilation
cannot satisfy these needs, the presence of mechanical ventilation is required. This is
called hybrid (mixed-mode) ventilation, which is neither solely dependent on natural
ventilation nor mechanical ventilation. Actually, it uses the advantages of both methods

while excludes their drawbacks.
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Table 3.1 — Summary of surveyed studies on natural ventilation.

Natural ventilation concept

Reference Method Main task(s) Main finding(s)
Driving o Characteristic
Principle
force element
evaluating if whether natural - -
. _ ventilation is a sustainable the prellmmary results are promising because.
[43] buovanc single- windows Computational solution to protect occupants the indoor environment in the tested example is
yancy sided simulation P pa safe if the windows are widely opened at the
from heat-related health risks .
. relevant times.
during heatwaves
evaluating the effects of during July and August, due to the unfavorable
Computational  regional climate variations on  weather conditions, solely natural ventilation
[37] wind Cross windows simulation the potential of natural cannot satisfy the requirements while it is
(DesignBuilder)  ventilation in building advantageous during transition seasons (spring
design. and autumn)
- It was shown that the window pane can have an
evaluating the performances o
. - . adverse effect on the ventilation rates, and the
of several typical windows in . . .
- . tilt and awning window styles performed the
numerical the case of buoyancy-driven, - :
. - . worst because the openings were either at the
single- . (CFD, ANSYS  single-sided natural : -
[44] buoyancy - windows S e top or the bottom window edge. Unlike other
sided Fluent) and ventilation and quantifying . 4 f
. R cases, there was no obvious difference in
analytical the ventilation rates through o . .
. - ventilation rates between the horizontal pivot
variable window . - - .
. - window and vertical pivot window case and
configurations
both are acceptable styles.
. results showed that windows opening area less
analyzing the effect of P
. o than 0.077 m? will cause general CO2 level
b inal experimental natural ventilation in student higher than th loi
[45] uoyancy singte- windows and dormitories on indoor air Igher than the acceptable mdo_or CO:
/ wind sided concentration (<1000 ppm) while when the

questionnaire
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quality and thermal comfort
in Beijing's winter

opening area exceeds this value the temperature
lowers to less than 20 C just after 4 hours.
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[32]

[47]
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[49]

[50]
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/ wind
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/ wind
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/ wind

buoyancy
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sided

single-

sided,
Cross and

Stack

single-

sided,
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Stack

single-
sided

single-

sided,
Cross and

Stack

windows

windows

double-skin
fagade / solar
chimney

double-skin
facade / solar
screen

window with
trickle ventilator

double-skin
facade / solar
chimney

numerical
(CFD,
ScCSTREAM
CFD tool)

experimental

(chamber) and

mathematical
model

numerical
(CFD, ANSYS
Fluent)

Computational
simulation
(DIVA
Rhinoceros and
Design Builder)

experimental
measurements

numerical
(CFD, ANSYS
Fluent)
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investigating the thermal
comfort of a naturally
ventilated hostel operational
building by developing
different natural ventilation
strategies

investigating the
predictability of natural
ventilation rate by
developing predictive models
with eight machine learning
algorithms

comparing the clear glazing
and the low-e glazing in the
use of a naturally ventilated
double-skin facade

evaluating the performance
of a double-skin facade
integrated with perforated
screens to both daylight and
natural ventilation

quantifying the natural
ventilation rate in real time
through a single-sided, small-
opening trickle ventilator

evaluating the influences of
an operable outlet louver on
the natural ventilation
performance of an NVDSF,
with louver angles of 30°-
150° under various solar
conditions
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Cross Ventilation is an effective technique for
improving airflow through the building. An
increase in air velocity up to 0.50 m/s was
achieved by cross ventilation.

deep neural network (DNN) have shown the
best prediction performance among all
algorithms. It has been mentioned that this
prediction model can be used in design phase.

Applying the low-e glass as the inner facade of
the naturally ventilated double-skin facade
provided more natural ventilation rate at all
incident angles

the optimum rate of the perforated percentage
for balancing natural ventilation and daylight
varies with the season and outdoor condition.
When it is a good time of bringing natural
ventilation interior, the optimum percentage is
60% in spring, 10% in autumn and 30%
through a year.

The ventilation rate of the trickle ventilator was
quantified by four methods: the tracer gas
method, inlet air velocity-based, pressure
difference-based, and reference wind velocity-
based. The tracer gas method was considered
the reference to which the other three methods
were compared.

the significance of outlet louvers” impacts on
NVDSFs’ performance is highlighted, so it
cannot be neglected in practice. Louvers can be
used to adjust or control natural ventilation
under various louver angles.



[51]

[52]

[34]

single-

sided,
Cross and

Stack

buoyancy

single-
sided /

Double-
sided

wind

single-
wind sided and
Cross

ventilation
openings

windows

windows

experimental
measurements

Computational
simulation
(EnergyPlus)
and numerical
(CFD)

numerical
(CFD, ANSYS
Fluent)

assessing the ventilation
characteristics of thermal
buoyancy-induced natural
ventilation in experimental
study

evaluating the impact of
permeability ratio on natural
ventilation potential and
cooling load of a terraced
office building

exploring a fast and accurate
evaluation approach in the
form of empirical equations
to estimate the ventilation
rate and potential of wind-
driven natural ventilation

as mentioned previously by other studies, it also
confirmed that the opening area is the key
factor for ventilation rate and it increases with
opening area for a given temperature difference.

among the permeable models, the best natural
ventilation performance and the lowest cooling
energy consumption are attributed to 50 % and
20 % permeable groups respectively.

a series of natural ventilation potential maps
were produced. These maps could improve the
understanding of natural ventilation potential in
different climates and benefit the climate-
conscious design of buildings
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Hybrid ventilation is an efficient method to reduce ventilation energy and improve indoor
climate [53]. During the recent years, hybrid ventilation methods are becoming
increasingly welcomed as a more energy-efficient alternative solution [54]. The key
factor for the success of hybrid ventilation is a suitable ventilation control strategy [55].
It attracts the attention of both building designers and researchers, which recent
progresses of the ventilation control strategies have proven the potential hybrid
ventilation control strategies both in saving energy and providing acceptable indoor
climate [56]-[58].

Different aspects of hybrid ventilation and its influence on provision of comfortable,
energy-efficient solution has been reviewed by [59]-[61]. The last one focused on ceiling
fan-assisted hybrid ventilation and highlighted the applied methods to evaluate ceiling
fan impacts on indoor areas and described their advantages and limitations. Like natural
ventilation, the thermal environment and indoor air quality, as well as energy saving, are
the main topics to be assessed in hybrid ventilation studies. Ref. [54] investigated
occupant thermal comfort in hybrid ventilated buildings and concluded that the mixed-
mode building under study effectively provided a high level of thermal comfort. In a
similar study, [62] examined occupant thermal comfort in university campus using
different ventilation strategies, namely, hybrid ventilation, air-conditioning and natural
ventilation buildings and pointed out that hybrid ventilated spaces have shown a more
satisfactory thermal environment. Moreover, thermal comfort and energy saving of
hybrid ventilation have been addressed by several recent studies, integrating CFD with
EnergyPlus simulation software, by [63], using adaptive comfort approach by [64], and
using adaptive control algorithms by [65]. Table 3.2, summarizes the methods and key

findings of some recent studies on hybrid ventilation.

When going further to the topic of natural and hybrid ventilation, control strategies started
to appear more and more in the literature. Among various energy-efficient ventilation
control strategies, here, those recent studies focusing on demand controlled are being
reviewed. Demand controlled ventilation (DCV) strategies have an outstanding influence
on reduction of ventilation energy consumption. In demand controlled ventilation, the
space is ventilated when needed, which means when it is occupied and the concentration
of indoor contaminants is higher than the defined set-point. As regards thermal comfort,

indoor air temperature is the most widely used set-point parameter. It has been used by
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[66], [67], while there are studies that used PMV and/or PPD as set-point variables [68],
[69].

For indoor air quality, indoor CO> concentration is the most widely used set-point [66],
[70], [71], while there are few studies that used other indoor contaminants such as
formaldehyde [72], volatile organic compounds (VOCs) [73]-[75] or ozone [57], [76].
Besides indoor contaminants, the real time occupancy level is another factor that has been
used in several studies for demand controlled ventilation. The real time occupancy level
is normally sensed by motion sensors, camera counters, infra-red sensors, etc. [77], [78].
Table 3.3 summarizes the methods and key findings of some recent studies on demand

controlled ventilation.

In addition to occupancy level, clothing type and activity level, occupants’ behavior also
interacts with ventilation and its associated energy use in buildings. Occupants interaction
with their indoor environment is through adjusting windows, blinds, lights and HVAC
systems, which has direct effects on indoor environment quality and energy consumption.
During the last decade, more attention has been paid to study this field. Recently, [79]
has reviewed the influence of occupant behavior on energy consumption of buildings.
The study revealed that window opening behavior of occupants has been rarely
considered in relevant studies for calculating its energy impact. Also, it is found that
window opening behavior is influenced by factors such as outdoor temperature, indoor
thermal comfort, CO2 concentration, occupancy schedule, personal habits, and PM2.5

concentration [80].

Ref. [81], in an original research on evaluating indoor air quality and energy consumption
in hybrid ventilated buildings, also investigated occupants’ window-opening behavior
during the heating season by means of window sensors. The authors also pointed out the
indoor air temperature and CO2 concentration as the main influencers on occupants’
window opening behavior and recommended to consider them in design and development

of ventilation control strategies to improve the building performance.
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Table 3.2 — Summary of surveyed recent studies on hybrid ventilation

Buildin Climate/ -
Reference applicatign region Method Key finding(s)
. Computational
182] residential Eﬁ:nzq(eish(ul-?; ': _ simulation (EnergyPlus)  The findings from this paper can provide a
building Kong) g and optimization potential design optimization procedure for passive designs in hot and humid area
9 (Pareto)
Iil)b\s_ﬁrtwlaglt:s’ 3B- experiment and neural network indicated the best performance considering both prediction and computation
[55] office buildin 3C-Sang ' Cc?m utational time. Also the comparison between the model predictive control and the rule-based control
g - mputat (RBC), clearly showed that the MPC is better at providing the thermal comfort of hybrid
Francisco, 4C- simulation - 2 ;
Seattle ventilated buildings as well as energy savings.
the benefits of adding fan assist at the top of the atrium by considering a floor below the
[83] institutional Montreal, Full-scale neutral plane with inflow trough the motorized inlets. Also considering thermal comfort for
building Canada Experimental this corridor as a transitional space demonstrated that the mixed air conditions from the
warm indoor and cool outdoor air should not cause excessive discomfort to the occupants
S Fu_ll-scale predictive control strategy satisfies thermal comfort, but also increases energy savings
institutional Montreal, Experimental and . . . . = >
[84] building Canada numerical (CFD potential (4 times better that heuristic control). Lowering thermal comfort criteria during the
ANSYS Fluent) night in order to precool the building further increases energy savings potential.
the mechanical exhaust velocity lower than the critical mechanical exhaust velocity, caused
53] industrial Xi'an China experimental hybrid ventilation to improve the indoor thermal environment by increasing the mechanical
building ' P exhaust velocity. By contrast, the mechanical exhaust velocity higher than the critical
mechanical exhaust velocity, caused the indoor thermal environment become worse.
institutional hybrid ventilation system uses heat exchangers for 70% of the operational time, in order to
buildin vValladolid achieve the set parameters successfully. Also, control and optimal operation of the hybrid
[85] (LUCIE\ Spain ' Full-scale Experimental  ventilation system allows high energy recovery values with minimum additional electricity
nZEB) P consumption and significant reduction of carbon emissions and operational costs have been

achieved
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On the other side, [86] investigated thermal comfort and indoor air quality in low-income
houses while monitoring the window opening behavior. In winter time, and in some cases,
the CO- concentration reached 4000 to 5000 ppm, which is completely unhealthy. Besides
the energy issues, occupants must be aware of the need for ventilation to provide healthy

indoor environment for their living space.

Nowadays, people spend most of their daily time in indoor environment (mostly offices),
therefore it is highly important to maintain the indoor air quality as well as thermal
comfort in a standard level. Otherwise it can cause Sick Building Syndrome and seriously
affect occupants’ health and productivity. Recently, COVID-19 outbreak proved that low
ventilation rate increases the risk of infection to contagious viruses [87]. Ref. [88]
assessed the indoor air quality and daily health symptoms of both adults and children
residing in energy-efficient homes compared to conventional buildings and the results
showed that both indoor air quality factors and as well as those from thermal comfort was
more favorable in energy-efficient homes. More importantly, during a year of analysis,
much lower health issue was reported by energy-efficient homes residence while from
the others there were complains such as eye fatigue, allergic rhinitis, and atopic
dermatitis. Finally, [89] verified that well-designed ventilation causes lower health issues
such as respiratory illness, eye dryness etc. and improves the performance and

productivity of occupants.

The literature reviewed in this chapter clearly proves the need for development of new
ventilation strategies, not only to reduce energy consumption and maintain acceptable

indoor climate but also to provide healthy and productive indoor environment.

In the next two chapters, several ventilation strategies that have been developed,
implemented and tested both experimentally and by simulation software will be
presented. Meanwhile, in the era of global digitalization and developments in the
information and communication technology (ICT) sector, a new concept, Smart
Readiness Indicator, emphasized introduced in the 2018 revision of the European Energy
Performance of Buildings Directive (EPBD) [90] will be shortly reviewed in the existing

literature.
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Table 3.3 — Summary of surveyed recent studies on demand controlled ventilation

Building
o Control -
Reference applicati Method Key finding(s)
strategy
on
[91] office DCV (occupancy- simulation the optimal combinations of setpoint/setback schedules and distances for each zone were identified. A minimum of
building based) (EnergyPlus) 10.4% and a maximum of 28.3% load reduction were achieved compared to the baseline control.
It is concluded that a large number of sensors
office i . - is crucial to guarantee optimal comfort and to reduce energy consumption. If in addition a large number of
[92] building DCV (COz-based) simulation actuators is employed, the maximum energy savings can be obtained. However, a system featuring more actuators
than sensors leads to poor results.
Residential  DCV (occupancy- simulation - - . - 0
[93] building based) (EnergyPlus) occupancy information can add additional energy saving impact by 20%
[94] Rgzli?gméal DCv éc;zce:gg)ancy- simulation (DOE2)  occupancy-based thermostat settings can save up to 38.7% of total annual electricity consumption
Office DCV (occupancy- simulation occupancy-based strategies for HVAC control are highly effective, yielding 22-50%and 47-87% reduction in
[95] - A .
building based) (EnergyPlus) electricity and natural gas use, respectively, compared to no thermostat control
school and experimental The variable air volume (VAV) boxes react well to predefined set points for CO2 concentration. During the
[96] office DCV (CO2-based) P measurement period, the reduction for fan energy ranges from 25 to 55% compared to a constant air volume
- measurements
building system (CAV)
[97] educational experimental measurements indicate as CO2-based DCV has provided a reduction in the energy requirement equal to 31% for
- DCV (CO2-based) P thermal energy demand during winter period and 40% for fan electricity consumption compared with a traditional
building measurements - AR
system with constant ventilation air flow
98] edugatl_onal DCV (COz-based) experimental proposed I_D_CV optimization improves energy efficiency by up to 88% while meeting demanded indoor air quality
building measurements and durability
real-scale experimental . . R . .
69] climatic DCV PMV-based)  measurements and PMV control strategies using MRT estimation models improved thermal comfort and reduced energy consumption
. . by more than 10%
chamber simulation
DCV (based on
[99] secondary COg, indoor air experimental results highlight the impact of both indoor temperature and CO2 concentration on students’ feeling of fatigue.
school temperature, RH measurements Students showed adaptability to indoor temperature change.

and VOC level)
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This indicator allows for rating the smart readiness of buildings, i.e. the capability of
buildings (or building units) to adapt their operation to the needs of the occupant, also
optimizing energy efficiency and overall performance, and to adapt their operation in
reaction to signals from the grid (energy flexibility) [100]. The smart readiness indicator
will raise awareness, amongst building owners and occupants, of the value behind
building automation and electronic monitoring of technical building systems and should
give confidence to occupants about the actual advantages and savings of those new

enhanced functionalities [101].

Ref. [102] outlined the challenges of the Smart Readiness Indicator developed by the
EPBD and pointed out that it should be more quantitative to be able to test the
performance and development of smart technologies used in buildings, suggesting
improvements to be considered in further developments of SRI. Newly, [103]
investigated the SRI of two case study buildings. It concluded that the SRI framework
needs more research and development to consider all possible aspects and resolve the

current issues. This topic will be further discussed in chapter 6.

3.4. Conclusion

An immense amount of research carried out on various ventilation aspects such as natural
ventilation, demand controlled ventilation, energy-efficient ventilation strategies etc. has
been reviewed in this chapter. The focus was on those related to energy saving and
improving indoor climate as well as the correlation between ventilation and health and
productivity. Finally, the studies on Smart Readiness Indicator introduced by the revised

EPBD were briefly reviewed.
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Chapter 4

EXPERIMENTAL STUDY OF VENTILATION CONTROL

STRATEGIES

4.1. Introduction

There are several strategies to improve 1AQ, namely, source removal or attenuation,
localized extraction, air purification and ventilation. Depending on the situation one or a
combination of these strategies might be used to improve the 1AQ. In this research,
ventilation, as one of the effective approaches to provide a good indoor air quality and to
increase occupants’ productivity in office buildings, has been considered. Different
ventilation systems, as already introduced in previous chapters, namely, natural
ventilation, mechanical ventilation or a mix of them so called hybrid ventilation can be
applied in buildings. Moreover, during the last two decades, smart devices and control
systems for ventilation have been developed and rolled out, which can predict, control

and provide the adequate ventilation rate when it is required.

This chapter presented the contribution of the author with regard to development,
implementation, test and analyzing various ventilation control strategies in an office room
at the Department of Mechanical Engineering (DEM), at University of Coimbra (UC). It
also presented the contribution of this research in the Smart Window project as well as a
showcase project called Indoor Live Lab (12L) at DEM, UC.

4.2. Contributions to the Smart Window Project and

Indoor Live Lab

The Smart Window project has been presented by a consortium of two small and medium

sized enterprises and one research center at UC, namely, WSBP Electronics Ltd, a
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technology-based engineering electronics and software enterprise, AMM Aluminios, an
industrial enterprise producing aluminum profiles and window frames, and Associagao
para o Desenvolvimento da Aerodinamica Industrial (ADAI), a research unit of the DEM,
at UC. The consortium aimed at developing, testing and bringing to market a novel and
energy-efficient window-based hybrid ventilation system. This system will enable the use
of natural ventilation and mechanical ventilation, either individually or in combination.
It may be used as a low cost solution for new construction and retrofit buildings, and is
particularly suitable for cases where the installation of a network of ventilation ducts is

not convenient.

The Indoor Live Lab has been developed as a new platform for research and technology
demonstration in IEQ and energy consumption at DEM, UC, which enables the
researchers and decision makers to access continuously monitored data of IEQ and energy

use on all aspects of building functioning.

The author of the present thesis was in charge of development, test and analyze several
ventilation control strategies in smart window project. To do so, the preliminary
mechanical ventilation boxes have been developed, the ventilation control strategies have

been implemented and tested in the 12L.

In the next section, more details about developments, implementations, and the results of
the DCV strategies tests have been presented. Meanwhile, the contribution of this
research in the smart window project and the I12L has been communicated by the

following articles.
4.2.1. Paper Il: Towards Energy-Efficient Ventilation in Buildings:

Development of the Smart Window Ventilation System

Although recent studies have shown research activities in development of control
strategies to employ natural and mechanical ventilation, there is still an obvious gap in
the literature about employing intelligent window-based ventilation control strategies, not
only for increasing the share of natural ventilation but also for integrating mechanical
ventilation to compensate drawbacks of natural ventilation. The Smart Window project
aimed to fulfil this gap in literature. The final prototype of the smart window has been
illustrated in Appendix A. An introduction to this project including the objectives, the

developments by the time of publication and general explanation of the ventilation control
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strategies to be developed have been presented and published as an article in Journal of
Clean Energy Technologies, titled “Towards Energy-Efficient Ventilation in Buildings:

Development of the Smart Window Ventilation System”.

Author Contributions: Behrang Chenari as the main author, designed and built the
prototypes, performed experiments, gathered and collected data, and wrote the paper
together with Jodo Dias Carrilho; Gustavo Botte has led the research project, and

Manuel Gameiro da Silva reviewed the contents and contributed to enhancing its quality.
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Towards Energy-Efficient Ventilation in Buildings:
Development of the Smart Window Ventilation System

Behrang Chenari, Jo& Dias Carrilho, Gustavo Botte, and Manuel Gameiro da Silva

Abstract—As the building sector is responsible for a large
portion of total primary energy consumption in developed
countries, it is crucial to improve energy efficiency of buildings’
systems. Heating, ventilation, and air conditioning systems play
a noticeable role in energy consumption of buildings, therefore,
developing efficient strategies for ventilation not only can
provide comfortable indoor climate but can also mitigate energy
consumption in buildings, which, consequently, will lessen the
associated environmental impacts. This paper presents
development steps of an intelligent window-based hybrid
ventilation system in an ongoing research and development
project at the University of Coimbra, known as the Smart
Window project. Firstly, the motivation and objectives of the
project are provided. Secondly, the current state of development
of the project as well as the test condition and location in an
Indoor Live Lab is presented. Finally, the future steps of
development of the project accompanied by the expecting results
are presented and discussed.

Index Terms—Control strategies, demand-controlled
ventilation, energy efficiency, hybrid ventilation, indoor
environmental quality, Smart Window.

I. INTRODUCTION

Nowadays, energy demand is continuously increasing
worldwide, therefore, the negative environmental impact
resulting from energy production and consumption has
become a major public concern. The building sector is one of
the biggest contributors to energy consumption in the world,
which is responsible for a large portion of total primary
energy consumption in developed countries. Heating,
ventilation, and air conditioning systems play a noticeable
role in energy consumption of buildings, thus, the design and
development of new energy-efficient strategies and products
for ventilation systems in buildings is crucially essential.
Currently, there is ongoing research promoting energy saving
potential in buildings in the framework of the EU Energy
Performance of Building Directive (EPBD) [1], which has
focused on energy efficiency in buildings. Some authors
investigated new energy-efficient solutions for improving
ventilation systems in buildings. On the other hand, in the last
decade, many studies have concentrated on improving indoor

Manuscript received March 20, 2015; revised September 16, 2015. This
work was partially supported by the project Smart Window
CENTRO-07-0202-FEDER-034123.

Behrang Chenari, Jo& Dias Carrilho, and Manuel Gameiro da Silva are
with the ADAI, LAETA, Department of Mechanical Engineering, University
of Coimbra, Polo Il 3030-788, Coimbra, Portugal (e-mail:
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Gustavo Botte is with the WSBP Electronics, Lda., Rua Pedro Nunes —
IPN TecBIS, 3030-199, Coimbra, Portugal (e-mail: gsbh@wsbp.eu).

doi: 10.18178/jocet.2016.4.6.332

air quality (IAQ) in buildings. There is a tight correlation
between ventilation and 1AQ, and the reduction of energy
consumption associated to ventilation cannot be an excuse to
neglect the provision of a suitable indoor climate. Therefore,
in developing energy-efficient solutions for ventilation
systems, maintaining the indoor climate at an acceptable level
must be considered.

As aforementioned, ongoing research is focused on
developing energy-efficient ventilation models for buildings.
Some studies have only focused on natural ventilation as a
passive method in order to make the process of ventilation
more efficient [2]-[5]. Some authors used natural ventilation
elements such as atria [6], wind towers [7], double-skin
facades [8] as well as ventilation openings and windows [9] to
provide required ventilation by natural driving forces, namely
wind and buoyancy forces. Additionally, some studies
investigated energy savings from utilizing different principles
of natural ventilation, such as single-sided [3], cross
ventilation [10] and stack effects [11]. But, as natural
ventilation is not always available, say, sufficient to provide
required ventilation rate, more recent studies [12], [13]
focused on hybrid ventilation [14]. Hybrid ventilation will
exclude the drawbacks of both systems, whereas including
their advantages [15].

Moreover, several authors have developed ventilation
control strategies that provide acceptable indoor climate
quality levels and lowers energy consumption. They believe
that the presence of control systems can increase the influence
of hybrid and natural ventilation in improving energy saving
in buildings, while maintaining a suitable indoor climate.
These authors conducted research activities in developing
new control strategies to employ natural cooling and
ventilation. For instance, Homod et al. [16] developed control
strategies, which can predict when mechanical ventilation is
required in order to maintain acceptable IAQ. In addition to
predictive control strategies, rule-based and
demand-controlled ventilation (DCV) strategies, as used in
[17]-[21], have significant effects on improving energy
efficiency of ventilation systems.

Motivation and Objectives

As people spend most of their time inside buildings, it is
very important to maintain an adequate 1AQ, in addition to
thermal comfort, especially for office buildings and schools in
which people are working, learning and studying, and where
the level of personal control over their indoor environment
can be very limited. IAQ and building ventilation are
intimately related because ventilating indoor spaces with
outdoor air is perhaps the most often used mechanism to
dilute pollutants generated inside the building. Ventilation is
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the key issue for providing suitable IAQ, as it is the process of
replacing stale indoor air by fresh outdoor air. It can be
performed either by mechanical means (mechanical
ventilation) or natural driving forces (natural ventilation) or
even a combination of them (hybrid ventilation). Employing
natural ventilation in buildings results in the reduction of
energy consumption, while maintaining an acceptable level of
IAQ. Therefore, developing ventilation control strategies that
can predict when natural ventilation is available and sufficient,
and select between natural and mechanical ventilation as
needed, are desirable.

Although recent studies have shown research activities in
development of new control strategies to employ natural
cooling and ventilation, there is still an obvious gap in the
literature about employing intelligent window-based
ventilation control strategies, not only for increasing the share
of natural ventilation but also for integrating mechanical
ventilation to compensate drawbacks of natural ventilation.
This ongoing research and development project aims to fulfill
this gap in literature.

This paper presents development steps of an ongoing
research and development project, aiming at developing a
novel product, the Smart Window, and test a number of
ventilation control strategies in order to find the most
energy-efficient control strategies that provide acceptable
indoor climate.

Il. SMART WINDOW: CURRENT STATE OF DEVELOPMENT

A. Project Description

In this project, a Smart Window system that allows the use
of hybrid ventilation, is being developed to employ the
advantages and exclude the drawbacks from both natural and
mechanical ventilation. Moreover, several ventilation control
strategies are being developed and tested using Smart
Window in order to find out the best strategies that can
provide an appropriate indoor climate with lower energy
consumption. The control strategies, which are based on
indoor and outdoor environmental parameters, such as
concentration of CO,, indoor and outdoor temperature
difference, wind speed and its orientation, are defined in a
way to use natural ventilation as long as possible, otherwise,
putting the mechanical system on circuit to provide the
required space ventilation. The Smart Window is
accompanied by a mechanical ventilator as well as a control
system.

B. Prototypes of the Mechanical Boxes

By now, two prototypes of mechanical boxes are built. Fig.
1 shows the first prototype, which is driven by a tangential
blower and is currently being installer in the Indoor Live Lab
(12L) [22] facility, located in Department of Mechanical
Engineering at University of Coimbra.

Fig. 2 shows the second prototype, which is based upon a
centrifugal blower and automatically operable window. The
automatically operable windows will have a positive impact
in IAQ and energy consumption, while permitting the manual
override by the office occupants.
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Fig. 1. Prototype of the mechanical ventilation subsystem of the Smart
Window hybrid ventilation system (tangential blower).

. 4§
Fig. 2. Prototype of the mechanical ventilation subsystem of the Smart
Window hybrid ventilation system: centrifugal blower (top); automatically
operable window actuator (lower left) and control board (lower right).

C. Control Strategies

A number of control strategies were identified as
potentially suitable, based on indoor environment parameters
and outdoor weather as input data. In particular, the indoor
concentration of CO, is used to see whether ventilation is
required or not. Temperature difference between indoor and
outdoor (AT), wind speed (WS) and its direction (D) are used
to detect the availability of natural ventilation.

In the control strategies, the availability of
buoyancy-driven natural ventilation is evaluated according to
(1), whereas (2) evaluates the availability of wind-driven

natural ventilation.
Q=CA [2gH T';,T° @)
1

where Q represents the ventilation airflow rate (m%/s), C is the
discharge coefficient for opening (typically 0.62), A indicates
the cross section area of opening (m?), g is the gravitational
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acceleration (m/s?), H represents the height from midpoint of
lower opening to midpoint of upper opening (m), Ti is the
average indoor temperature (K) and To is the outdoor
temperature in (K).

Q=KAV )

where Q represents the ventilation airflow rate (m%h), A
indicates the cross section area of opening (m?) and K is
coefficient of effectiveness. This coefficient varies with the
angle between wind direction and the facade opening. For
instance, if the angle at which wind hits the building is 459
then the coefficient is estimated to be around 0.4, whereas, if
wind hits the building perpendicularly, the coefficient is
becomes about 0.8.

According to all the aforementioned parameters, various
rule-based (if CONDITION, then ACTION) control strategies
were reported in the literature (e.g., see Ref. [23]), in which
indoor and outdoor environmental parameters are the
conditions and different operations of window and fan are the
actions.

The control strategies start with simple COj-based
demand-controlled ventilation (DCV) strategies in the
beginning and, going forward, reach more advanced control
strategies, considering all the parameters and more advanced
operations of window and fan. Table I presents characteristics
of some of the developed controls from simple to advanced
strategies. As shown, different input parameters and different
operations of window and fan, define the control strategy
either simple or advanced. Moreover, Fig. 3 demonstrates a
simple control strategy in a flowchart.

TABLE I: THE CHARACTERISTICS OF CONTROL STRATEGIES

Rule-base Mechanical Natural ventilation Input
d control ventilation operation operation parameters

Simple On/Off Open/Close (O/C) CO;
. Leveling speed Leveling O/C COz
Modulating speed Modulating O/C CO;

On/Off o/C CO2+ AT+D

. Leveling speed Leveling O/C CO2+ AT+D

Advanced Modulating speed Modulating O/C CO2+ AT+D

D. Installation and Test

As aforementioned, the first prototype is being installed
and tested in the 12L. The I2L is equipped with various types
of instruments and sensors to measure and monitor energy
consumption and IEQ elements, such as thermal comfort, 1AQ,
lighting, sound level and so on. Fig. 4 shows a set of
instruments and sensors installed in the 12L. They are all
connected to a computer, which continuously monitors all
these elements. Moreover, Fig. 5 depicts a daily monitored
IEQ elements in the I12L. The graphs show the changes in each
element during a full day, whereas the numbers shows the
current value of each element.

For thermal comfort, the Predicted Mean Vote (PMV)
thermal comfort index is used. This index was originally
introduced by Fanger [24] and has been adopted in current
international standards such as, for instance, 1ISO 7730
[25]. It predicts how a large number of people would vote,
on average, about their perception of thermal comfort in a
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given indoor environment. The scale goes from -3,
corresponding to the sensation of cold, with 0
corresponding to a neutral sensation, and up to +3,
corresponding to the sensation of hot. Similarly, for IAQ,
the concentration of CO, is being measured as an indicator of
the balance between the ventilation rate and the generation
rate of occupant-related pollutants. This shows when outdoor
flow rate is required to ventilate the space and provide
acceptable IAQ level. For instance, as recommended by many
IAQ standards and building regulations, 1000 ppm is
normally being considered as a threshold for indoor CO,
concentration, from which ventilation is required in order to
decrease the concentration of pollutants.

Start
Read CO, Concentration

.

CO, > maxSetpoint i

Window Open
(for a certain period)

CO, < minSetpoint

NO

Window Close >

> Fan On

CO, < minSetpoint

Fig. 3. Simple COy-based control strategy.

Window Close
Fan Off

Fig. 4. Set of instruments and sensors at the 12L.

Installing the prototype in the 12L allows us to test all the
control strategies, using the available instruments and sensors.
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Besides the IAQ and thermal comfort assessment, it is
possible to assess the energy consumption associated to each
control strategy.
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Fig. 5. Monitored IEQ indicators in the I12L.

Besides the completed tasks, there are some more tasks in
the project work plan. This section presents the future
developments of the Smart Window project.

SMART WINDOW: FUTURE DEVELOPMENTS

A. Prototypes of Mechanical Boxes

The new prototypes of mechanical boxes are under
development, using other types of fan (axial, tangential and
centrifugal) with different airflows. This is to assess airflow
rate and fresh air penetration inside the space as well as the
associated noise and energy consumption by each model.
With regard to these data, it is possible to optimize all these
parameters.

B. Occupancy Counter

An occupant counter is being developed to be installed
at the entrance door of the 12L. This is capable of detecting
people entering and leaving the room with two infrared
beams, therefore, it can calculate how many people are in
the room at any moment in time. Fig. 6 shows the infrared
occupancy counter set being developed. This enables the
adjustment of the ventilation rate based on real occupancy
level, which will help preventing energy wastage.
Moreover, a comparative energy performance analysis of
different ventilation model (constant volume of airflow,
CO,-based DCV and occupancy-based DCV) is being
carried out.
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Fig. 6. Development of infrared occupancy counter.

IV. CONCLUSIONS

Ventilation is the key issue for providing suitable IAQ, as it
is the process of replacing stale indoor air by fresh outdoor air.
It is also responsible for a notable percentage of energy
consumption in both residential and commercial buildings.
Therefore, improving ventilation systems is vital both for
improving energy efficiency in buildings and for providing
acceptable 1AQ. The Smart Window project described in this
paper integrates hybrid ventilation to the building facade in
order to employ the advantages and exclude the drawbacks
from both natural and mechanical ventilation. The paper
presented the current development steps of the intelligent
window-based hybrid ventilation system in an ongoing
research and development project, at University of Coimbra.
The motivation and objectives behind this project as well as
the current development, ongoing tasks and future work plans
were presented and discussed.
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CHAPTER 4. EXPERIMENTAL STUDY OF VENTILATION CONTROL STRATEGIES

4.2.2. Paper Ill: Teaching and Researching the Indoor Environment:
From Traditional Experimental Techniques Towards Web-

Enabled Practices

Considering the indoor environment quality as the main factor in improving the
occupants’ health, well-being, productivity and their quality of life, it must be taken
carefully into account by the building designers when developing strategies to promote
energy efficiency either in new buildings or in those being retrofitted. Researchers at the
Energy, Environment and Comfort research group of ADAI working in several research
activities that have the duality of Energy Efficiency in Buildings and Indoor
Environmental Quality in common, prepared an article presenting a collection of reports
on work that was being performed at the time as well as their contribution to development
of the I2L. The article entitled “Teaching and researching the indoor environment: From
traditional experimental techniques towards web-enabled practices” has been published

in the Journal of Sustainable Cities and Society.

Author Contributions: L. Dias Pereira was the editor; L. Dias Pereira, J. Dias Carrilho,
N. Silva Brito, M. Rocheta Gomes, M. Mateus and B. Chenari wrote the paper; and M.

Gameiro da Silva reviewed the contents and contributed to enhancing its quality.

63



Sustainable Cities and Society 26 (2016) 543-554

Contents lists available at ScienceDirect 2

Sustainable Cities
and Society

Sustainable Cities and Society

journal homepage: www.elsevier.com/locate/scs

Teaching and researching the indoor environment: From traditional
experimental techniques towards web-enabled practices

@ CrossMark

Luisa Dias Pereira*, Jodo Dias Carrilho, Nelson Silva Brito, Maria Rocheta Gomes,
Mario Mateus, Behrang Chenari, Manuel Gameiro da Silva

ADAI, LAETA, Department of Mechanical Engineering, University of Coimbra, Rua Luis Reis Santos, 3030-789 Coimbra, Portugal

ARTICLE INFO ABSTRACT

Article history:

Received 22 October 2015

Received in revised form 2 February 2016
Accepted 12 March 2016

Available online 24 March 2016

In this paper some of the recent developments and ongoing work at the Energy, Environment and Com-
fort research group of ADAI (Association for the Development of Industrial Aerodynamics), in the areas
of Indoor Environmental Quality and Energy Efficiency in Buildings are presented. Summarily, it is show-
cased a state of the art of the Indoor Live Lab, developed at the Mechanical Engineering Department of
the University of Coimbra.

The Indoor Live Lab (I2L) is a new platform for research and technology demonstration in Indoor
Environmental Quality (IEQ). The main motivation for initiating this effort arose from the increasing
necessity that researchers, educators and decision makers have for continuously available monitored
data on all aspects of building functioning. This paper aims at presenting early developments at the I2L,
as well as associated research projects which were at the centre of its creation. Firstly, the objectives of
the I2L are presented. Secondly, ongoing research on both residential buildings and services buildings is
exposed. After, the several IEQ parameters studies are discussed in particular. This is followed by the I2L
description, location and specific features. Finally, a conclusion and future work section are presented.

Keywords:

Indoor environmental quality
Energy efficiency

Tracer gas techniques

Remote and virtual laboratories
Building rehabilitation

Hybrid ventilation

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

In Europe there is a growing awareness and concern towards
how energy is used in buildings, especially with respect to people’s
quality of life and also to its repercussions on the environment and
the economy. This interest and concern can be understood due to
the increased population density in urban areas, since around 75%
of the European population lives in cities (EEA, 2013; UN, 2006),
and the pressures related to urbanization, pollution and depletion
of natural resources are at the origin of significant differences in
the quality of life across the European Union Member States.

To meet the targets for a Low Carbon Economy by 2050, all
new and existing buildings must significantly reduce their energy
footprint, and progressively make a transition towards low car-
bon energy supplies. In Europe, residential buildings represent 75%
of the built area and in 2009 the residential sector was respon-
sible “for 68% of the total final energy use in buildings” (BPIE,
2011). New buildings, and existing buildings that are undergoing

* Corresponding author at: ADAI, LAETA, Department of Mechanical Engineering,
Rua Luis Reis Santos, University of Coimbra—Pélo II, 3030-789 Coimbra, Portugal.
E-mail address: luisa.pereira@uc.pt (L. Dias Pereira).
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renovation, are subject to minimum requirements for energy effi-
ciency (EE), related to the European Union policy to achieve nearly
zero energy buildings in the near future (Kylili & Fokaides, 2015;
Corgnati et al., 2011; Nimlyat & Kandar, 2015; d’Ambrosio Alfano
et al., 2010; Agdas, Srinivasan, Frost, & Masters, 2015). Satisfying
these requirements, however, must not be favoured at the expense
of the Indoor Environmental Quality (IEQ) and comfort of the build-
ing occupants and visitors (Corgnati et al., 2011), since “occupants
spend over 85% of their time indoors” (Nimlyat & Kandar, 2015).IEQ
is a major factor conditioning the health and productivity of people
(d’Ambrosio Alfano et al., 2010) encompassing the thermal envi-
ronment, the indoor air quality, as well as other health, safety and
comfort aspects such as ergonomics, acoustics and lighting. Unde-
niably, these factors play an important role in energy performance
of buildings (Agdas et al., 2015).

One of the aspects of IEQ that greatly affects EE in buildings
is the thermal environment, since HVAC systems in mechanical
ventilated buildings consume significant amounts of energy when
running. From a database presented in (Department of Energy US,
2013), the authors of (Dias Pereira, Raimondo, Corgnati, & Gameiro
da Silva, 2014a) showed that space heating accounts for more
than 45% of the energy use profile of secondary schools in the
USA. Recently, in 2014, the authors of (Katafygiotou & Serghides,
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Nomenclature

ADAI Association for the development of industrial

aerodynamics (in portuguese: Associagcdo para o

desenvolvimento da Aerodindmica industrial)

ACH Air changes per hour

AER Air exchange rates

DEHEMS Digital environment home energy management
system

DEM Department of mechanical engineering at the UC

DHW  Domestic hot waters

ECTS European credit transfer and accumulation system

EE Energy efficiency

EPBD Energy performance of buildings directive

GWP Global warming potential

HVAC  Heating, ventilation, and air conditioning

2L Indoor live lab

IAQ Indoor air quality

IECB E-learning course on indoor environmental comfort
in buildings at the university of coimbra

IEQ Indoor environmental quality

IIC Initial investment cost

LCC Life cycle cost

LCIA Life cycle impact assessment

Moodle Modular object-Oriented dynamic learning

MV Mechanical ventilation

NSA Neighborhood sustainability assessment

NV Natural ventilation

Q Ventilation airflow rate (m3/s)

REH Regulation for the characteristics of thermal
behaviour of residential buildings (in portuguese:
Regulamento de desempenho energético dos edificios
de habitagdo)

RH Relative humidity

TC Thermal comfort

TPE Total primary energy

uc University of coimbra

UNESCO United nations educational, scientific and cultural
organization

WS Wind speed (m3/h)

3Es Energy efficient schools project (in portuguese:

Escolas energeticamente eficientes)

2014) showed the result of a thermal comfort study conducted
in a secondary school in Cyprus unveiling that the representative
secondary “typical school building did not provide the required
indoor thermal comfort conditions for its occupants”. In Ref. (Dias
Pereira, 2016), it was reported that IEQ negative results in Por-
tuguese secondary school buildings were mostly due to excessive
CO; concentration indoors, i.e. poor Indoor Air Quality (IAQ).
Improving EE in buildings without considering occupants’ com-
fort might have harmful effects on occupants’ health and their
productivity. Therefore, EE and IEQ have to be considered simul-
taneously throughout building design, construction and operation.
To make their buildings places where people feel good and perform
well, building designers and building managers must balance the
selection of strategies that promote EE and energy conservation
with those that address the needs of the occupants and promote
well-being. Ideally, design and operational strategies would do
both: the solutions that conserve energy, would also contribute to
the best indoor environment. In reality, however, it is not possi-
ble to achieve a best indoor environment for all the occupants of a
building, because people do not share the same preferences or the
same expectations about their indoor environment. Therefore, it is

not possible to satisfy every building occupant all of the time. It is
possible, nevertheless, to satisfy the majority of the occupants most
of the time, and it is this fine balance between the best achievable
IEQ and the associated energy necessary to maintain it, that makes
Indoor Sciences such a challenging and exciting field of research.

In this context, the authors present a summary of recent devel-
opments and ongoing work at ADAI's Energy, Environment and
Comfort research group (ADAI, 2015), in the areas of Energy Effi-
ciency in Buildings and Indoor Environmental Quality. Centre stage
is given to the Indoor Live Lab—I2L (Dias Carrilho et al.,2015),a new
platform for research, technology demonstration and IEQ teaching
enhancement.

2. 12L: the indoor live lab

There has been a tendency in building management research
towards developing supervisory control systems for improving IEQ
and energy efficiency in buildings (Shaikh, Nor, Nallagownden,
Elamvazuthi, & Ibrahim, 2014). In studies focusing on building
energy and comfort management, conventional control systems are
being replaced by intelligent controls (Dounis & Caraiscos, 2009).
It should be mentioned that many Live Labs have formerly been
developed for many purposes in a variety of research areas. For
instance, a project, known as the Digital Environment Home Energy
Management System (DEHEMS, 2015) has developed Live Labs in
five European cities to assess the behaviour of the occupants on
energy use as well as the advantages of energy monitoring.

The concept of the I2L has been proposed as an online platform
for high availability of IEQ and energy data in an office setting, as
well as the physical instrumented space where the data is acquired.
It is a peculiar proposal in the sense that it is not intended to be a
carefully controlled experimental setup. Rather, it is meant to be a
permanent instrumented installation in an existing 6 person office,
where the indoor and outdoor environmental conditions as well as
energy use can be continuously monitored in the long term and in
a non-intrusive way, as the office occupants go about their daily
routine.

2.1. Research methodologies on IEQ, EE and infiltration rates

Air infiltration through the building envelope is one of main
mechanisms that directly affect both the energy performance of
buildings and the quality of the indoor environment (Hesaraki,
Myhren, & Holmberg, 2015; Hassouneh, Alshboul, & Al-Salaymeh,
2012). Air infiltration is a term commonly used to designate uncon-
trolled and unintentional air flows through the building envelope,
through holes, cracks, voids and unsealed joints. Some authors,
particularly in the HVAC literature, distinguish between infiltra-
tion and exfiltration to mean the ingress of outdoor air into the
building and the escape of indoor air out of the building, respec-
tively (Li & Li, 2015; Brinks, Kornadt, & Oly, 2015). Herein, there
is not a requirement to make such a distinction, and infiltration is
used throughout to mean uncontrolled and unintentional air flow
through the building envelope, regardless of direction.

In residential buildings, air infiltration provides the minimum
air ventilation for the dilution and removal of indoor pollutants
and the basic oxygen needs for human activities, when windows
or vents are closed and mechanical ventilation (MV) systems are
off. Air infiltration co-exists with installed natural or MV systems,
and its unpredictable contribution to the total space ventilation
often leads to an overestimation of the required ventilation rates,
contributing to system overdesign and uncertainty in building
simulation. Air infiltration represents heat loss in winter and exces-
sive daytime heat load in summer (Hassouneh et al., 2012), and
affects the performance of mechanical or hybrid ventilation sys-
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Fig. 1. Obtained mean infiltration rates and estimated infiltration rates in the assessment of 20 dwellings in Oporto, Portugal.

tems. Infiltration may represent a significant fraction of untreated
air entering buildings with mechanical extraction, even with pur-
posively designed inlet devices, or where unbalance is created by
pressure differences in other types of mechanical systems.

To a large extent, the enhancement of the EE of buildings
has been achieved by improving the thermal performance of the
opaque envelope through the widespread use of thermal insulation
systems (Nyers, Kajtar, Tomi¢, & Nyers, 2015; Mandilaras, Atsonios,
Zannis, & Founti, 2014). Yet, in contemporary residential build-
ings, more than 50% of the energy consumption is used for space
heating and air conditioning in EU members (Balaras et al., 2007;
European Environment Agency, 2012), and the main mechanism
through which energy is lost to the environment is associated with
the renovation of indoor air. There is, therefore, a great potential for
energy savings in buildings by controlling air infiltration through
the building envelope. This potential is being explored in mod-
ern constructive solutions, through the use of window frames with
high thermal performance and reduced air permeability. This has
led, in some buildings, to an extreme reduction in effective ventila-
tion rates, which is believed to be at the origin of health problems
or symptoms of disease associated with permanency inside these
buildings.

Lately, air infiltration through the building envelope became
intrinsically a key issue in building regulations. When the EPBD
recast (EPBD, 2010) became into force, however, uncertainty per-
sisted about the magnitude of the national minimum or reference
infiltration rate in each Member State, in Portugal in particular,
regarding air infiltration rates in existing and newly built dwellings.

Thereat, an experimental field research in the assessment of
fresh air infiltration rates in 20 naturally ventilated dwellings in the
district of Oporto (Portugal), under regular occupation, was per-
formed. Using the transient techniques of the tracer gas method
with the metabolic CO, released by its occupants. The time evolu-
tion of the CO, concentration at each dwelling was measured and
recorded for at least 3 days. The obtained infiltration rates were
compared with the current Portuguese regulation on the thermal
performance of residential buildings (REH, 2013). Subsequently,
the short-term measurements were also adequate for evaluating
the IAQ considering the metabolic CO; as an indicator.

The full results of this research, of which a summary is shown in
Fig. 1, can be seenin (Rocheta Gomes et al., 2013a,b). In all tests, the
obtained infiltration rates varied between 0.03 ACH and 0.6 ACH,

except for the dwelling #13 with a maximum of 0.86 ACH. The arith-
metic mean infiltration rate varied between 0.46 +0.23 ACH and
0.15 £ 0.08 ACH and the geometric mean infiltration rates between
0.4 ACH and 0.12 ACH, both respectively, in the dwelling #13 and
in the dwelling #20. In the Portuguese regulations regarding ther-
mal performance buildings it is assumed that residential buildings
have construction characteristics or ventilation devices that ensure
a minimum ventilation rate of 0.6 ACH and that this is needed to
maintain a good IAQ. While the former regulations (RCCTE, 2006)
were based on a simplified calculation with standard values, where
the infiltration rates by natural ventilation varied from a minimum
requirement of 0.6 ACH up to 1.25 ACH, the current ones are based
on the EN 15242 with some adaptations and simplifications. The
dwellings with estimated infiltration rates closer to those measured
are the ones with a single facade, eventually without cross venti-
lation solutions, with a low height above ground and located in
high terrain roughness sites, which implies a low wind exposure
of the dwellings. Dwellings with higher deviations between esti-
mated and measured infiltration rates were those located close to
the coastline with low terrain roughness and high wind exposure.

This research played an important role in the revision of
Portuguese regulations for the air infiltration requirements in resi-
dential buildings (REH, 2013; Portaria, 2013). It enabled a minimum
infiltration rate requirement of 0.4 ACH for existing buildings and
the calculation of an alternative value to the non-default value for
the mean local velocity of wind in the calculation of air infiltration.
These changes in the official infiltration rate calculation tool fol-
lowed some critical aspects discussed in (Rocheta Gomes, Gameiro
da Silva, & Simdes, 2014). Recently, the authors of (Hesaraki et al.,
2015) performed a study on a single family house in Sweden reveal-
ing that it was possible to achieve acceptable IAQ values with 0.30
ACH against the 0.50 ACH requirements from the Swedish legisla-
tion. By lowering the ventilation rate in accordance to the number
of the occupants of a dwelling, 43% energy savings were estimated.

2.2. New tracer gas techniques for measuring time-varying air
ventilation rates

The importance of being able to quantify infiltration rates in
buildings is twofold: on one hand, air infiltration can represent an
important component in a building’s energy balance and there are
now well established strategic policies that have resulted in regula-
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tory pressure to reduce uncontrolled airflows through the building
envelope; on the other hand, air infiltration has traditionally been
relied upon to provide a minimum of building ventilation, particu-
larly in the residential sector, the lack of which has been associated
with health problems and lower productivity. As air infiltration is
the primary way to ensure that there is a minimum of air renova-
tion in most residential buildings, it is essential to understand the
magnitude of these flow rates and to what extent there can be inno-
vative solutions for controlling them, aiming at minimizing energy
wastage while maintaining a healthy indoor environment.

Although the physical principles of natural ventilation (NV) are
well understood, it has been generally recognized in the past that it
is difficult, if not impossible, to obtain detailed information on the
continuous time evolution of air exchange rates (AER) in buildings.
Instead, established methods determine time-averaged ventilation
rates by processing the concentration time series of a tracer gas over
aperiod of time, usually several hours. This gives a useful indication
of the magnitude of the AER over the assessment period but lacks
the detail and precision required to quantify the dynamics of the
phenomena involved.

To this end, novel tracer gas based approaches to measuring AER
in buildings are being developed and tested against conventional
tracer gas techniques. A technique for estimating the time evolu-
tion of AER, using metabolic CO, was presented in (Dias Carrilho,
Batterman, & Gameiro da Silva, 2013). This technique relies, how-
ever, on the generation of CO, by the occupants, and it is not
possible to apply it during extended periods of occupant absence,
such as weekends and holidays. An alternative approach is to use
a tracer that is already present in the outdoor atmosphere, which
has a measurable cyclic variation. This method belongs to the class
of tracer gas techniques but, unlike conventional methods that
assume the background tracer concentration is constant, the pro-
posed method recognizes that some tracers, such as CO,, have daily
quasi-periodic variations in the outdoor concentration (Fig. 2).

These daily variations, which can be small but are still within
the detection range of existing monitoring equipment, can be suc-
cessfully used for estimating building ventilation rates without the
need of a source of tracer inside the building. The new method
has the advantages that no tracer gas injection is needed, and time
resolved results are easily obtained. A general application of the
determination of time varying air infiltration rates is presented
in (Dias Carrilho, Mateus, Batterman, & Gameiro da Silva, 2015),
which does not rely on the tracer gas concentration having a well-
defined period. This has a greater potential for application with
tracers that occur in urban settings, for instance those generated
by traffic pollution, which have variations with a broader frequency
spectrum.
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Fig.2. Time series, recorded over 3 days, of exterior and interior CO, concentrations:
raw data shown with an artificial vertical offset for better visualization. Ticks on the
vertical axis are 50 ppm apart and the shaded areas identify night periods, between
20:00 and 07:00.

2.3. Environmental noise

One aspect of IEQ that is known to have direct repercussions
in people’s health is environmental noise. Like other pollutants,
its source can be inside the building but, more often, environ-
mental noise has its origin outdoors, for instance due to road
traffic and other types of transportation, construction works, music
events, to name a few. This factor leads necessarily to occupants’
discomfort (Dascalaki, Gaglia, Balaras, & Lagoudi, 2009). The assess-
ment of people’s exposure to environmental noise is performed
through the determination of long term acoustic descriptors. This
determination is often done through sampling, using short term
measurements. Having these measurements in mind, conclusions
are drawn, and decisions are taken, that may have greater or lesser
impact on the life of citizens, on economic activities and on the
environment.

In (Mateus, 2014), a generic methodology was developed which,
when applied to a temporal noise pattern, allows for the optimiza-
tion of the sampling parameters in order to help in its definition
when designing a sampling strategy and thus control the precision
level of the sample. An urban site with road noise predominance
was studied over four years. The data collected during that period
allowed to statistically define the sound profile.

The permanent monitoring system (Fig. 3), based on a laptop
computer with a data acquisition board, an external microphone
and its respective pre-amplifier, and the data processing methodol-
ogy is presented in Refs. (Mateus & Gameiro da Silva, 2012; Mateus,
Dias Carrilho, & Gameiro da Silva, 2015a).

To evaluate the influence of the sampling parameters on the
precision of the noise descriptors, the collected data was subjected
to a re-sampling process through the Bootstrap method. The boot-
strap method (Efron, 1987) is a type of resampling method which
can be easily used to estimate statistical properties of a complete
population, of which only a sample is known. It has been success-
fully applied in (Farrelly and Brambilla, 2003) and (Batko & Stepien,
2010)in estimating the uncertainty associated with environmental
noise measurements. The advantage of the bootstrap method over
the methods proposed in (JCGM 100, 2008)is the lack of the require-
ment to assign a probability distribution to the input quantities in
the measurement model. It relies on the assumption, however, that
the sample is statistically representative of the complete popula-
tion.

The algorithm selects measurement starting times randomly
from the available time series with a uniform probability distribu-
tion. This is repeated a large number of times, in order to generate

Fig. 3. Sound data-acquisition system—microphone, pre-amplifier, AD board and
laptop.
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Fig. 4. Panorama view of the Montarroio case study in Coimbra, Portugal. The building is signalled by the rectangle.

sequences of equivalent noise levels, Laeg at(n),i,i = 1, ..., M, from
which the average levels, defined by

M

- 1

Laegr = 57 E Laeq, AT(N), i (1)
i1

and the sample standard deviations, defined by

M
S (LAeq,T) — \/Zi1 (LAECII,V?'IEI\{I),] _LAeq,T) (2)

can be calculated.

In (3) the set of obtained results for the relationship between the
uncertainty of the noise equivalent level and the sampling parame-
ters (number (N) and duration (AT) of sampling episodes) allowed
to obtain the following generalised expression that may be applied
to the various reference periods (day, evening, night), where the
coefficients cq, a1, ay and a3 are characteristic of the site and must
be determined experimentally (Mateus, 2014) and (Mateus, Dias
Carrilho, & Gameiro da Silva, 2015b). Table 1 shows an example set
of coefficients determined for the site studied in (Nyers et al., 2015).

s (LAeq,T) =01 % AT 5 N-lez2+azxIn(AT)] (3)

3. I2L: case-studies
3.1. EE and IEQ in residential historic buildings

In Portugal, residential buildings represent 77% of the built
area and an estimated 16% of the total primary energy consump-
tion, from which 43% rely on electricity based energy distribution.
Although it is largely assumed that retrofitting the existing build-
ing stock towards the nearly zero energy target only lacks funding
to occur, a deep assessment carried out in (Brito, Gameiro da Silva,
Mateus, & Brites, 2015) demonstrates that misconceptions about
ancient buildings still endure, and that enhanced knowledge is
needed to harness a wider renovation potential: energy efficiency
as a driver, not a goal by itself. Findings from the ongoing PhD
thesis on “Upgrade Opportunities for Ancient Buildings (in City
Centres)” (Brito et al., 2015; Brites, Brito, Costa, Gaspar, & Gameiro
da Silva, 2013; Brito, Gameiro da Silva, Brites, Castela, & Fonseca,
2014; Brito et al., 2015) confirm that detailed studies using imaging
techniques such as 3D tools and thermography; IEQ assessment;
and building information model depictions, are viable if applied
to the building scale and neighbourhood scale. Complemented, for

Table 1

Numerical coefficients determined for the site studied in (Nyers et al., 2015).
Coef. Day Evening Night
C 2.5224 2.2885 4.6034
ol —0.086 —0.181 —0.068
o2 0.408 0.3695 0.4686

o3 0.010 0.034 0.002

example, with the use of neighbourhood sustainability assessment
(NSA) tools that aim at integrating “the four pillars of sustainability
namely, environmental, social, economic, and institutional dimen-
sions” (Komeily & Srinivasan, 2015).An ancient building dating back
to the XVIth century located in Coimbra’s UNESCO area was used
as case study (Fig. 4). The building’s stacked masonry walls provide
peripheral support to wooden floor levels and ceilings, protected
by ceramic roof tiles on a wood structure. Wood doors and sim-
ple glazing sash windows with interior shutters exist, with high
air infiltration due to lack of maintenance. Thick walls reducing
towards the upper levels define growing internal areas: 13.7 m? in
a semi-buried level with separate entrance, 15.3 m? on the inter-
mediate level, and 20.6 m2 on the top level. Currently, only 35.9 m?
are inhabitable, as the lower level has severe humidity problems.

The case study was documented using advanced tools for terres-
trial laser scanning and digital photogrammetry, used to produce
point clouds of the model and later tri-dimensional models (Brito
etal., 2014). Thermographic imaging was used to visualize the orig-
inal thermal behaviour of the building: a set of range-calibrated
thermographic images from exterior (top) and interior (bottom)
of the top South facing window, adjacent to attached building, at
different times of a winter day are documented in Fig. 5.

Using an indoor air quality (IAQ) and energy monitoring online
system (WSBP, 2015), environmental parameters such as CO,, rel-
ative humidity and ambient temperature were measured in each
level and outdoors. The CO, measurement effectively illustrated
infiltration rates and human presence, while the temperature and
humidity measurements depicted the influence of the vernacular
materials inertia. These data were used to formulate a proposal that
connects the known history of use and construction, with what
is expected to guarantee the users comfort and safety. This pro-
posal was carried out through the Energy Plus building simulation
software.

Studies to evaluate the costs, both from an economic and an
environmental perspective were also performed. The evaluation
of five alternatives for the renovation of the Montarroio build-
ing, including demolition and reconstruction (Appendix A) was
compiled in (Brito et al., 2015). Here, the economic indicators Ini-
tial Investment Cost (IIC) and the 30 years Life Cycle Cost (LCC)
were reported (Table A1, Appendix A). The results demonstrated
that higher IIC in efficient equipment reduces energy consumption
(electricity and/or gas, as solar thermal and biomass are accounted
as neutral in emissions in Portugal) and is, most of the time,
favourable on the long term LCC. Nevertheless, the comparison
between Option 0 (“Anyway Scenario”) with Option 1 (“Business
as Usual” regulation-inspired practices) casted doubts on building
envelope options, and conclusions only emerge when tackling the
Life Cycle Impact Assessment (LCIA) analysis.

Real data from a case study is important to become empathetic
with building owners, and realize why apparently straightforward
solutions fail to happen. Moreover, the LCIA evaluation of envi-
ronmental impacts, expressed in parameters as Global Warming
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Fig. 5. Terrestrial Laser Scan (left), Digital Photogrammetry (middle) and thermography (right).

[Darker colours represent colder surfaces, with low width walls and low inertia]

Fig. 6. Aerial view of the Mechanical Engineering Department of the University of
Coimbra, retrieved from Google Maps, showing the 6 person office where the Indoor
Live Lab is being developed (see text for detailed description).

Potential (GWP) and Total Primary Energy (TPE), demonstrated
that in the Mediterranean climate, deep renovation interventions,
recommended or imposed by regulations, such as interior insula-
tion with windows replacement (Option 1) have worst long term
impact on environment, and owners pocket, than a lower price
option—as the case study in its current state (Option 0). It was
shown that in this climate, for ancient buildings, installing heat
pumps for acclimatization (air-air) and DHW (air-water) is cost-
effective, even considering their replacement every 15 years. These
findings confirm proposals for a generalised use of heat pumps in
a session of the European Association for Heat Pumps, but what
would be the consequences of placing exterior units in each facade
of the UNESCO historic centre?

75% emission reductions and increased energy security might
also be achievable considering insulation only in the building enve-
lope horizontal faces (ceiling and floor over the basement) and solar
based DHW and heating with electric resistance heater backup. By
connecting future and past, it is demonstrated that a market exists
in between the individual needs for comfort and safety, and the
collective goals of Energy Efficiency, Security and Climate Change
Mitigation, today.

3.2. EE and IEQ in public schools

As people spend most of their time inside buildings, it is cru-
cially important to provide adequate indoor air quality (IAQ) in
addition to thermal comfort (TC), especially for office buildings and
schools in which people are working, learning and studying, and
where the level of personal control over their indoor environment
can be very limited. IAQ and building ventilation are intimately
related because ventilating indoor spaces with outdoor air supply
is the most often used mechanism to decrease the concentrations
of pollutants generated inside the building.

Within the 3Es  project (Escolas  Energeticamente
Eficientes—Energy Efficient Schools) (http://www.3es.pt/, 2013),
it has been developed an integrated approach for energy per-
formance and IEQ assessment in school buildings aiming at
contributing to reduce the energy consumption in school buildings
while providing good indoor environmental conditions to the
occupants. This project was preceded of other studies on the
field of TC and IAQ in schools (Dias Pereira, Gameiro da Silva, &
Cardoso, 2015) and followed the context of a major rehabilitation
and refurbishment program of secondary school buildings that
has been carried out in the last few years in Portugal (Blyth et al.,
2012). From a database provided by the state-owned company
Parque Escolar E.P.E., energy consumption changes between the
pre and post-intervention phases were characterized (Gameiro
da Silva et al., 2013). Based on the characterization and a set of
criteria, a group of eight representative schools was chosen as
case studies within the project. Aiming at achieving a functional
benchmarking indicator, significant to situate each of the schools
in a proper ranking, an extensive literature review on the theme
was performed (Dias Pereira et al., 2014a).

Energy and indoor climate quality post-occupancy audits, espe-
cially during the first occupancy phase of new and refurbished
buildings, are important strategies to improve the energy use, since
the indoor climate has a great impact on perceived human comfort
and is related to the occupants’ productivity (Corgnati et al., 2011).
From this perspective, besides energy auditing, it was proposed a
methodology to assess IAQ and TC in Portuguese secondary class-
rooms (subjective and objective evaluation) (Dias Pereira, 2016).
Some of the typical data presentation achieved within this method-
ology was earlier presented in (Dias Pereira, Raimondo, Corgnati, &
Gameiro da Silva, 2014b). In terms of ventilation requirements and
its contributions towards energy consumption in school buildings,
several studies were also developed (Dias Pereira, Correia, Gaspar,
Costa da Silva, & Gameiro da Silva, 2014).

In terms of general conclusions, it was verified that students
in secondary schools in Mediterranean climate under free run-
ning conditions accepted indoor air temperatures above 25 °C, and
expressed thermal sensation votes for no change (Dias Pereiraetal.,
2014b; Dias Pereira, Neto, & Gameiro da Silva, 2015), i.e. “feel
comfortable under a wider range of temperature than those rec-
ommended by the norms” and “confirmed that thermal neutrality
is not the preferred state”. These results contrary nevertheless, the
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Fig. 7. Development of the instrumentation and data acquisition system used in the
Indoor Live Lab.
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Fig. 8. IEQ indicators monitored in the Indoor Live Lab. From top to bottom: PMV
and Equivalent Temperature (acquired from a Bruel & Kjaer 1212 Thermal Comfort
Analyzer); Relative Humidity, Air Temperature and CO, concentration (acquired
from an Extech SD800CO, monitor).

overheating concern recently exposed in the British classrooms
(Montazami & Nicol, 2013; Teli, Jentsch, James, & Bahaj, 2011).

4. 12L: IEQ monitoring and web enabled practices

The main motivation behind the I2L platform (Dias Carrilho
et al.,, 2015) arises from the increasing necessity that researchers,
educators and decision makers have for continuously available
monitoring data on all aspects of building functioning. The con-
cept of the I2L is equally grounded on an online web service for
high availability of IEQ data, as well as in the physical instrumented
spaces where the data is acquired, where both the indoor and out-
door environmental conditions can be monitored continuously in
the long term and in a non-intrusive way, as the occupants go about
their daily routine. The main objective of the Indoor Live Lab was to
enable researchers to access continuously monitored indoor envi-
ronmental quality data and indicators of energy efficiency. Several
educational and research areas can benefit from this new facility as
follows:

¢ Training in the assessment and auditing of IEQ: TC, IAQ, Acoustic
Comfort, and Lighting Comfort.

¢ Development of new techniques for continuous measurement of
ventilation rates in buildings.

¢ Proof of concept and validation of energy efficiency plans.

e Development and testing of indoor climate control strategies.

¢ Training in the calibration and uncertainty assessment of building
simulation models.

e Technology demonstration of building energy metering solu-
tions.

¢ Development and demonstration of new technologies for energy
efficient hybrid ventilation.

The first installation is being developed and tested at an exist-
ing 6 person office, in the Department of Mechanical Engineering
(DEM), at the University of Coimbra (UC), located at the street level
in the southwest building DEM-UC. Fig. 6 shows an aerial view of
the complex, retrieved from Google Maps. The lower images show
views of the office interior and exterior. The location of the new
weather station, online since November 2013, is also shown at the
top left inset (ADAI@DEM.UC, 2014).

The 12L installation relies on various types of instruments and
sensors to measure and monitor energy consumption and IEQ
descriptors, such as thermal comfort, indoor air quality, lighting and
noise level. Fig. 7 shows a set of instruments and sensors already
installed.

Initial development of the thermal environment monitoring
system is undergoing. A Bruel & Kjaer Thermal Comfort Meter
Type 1212 was installed with its analogue outputs connected to
a National Instruments (NI) USB-6008 data acquisition board. Data
is acquired and logged continuously at a rate of one sample per
minute by means of a software application developed in NI's Lab-
VIEW application development platform.

Moreover, Fig. 8 shows an example of daily monitoring of the
indoor climate. The graphs show the history of the last 24 h for each
quantity (other time periods are possible, e.g. weekly, monthly or
yearly) and the numerical display shows the current value, which
is updated every minute.

For TC, the Predicted Mean Vote thermal comfort index is
used (Fanger, 1972; Moutela, Dias Carrilho, & Gameiro da Silva,
2015)—showed at the top. Fanger’s PMV model combines four envi-
ronmental variables (air temperature, mean radiant temperature,
air velocity and humidity) and two personal parameters (activity
level and clothing thermal insulation) into an index which has been
universally adopted in TC studies.

In practice, other indexes are also used that can be measured
directly, such as the Operative Temperature, the Effective Tempera-
ture and the Equivalent Temperature. The Equivalent Temperature,
shown in the second plot of Fig. 8, is the air temperature that would
be measured in an imaginary room with the mean radiant tem-
perature equal to the air temperature and zero air velocity, where
a person would experience the same heat losses as in the real
room he/she is in. In addition, Fanger’s Draught Model (Agdas et al.,
2015) predicts the percentage of occupants dissatisfied with local
draught, from the three physical variables air temperature, mean
air velocity, and turbulence intensity. These quantities will be mon-
itored using a Swema Air300 and a SWAO3 low velocity probe to
calculate the Draught Rate thermal comfort index, and this part
of the monitoring system is currently undergoing implementation.
Also undergoing implementation is the replacement of the exist-
ing hydronic heaters manual controls with computer controlled
servo-valves, for local automatic control of the heating system.

Similarly, to monitor the IAQ, the concentration of CO, is being
measured as an indicator of the balance between the ventilation
rate and the generation rate of occupant-related pollutants. As pre-
viously stated, ventilation is the key issue for providing suitable IAQ
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Fig. 9. Simple CO,-based control strategy.

as it is the process of replacing stale indoor air by fresh outdoor air.
Ventilation in buildings can be done either by mechanical means or
by NV. Recent studies have shown research activities in developing
new control strategies to employ natural cooling and ventilation.
For instance, Homod, Khairul Salleh Mohamed Sahari, and Almurib,
2014 (Department of Energy US, 2013) developed control strate-
gies, which can predict when mechanical ventilation is required
in order to maintain acceptable IAQ. Besides predictive control
strategies, demand-controlled ventilation (DCV) strategies, which
is used in many research such as (Mysen, Rydock, & Tjelfaat, 2003;
Mysen, Berntsen, Nafstad, & Schild, 2005; Jreijiry, Husaunndee, &
Inard, 2007; Lu, Li, & Viljanen, 2011; Sun, Wang, & Ma, 2011), has
a very significant effect on improving EE of a ventilation system.
Moreover, it was mentioned by reference (Chenari, Dias Carrilho,
& Gameiro da Silva, 2016) that utilizing hybrid ventilation inte-
grated with suitable control strategies, to adjust between active and
passive ventilation, results in notable energy saving while delivers
acceptable IAQ. However, there is still an obvious gap in the exist-
ing literature about employing intelligent window-based control

strategies not only for increasing the share of NV but also integrat-
ing mechanical ventilation to compensate drawbacks of NV.

Within this context, a smart window system that allows the use
of hybrid ventilation was installed in the I2L to employ the advan-
tages and exclude the drawbacks from both natural and mechanical
ventilation. In addition to TC and IAQ, lighting and sound quality
in buildings can also influence occupants’ satisfaction. In order to
continuously measure these indices of IEQ, a lux meter as well as a
sound level meter is installed in the I2L. The lux meter enables the
users to adjust between natural and artificial lighting, which can
causes mitigating the energy consumption from artificial lighting
systems (Table 1).

4.1. The smart window project

In the Smart Window project, several ventilation control strate-
gies are being developed and tested using Smart Window in order to
find out the best strategies that can provide an appropriate indoor
climate with lower energy consumption. The control strategies,
which are based on indoor and outdoor environmental parameters,
such as concentration of CO,, indoor and outdoor temperature dif-
ference, wind speed and its orientation, are defined in a way to use
natural ventilation (NV) as long as possible (if suitable), otherwise,
putting the mechanical system on circuit to provide the required
space ventilation.

A number of control strategies were identified as potentially
suitable, based on indoor environment parameters and outdoor
weather as input data (RCCTE, 2006). In particular, the indoor con-
centration of CO, is used to see whether ventilation is required
or not. Temperature difference between indoor and outdoor (AT),
wind speed (WS) and its direction (D) are used to detect the
availability of NV. In the control strategies, the availability of
buoyancy-driven NV is evaluated according to (4) (ASHRAE, 2009),
whereas (5) (Walker, 2016) evaluates the availability of wind-
driven natural ventilation.

Ti—To
Ti

Q =CAy\/2gH (4)
where Q represents the ventilation airflow rate (m3/s), Cis the dis-
charge coefficient for opening (typically 0.62), A indicates the cross
section area of opening (m?2), g is the gravitational acceleration
(m/s?), H represents the height from midpoint of lower opening
to midpoint of upper opening (m), T; is the average indoor temper-
ature (K) and Ty, is the outdoor temperature (K).

_ KAV
~ 3600

where Q represents the ventilation airflow rate (m3/s), V indicates
the outdoor WS (m/s), A indicates the cross section area of opening
(m?)andKis coefficient of effectiveness. This coefficient varies with
the angle between D and the facade opening. For instance, if the
angle at which wind hits the building is 45°, then the coefficient
is estimated to be around 0.4, whereas, if wind hits the building
perpendicularly, the coefficient is about 0.8.

According to all the aforementioned parameters, various rule-
based (if condition, then action) control strategies were reported in
the literature, in which indoor and outdoor environmental param-
eters are the conditions and different operations of window and fan
are the actions.

The control strategies start with simple CO,-based demand con-
trolled ventilation strategies in the beginning and, going forward,
reach more advanced control strategies, considering all the param-
eters and more advanced operations of window and fan. Table 2
presents characteristics of some of the developed controls from
simple to advanced strategies. As shown, different input parame-
ters and different operations of window and fan, define the control

Q (5)



L. Dias Pereira et al. / Sustainable Cities and Society 26 (2016) 543-554 551

Table 2
The characteristics of control strategies.
Rule-based control Mechanical ventilation operation Natural ventilation operation Input parameters
Simple On/Off Open/Close (0/C) CO,
Leveling speed Leveling O/C CO;
Modulating speed Modulating O/C CO;
On/Off o/c CO,+AT+D
Leveling speed Leveling O/C CO, +AT+D
Advanced Modulating speed Modulating O/C CO, + AT+D

strategy either simple or advanced. Moreover, Fig. 9 demonstrates
a simple control strategy in a flowchart.

The Smart Window includes a mechanical ventilator as well as
a control system. Fig. 10 shows the first prototype already installed
at the I2L. Furthermore, other prototypes using different types of
blowers (tangential, centrifugal and axial) will be developed in
order to test the air flow rates, the energy consumption, the noise
made by each type and so on. During this project, an extensive liter-
ature review about energy-efficient ventilation methods is carried
out.

4.2. Further developments

In addition to controllable hybrid ventilation, a CO, monitoring
equipment has been installed, which also measures the air Rela-
tive Humidity (RH) and Temperature (bottom 3 plots of Fig. 8). The
use of CO, as a tracer gas has gained popularity within the build-
ing engineering community because its concentration can be easily
detected by infrared absorption spectroscopy.

CO, is also considered relatively inert and safe; it is cheap
and readily available. The fact that building occupants exhale CO,
makes it especially attractive as a tracer gas since only a sensor
and a datalogger are needed to obtain the data needed to esti-
mate the ventilation Air Exchange Rate (AER) in any given zone
of the building. This is possible because the dynamics of the tracer
gas concentration within a zone are well modelled by a first order
mass balance equation, where the associated time constant is the
reciprocal of the AER. When the occupants enter a room, they act
approximately like a constant emission source, and the CO, con-
centration will grow like an inverted exponential approaching a
steady-state value, as time passes. This is typically the response of a
first order system to a step-up input, where the asymptotic steady-
state value is proportional to the CO, generation rate. Similarly,
when the occupants leave the room, the concentration will decay
exponentially, just like the response of a first order system to a step-
down input. New methodologies for continuous monitoring of AERs
based on automated analysis of time series of tracer gas concentra-
tions have recently been proposed (Shaikh et al., 2014; Dounis &
Caraiscos, 2009; DEHEMS, 2015) and are currently under develop-
ment, testing and validation. The I2L is an important installation

Fig. 11. Development of infrared occupancy counter.

to test and validate these new methodologies in real operating
conditions.

Furthermore, an infrared occupancy counter is being developed
to be installed at the entrance. This is capable to record all entering
and leaving, therefore it accurately shows occupancy level of the
I2L at each moment. Fig. 11 shows the infrared occupancy counter
set. This will enable the adjustment of the ventilation rate based on
real occupancy level, which will cause preventing energy wasting.

Besides continuously monitoring of IEQ elements, energy con-
sumption is going to be continuously monitored in the I2L. An
energy monitor prototype developed by WSBP (WSBP, 2015) will
be used to separately record energy consumption from differ-
ent consumers such as lighting, ventilation, computers and so on.
Moreover, flow meters will be installed on radiators hot water sup-
ply pipes integrated with enthalpy meters in order to measure
heating energy consumption.

Monitoring energy consumption also allows the I2L users to
test and compare energy consumption throughout their research
and development carrier improvements—as stated in (Murugesan,
Hoda, & Salcic, 2015), “Visualizing energy consumption is (...)
an important way to motivate end-users to conserve energy”. For
instance, in smart window, the energy consumption from each con-
trol strategy can be recorded in order to find out the best suited
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strategy, which not only maintains acceptable indoor climate but
also has the least energy use. Furthermore, it enables the users to
find out an optimal strategy for heating, ventilation and lighting
that can satisfy occupants and lower the energy consumption at
the same time.

5. Conclusions and future research

The indoor environment is an important element in the quality
of life of people. To make their buildings places where people feel
good and perform well, building designers and building managers
must balance the selection of strategies that promote energy effi-
ciency and energy conservation with those that address the needs
of the occupants and promote well-being.

Among other areas of activity, ADAI's research group on Energy,
Environment and Comfort is active in several lines of research that
have in common the duality of Energy Efficiency in Buildings and
Indoor Environmental Quality. In this paper, the authors presented
a summary of recent advances and ongoing work over the last 3
years. Results from the continued research in this field are reported
to stakeholders and policy makers, both ata national and at an inter-
national level, and novel developments are regularly presented at
international conferences and published in scientific journals.

Moreover, the motivation and objectives behind developing the
Indoor Live Lab is discussed. The current state of development of
the I12L, located in Mechanical Engineering Department (DEM) at
University of Coimbra, is presented and discussed. The I2L enables
the researchers to access continuously monitored data of IEQ and
energy use, which can be used for a variety of scientific purposes.
Additionally, the proposed development of the I2L is briefly pre-
sented.

L. Dias Pereira et al. / Sustainable Cities and Society 26 (2016) 543-554

The authors believe that many educational and research areas
can benefit from this online platform. One of the strategies to reach
a wider group of professionals who will benefit from this web
enabled platform is the e-learning course on Indoor Environmental
Comfort in Buildings of the University of Coimbra.
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Appendix A.

A summary comparing the five alternatives [energy efficiency
(EE.) related renovation options for Montarroio (EE.Ren.Options)
describing their non-energy efficiency related costs (Non-EE.costs),
necessary to render the building inhabitable, and Initial Investment
Costs for the building envelope (IIC_EE.Envel.) and EE. equipment
(IIC_EE.Equip)] is presented in Table A1 (Fig. A1).

Table A1

Renovation options: Initial investment (IIC) and lifecycle costs (LCC) per option and equipment.
EE.Ren.Options: Opt.0 Opt.1 Opt.2 Opt.3 Opt.4
Equipment type: _erh: _hp: _erh: _hp: _erh: _hp: _st-bio: _st-erh: _st-bio: _st-erh:
Useful area 36m? 36m? 31m? 31m? 63m? 63m? 36 m? 36m? 46 m? 46 m?
Non-EE.costs (€]y) 7801 7801 7801 7801 45,039 45,039 7801 7801 12,545 12,545
IIC_EE.Envel. (€]y) 6906 6906 4957 4957 1188 1188 2733 2733
[IC_EE.Equip (€]y) 2120 2120 1874 3719 4840 2975 5490 3475
%EE.OverCost/m? 0% 27% 119% 150% 280% 293% 77% 53% 108% 88%
Energy costs (€]y) 1546 423 811 218 160 44 36 92 32 82
Yearly LCC (€]y) 2321 1642 2192 2042 5724 5735 1924 1591 2686 2314
EE. Payback (y) no ROI 2y 9y 7y 5y 6y 4y 3y 5y 4y
50% EE incentive? no fund 1060 3453 4513 3415 4338 3014 2082 4112 3104

Note: Option 0 (Reference Case); Option 1 (common rehabilitation): Business as usual neighbourhood practices where interior insulation under plasterboard is placed to
hide existing pathologies, with serious indoor air quality risks; Option 2 (Demolition and Reconstruction); Option 3 (Upgrade without extension): Detailed assessment to
optimize the inherent building characteristics to achieve efficacy with users. Solar thermal heating and DHW require primary energy only for backup; Option 4 (Upgrade with
extension): The previous strategy (Opt. 3) with added structural seismic reinforcement made financially viable with an area extension (IEA A50): safer users/investment, and

space for a small family.
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Fig. A1. Montarroio Case Study intervention options scheme of studied options (Brinks et al., 2015).
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4.3. Experimental Setups and Experiments in the 12L

The first step was to design and build the mechanical ventilator boxes using both linear
(tangential) and centrifugal fans. The dimensions of ventilator boxes are 860*160*160
mm, which one is equipped by an Ebmpapst DC centrifugal blower with 14 watts input
power and the nominal voltage ranging from 16 to 28 volts and the other one is equipped
by an Ebmpapst DC linear blower with 8.7 watts input power and the nominal voltage
ranging from 8 to 14 volts (the datasheets of the blowers can be found in Appendix B).
Figure 4.1 and 4.2 depict the scheme of the test prototype while more detailed drawings
of the ventilator boxes are presented in Appendix C. The air intake part is located in the
bottom of the boxes and is equipped with a filter. The blowers drive the air to a rectangular
box and then it is discharged to the room.
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Figure 4.2 — Scheme of the linear ventilator box.
The mechanical ventilator boxes have been installed in the 12L in order to be tested.
Figure 4.3 presents the prototypes installation process at the 12L office.
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Figure 4.3 — Installation of the Smart Window ventilator boxes prototypes at the 12L office.

Moreover, an infrared occupancy counter sensor has been developed and installed at the
entrance of the 12L. This was implemented with two units of SHARP infrared distance
sensor, installed next to each other at the entrance and perpendicular to the occupants’
movement direction. The occupancy counter detects the direction of movement of the
occupants when passing through the office door (entering/leaving). Then the signals from
the infrared sensors were treated using the application developed in LabVIEW and
presented the real-time occupancy level on the screen. Figure 4.4 shows the development
phase of the occupancy counter and the installed sensor at the entrance of the I2L. This
counter is used to collect information about occupancy level in the room to pilot the

ventilation strategies algorithms.

Figure 4.4 — The occupancy counter sensor development and installation at the 12L entrance
and the screen showing real-time occupancy level.

Furthermore, as shown in figure 4.5, the 12| was equipped with an Extech SD800 device
which was used to record CO, Concentration at a rate of one sample per minute. This
sensor enabled to test the CO,-based ventilation strategies using the accurate real-time

concentration level recorded by the sensor.
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Figure 4.5 — The Extech SD800 among other IEQ instrumentation and data acquisition tools at
the 12L.

There are several methods for measurement and evaluation air exchange rate (AER),
caused by infiltration and/or ventilation (both for mechanical and natural ventilation
systems). The most accurate, common and widely used method is the tracer gas method
in which the tracer gas concentration will be measured along time with an appropriate gas
analyzer. Once the tracer concentration evolution with time is measured, it is possible to
evaluate and calculate the air flow rate with an appropriate mathematical analysis. The
experiment can be implemented using different methods such as constant concentration,
constant tracer emission and decay methods. In this work, the tracer gas decay method

has been used as the most common method for single zones.

By means of the recorded concentration along the time, the AER can be calculated using

the following equation:
(I) C(t) _Cext = (CO _Cext)e_/u

where C(t) is the indoor CO. concentration at the time instant t, Cex iS the outdoor
environment CO> concentration, Co is the indoor initial CO concentration at the time t=0
and 4 is the AER (symmetrical to the numerical constant in the exponent). The equation (i) can
be simplified as follows:

(ii) Y = Ke™

Alternatively, logarithms can be applied on the equation (i) to obtain the equation (iii) that allows

the linearization of the concentration evolution as simply described in equation (iv).

iy MCO-Coq)=In(Co —Coq)- 1t

(iv) Y=mX+b
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Here the fitting can be done through a linear regression and the AER is the symmetric of
the slope of the obtained line. It should be noted that an outdoor ambient CO>

concentration of 450 ppm has been assumed for all tests in this research.

The objective of this research is to develop, test and evaluate the performance of several
mechanical DCV strategies. The mechanical DCV strategies have been defined
considering the indoor concentration of CO and the occupancy level as the input signals
and the fan speed/power as the output signal. The ventilation control strategies have been
settled and implemented using the applications developed in LabVIEW and tested on the
experimental prototypes of smart window ventilator boxes at the 12L. The LabVIEW front
panels and block diagrams related to the ventilation control strategies have been

illustrated in Appendix F.

Before running the tests for ventilation strategies and in order to check the functionality
of the developed testing platform, an example of the tests performed overnight. To do so,
when all windows were closed, and as shown in figure 4.6, CO has been injected using

a fire extinguisher and mixed in the room environment.

Figure 4.6 — Releasing CO; into the 12L office for evaluation of the AER associated to the
ventilation strategies for Smart Window system.

When the concentration reached to an amount around 1800 ppm, the ventilator has been
switched on at maximum power and everyone left the room to assess the AER with the

concentration decay during non-occupancy period.

This example test enabled us to find out the possible errors in the experiments setup and
troubleshoot to achieve more precise results. Figure 4.7 shows the concentration decay
obtained by running of this example test. The red line represents the selected profile,
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chosen for the calculation of the AER. Figures 4.8 and 4.9 depict exponential regression
and liner regression of the concentration difference between indoor and outdoor
environment respectively, from which the AER has been obtained, 0.593 h™. Moreover,
the coefficient of determination (R-squared), which shows how close the data are to the
fitted regression line, has been obtained (R?=0.9978).

2000

® CO2 Decay

® Selected Decay

1500

1000

CO, Concentration (ppm)

500

0
20:45 21:57 23:09 0:21 1:33 2:45 3:57 5:09 6:21 7:33 8:45

Time (hh:mm)

Figure 4.7 — Example test concentration decay. The blue dots are the whole recorded decay and
the red dots illustrate the profile selected for analysis.
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Figure 4.8 — Exponential regression of the concentration difference between indoor and
outdoor environment.
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Figure 4.9 — Linear regression of the concentration difference between indoor and outdoor
environment.

Although the example test has been carried out both using the centrifugal and the linear
ventilator boxes, above only the results from the linear blower have been presented. This
Is due to better performance of the linear fan comparing with the centrifugal one and also
lower energy consumption as well as lower noise level (in order to check if the mechanical
ventilators disturb the occupants’ acoustic comfort, the noise level tests have been
performed and the results have been presented in appendix D). For the same reason, the
results from the DCV strategies using the linear ventilator box have been presented in this

section.
e Control strategy 1 (Occupancy period based):

In this strategy, regardless the number of occupants, the linear fan works at maximum
power only when occupants exist in the room. Figure 4.10 presents the flowchart of the

first control strategy.

Start

Read Occupancy Level
(OL)

YES Fan On
Max

NO

-~

FAN /
OFF

Figure 4.10 — Flowchart of ventilation control strategy 1
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e Control strategy 2 (Occupancy level based):

Unlike the previous strategy, considering the number of occupants that exist in the room
the linear fan works at percentage its maximum power (20% per occupant). Figure 4.11

shows the flowchart of the second control strategy.

Start

oA

Read Occupancy Level
(oL)

=
000

Fan On Fan On Fan On Fan On Fan On
(20%) (40%) (60%) (80%) (100%)

l v v v v v )

Figure 4.11 — Flowchart of ventilation control strategy 2

Fan Off

These two strategies have been evaluated during two entire days at the 12L. Figures 4.12
and 4.13 show the indoor CO> concentration and the occupancy level in the test room for
strategies 1 and 2. These figures show that during the occupancy period the concentration
slightly passed the popular value (1000 ppm), but still maintained a good 1AQ, while the
fan energy consumption in the first strategy is much higher the second strategy, more than
two times. This emphasizes the importance of well designed and implemented DCV to
avoid over ventilation. Table 4.1 represents the maximum and average CO> concentration
in the 12L during the occupancy period as well as the energy consumption for each
strategy. As the occupancy level is not the same in the two experiments, a definite
comparison of the results cannot be made but it is obvious that the second strategy

performed almost the same considering the IAQ while delivered a noticeable energy

saving.
Table 4.1 — Results from occupancy based ventilation control strategies.
Room Maximum  Room Average Ean Ener OceUDnanc
Control COz COz gy parcy
. . Consumption Period
Strategy = Concentration Concentration
(kWh/day) (hours)
(PPm) (PPm)
CS 1 1077 902 0.088 =~ 10
CS 2 1094 947 0.034 ~9
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Figure 4.12 — CO; concentration and occupancy level over the day for control strategy 1.
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Figure 4.13 — CO; concentration and occupancy level over the day for control strategy 2.

e Control strategy 3 (Double set-point ON-OFF CO2-based):

A maximum set-point (1000ppm) and a minimum set-point (500ppm) for indoor CO>
concentration are defined. The ventilator switches on only when CO> concentration goes
above the maximum set-point and it stops when the concentration reaches the minimum

set-point or less. Figure 4.14 shows the strategy in a flowchart.
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Figure 4.14 — Flowchart of ventilation control strategy 3.
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e Control strategy 4 (Leveling CO2-based):

Three set-points (1000ppm, 750ppm and 500ppm) for indoor CO2 concentration are
defined. For indoor concentration values over the minimum set-point, the ventilator

operates on three different modes as shown in figure 4.15 and only stops when the

concentration reaches the minimum set-point or less.
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Figure 4.15 — Flowchart of ventilation control strategy 4.

e Control strategy 5 (Modulating CO2-based):

A maximum set-point (1500ppm) and a minimum set-point (500ppm) for indoor CO>
concentration are defined. For indoor concentration values greater than the maximum set-
point, the ventilator works on maximum power and for those below the minimum set-

point, it turns off. In this strategy, for indoor concentration values between the two set-
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points the ventilator operates proportional to the difference of the maximum and

minimum set-points. Figure 4.16 represents the flowchart of control strategy 5.

Start

Read CO2 & ~

Jll
¥ v
)

Fan On Fan Off Fan On
([(CO2-500)/10]%) (100%

L v v )

Figure 4.16 — Flowchart of ventilation control strategy 5.

These three strategies have been evaluated during the absence time in three nights, when
all windows were closed. The difference with the first two strategies is that, instead of
metabolic CO, a fire extinguisher has been used to inject CO; to a level around 2000
ppm before leaving the room. The concentration decay between 1500ppm and 500ppm
has been selected for the evaluation of all the three strategies. Figures 4.17, 4.18 and 4.19
show the concentration decay, the linear regression and the fan operation of the control
strategies 3, 4 and 5, respectively. Moreover, the results have been summarized in table

4.2.

Table 4.2 — Results from CO,-based ventilation control strategies.

Room Average CO2 Fan Energy

Concentration Consumption Decay Period

(hours)

Control AER
Strategy  (h?)

(ppm) (kWh/day)
CS 3 0.61 791 0.04 ~4.6
CS 4 0.46 747 0.027 ~6.2
CS 5 0.31 716 0.016 ~82

Although these three ventilation strategies have been tested during the non-occupancy
period, the results showed that the strategies are well implemented and completely
functional. Moreover, the results indicated that linking the fan power to higher number of
set-points or proportional to the real concentration level results in lower energy

consumption.
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Figure 4.17 — CO; concentration decay, logarithm regression and fan power for control
strategy 3.
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Figure 4.18 — CO- concentration decay, logarithm regression and fan power for control
strategy 4.
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strategy 5.
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4.4. Conclusion

The experimental studies of this research work on ventilation control strategies as well as
its contribution to the Smart Window research project and the I2L showcase project have

been presented in this chapter.

The results from the DCV strategies proved the influence of control and smartness in
lowering energy consumption and providing good IAQ. The first two ventilation control
strategy, occupancy period and occupancy level based strategies, showed the potential of
simple sensor-based controls in reducing energy consumption comparing to for instance
an always on method. The last three strategies, also showed the potential of CO,-based

ventilation control strategies in energy saving while providing good 1AQ.

The experiments developed, implemented and analyzed in this chapter indicates the
importance of using mechanical ventilation control strategies to avoid overventilation,

energy saving, and avoid SBS by automatically ventilating the space when required.
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Chapter 5

SIMULATION OF DEMAND-CONTROLLED

VENTILATION STRATEGIES

5.1. Introduction

As already mentioned in previous chapters, nowadays, people spend more time in indoor
environment and the COVID-19 pandemic has even increased the amount of time spent
indoors, therefore it is highly important to provide a good Indoor air quality (IAQ) for
buildings occupants. Otherwise, it may cause serious health and productivity issues for
the occupants. IAQ is closely linked with the ventilation rate. Although natural ventilation
system does not consume energy for its operation, there is always uncertainty considering
the forces that cause natural ventilation, namely, buoyancy and wind. Also natural
ventilation system highly depends on unpredictable variables such as weather condition.
Therefore, the need for an alternative and reliable ventilation system is essential to
maintain a good IAQ. Unlike natural ventilation, the mechanical ventilation needs energy
to run the mechanical means. Hence, it is important to develop control strategies to lower
the ventilation energy use in buildings in order to meet the energy challenges established

by the European Union.

In this chapter, a case study, the office room (already introduced in the previous chapter),
has been simulated in order to test and evaluate the performance of several demand-
controlled ventilation (DCV) strategies focusing on their energy consumption and ability
to maintain a good 1AQ. Rule-based DCV control strategies have been developed as one
of the standard supervisory control models for ventilation system. In RBC, a threshold
value or set-point is defined for certain parameters and the action is selected at the time

when the condition falls into a specific criterion.

5.2. Case Study and Ventilation Control Strategies
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The energy consumption and CO. generation due to mechanical ventilation have been
assessed with a whole building energy simulation program, EnergyPlus [104]. This tool
is one of the most-commonly used and versatile energy simulation programs and perfectly
suitable for the analysis, having the ability to compute CO- generation, based on human
occupancy, 3.82x10% m3/s-W (obtained from ASHRAE Standard 62.1 at 0.0084
cfm/met/person (0.004 |/s/met/person) over the general adult population), predict its
concentration evolution according to the generation rate or the decay caused either by
external air infiltration or fresh air supply, while estimating the energy consumption

involved in the complete process [105].

Building model has been drawn in OpenStudio, a plug-in for SketchUp (a design software
tool to create 2D and 3D models), which converts the 3D building model into an Energy
Plus file. After drawing the zone model in OpenStudio, envelope (materials and
constructions) and internal parameters (schedules, occupation, infiltration and CO:
generation rates, mechanical ventilation components and control strategies) has been
specified in EnergyPlus. The model file for EnergyPlus is an American Standard Code
for Information Interchange (ASCII) text file saved as Input Data File (IDF) that can be
modified using any text editing tool. The methodology flowchart can be seen in the
following figure (figure 5.1):

__ 4

Figure 5.1 — Flowchart of the program utilization order.

The Indoor Live Lab (I2L), located in Mechanical Engineering Department (DEM) at
University of Coimbra, with an area of 46.64 m? and 3 meters ceiling height, has been
modeled to conduct simulations (see figure 5.2). Activity level of 1.2 met, average Du
Bois body surface area of 1.8 m?, infiltration rate of 0.2 h, outdoor air flowrate of 24
m?/h.person has been considered for the simulation of all ventilation strategies. Five main
occupancy based (both period and level) as well as CO,-based DCV strategies have been
developed and analyzed in EnergyPlus. The ventilation strategies are as follows:
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Figure 5.2 — Case study (12L) - real aerial photo and modeled in SketchUp.

e Control strategy 1 (Occupancy period based):

In this strategy, regardless the number of occupants, a CAV fan that operates on
maximum only during occupancy period has been considered. Figure 5.3 presents the

flowchart of the first control strategy.

( Begin )

Fan availability =
room occupancy

y
Do while
room daily
operation

( End )

Figure 5.3 — Flowchart of ventilation control strategy 1.

| Fan On (Max) |

e Control strategy 2 (Occupancy level based):

Unlike the previous strategy, this is an occupancy-based DCV in which a VAV fan is
used to provide a specific amount of airflow rate per occupant. Figure 5.4 shows the
flowchart of the second control strategy.
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Fan availability =
room occupancy

Do while
> room daily

operation

Read
Occupancy Level
| Fan On ((Occupancy level*0.2)*Max)
y
End

Figure 5.4 — Flowchart of ventilation control strategy 2.

e Control strategy 3 (Single set-point CO,-based):

A maximum set-point for indoor CO2 concentration (1000 ppm) is defined. In this case,
a CAV fan operates only if the CO. concentration goes above the set-point and stops,
when it is below the set-point during occupancy time. Figure 5.5 indicates the flowchart
of the third control strategy.

Fan availability =
room occupancy

v
CO; set-point
= 1000 ppm
Do while
room daily
operation
Read [CO;]
[CO;] <
1000 ppm? Yes
No l
A 4
| Fan On (Max) | | Fan Off |
A
End

Figure 5.5 — Flowchart of ventilation control strategy 3.
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e Control strategy 4 (Double set-point CO2-based):

A maximum set-point for indoor CO> concentration (1000 ppm) is defined as well as a
minimum set-point (500 ppm). Similar to the strategy 3, a CAV fan operates when the
CO2 concentration is above the maximum set-point and only stops when CO:
concentration is below the minimum set-point during occupancy time. Figure 5.6 depicts

the flowchart of the forth control strategy.

Fan availability =
room operation

v

CO; set-point
=1000 ppm

Do while
room daily
operation

Read [CO;)

CO; set-point
= 1000 ppm?

v

\ Fanoff | | Fanonmax) | | FanonMax | | FanOff |
CO; set-point CO; set-point
= 1000 ppm = 500 ppm

S

<
<

A 4

End )

Figure 5.6 — Flowchart of ventilation control strategy 4.

e Control strategy 5 (Double set-point CO2-based proportional):

A maximum set-point for indoor CO- concentration (1000 ppm) is defined as well as a
minimum set-point (500 ppm). Unlike the previous strategy, a VAV fan operates when
the CO2 concentration is above the maximum set-point and the air flow rate decreases
proportional to the decay of the CO> concentration. It only stops when CO. concentration
is below the minimum set-point during occupancy time. Figure 5.7 illustrates the

flowchart of the fifth control strategy.
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]

A

End

Figure 5.7 — Flowchart of ventilation control strategy 5.

These strategies can be used in spaces where occupants have difficulties in employing
natural ventilation. Outdoor pollution and noise, as well as security and privacy purposes

are the main reasons to employ solely mechanical ventilation.

In the simulation software, the CO> set-point is set through the Contaminant Controller
in Zone Control. The System Node CO2 Concentration variable measures and reports the
average COz concentration, in parts per million (ppm), in the Zone Air Node and the
People Occupant Count variable counts and reports the number of occupants in People
for the questioned time-step. Moreover, the Fan Air Mass Flow Rate variable actuates
over the Fan component based on the report receives from the sensors. The
abovementioned ventilation control strategies have been specified in EnergyPlus as
follows:

e  Control strategy 1 (Occupancy period based):

IF (VERIFY_OCC > 0),

SET FAN_OPR = FAN_MAX,
ELSE,

SET FAN_OPR = 0.0,
ENDIF;

e  Control strategy 2 (Occupancy level based):

IF (VERIFY_OCC > 0),
SET FAN_OPR = FAN_MAX*(VERIFY_OCC*0.2);
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ELSE,
SET FAN_OPR = 0.0,
ENDIF;

e  Control strategy 3 (Single set-point CO2-based):
IF (CO2_CONC > 1000),
SET FAN_OPR = FAN_MAX,
ELSE,

SET FAN_OPR = 0.0,
ENDIF;

e  Control strategy 4 (Double set-point CO2-based):
IF (CO2_CONC > 1000),
SET FAN_OPR = FAN_MAX,
DO WHILE (CO2_CONC >= 500),
ELSE,
SET FAN_OPR =0.0,
END DO,
ENDIF;

e Control strategy 5 (Double set-point CO2-based proportional):
IF (CO2_CONC > 1000),
SET FAN_OPR = FAN_MAX,
ELSEIF (CO2_CONC > 500),
SET FAN_OPR = FAN_MAX*((CO2_CONC - 500)/5.0)/100.0,
ELSE,

SET FAN_OPR = 0.0,
ENDIF;

Where “VERIFY OCC” is the occupancy level, “FAN_OPR” is the fan operation power,
“FAN_MAX” is the fan maximum power and “CO; CONC” is the indoor CO:

concentration.

5.3. Simulation Results

In this section two articles communicated to international journals and conference have
been presented. In the first article, the ventilation control strategies 1 to 4 have been
simulated and analyzed and in the second one the ventilation control strategy 5 has been

simulated and compared with those from the first article.
5.3.1. Paper IV: Simulation of Occupancy and CO2-Based Demand-
Controlled Mechanical Ventilation Strategies in an Office
Room Using EnergyPlus
Four DCV strategies based on occupancy period, occupancy level and indoor

concentration of CO2 have been simulated and studied using the building simulation

software, EnergyPlus. The collection of DCV strategies have been selected to prepare an
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article communicated in International Scientific Conference Environmental and Climate
Technologies, which has been later published in Energy Procedia Elsevier Journal in
2017, titled “Simulation of Occupancy and CO»-based Demand-controlled Mechanical

Ventilation Strategies in an Office Room Using EnergyPlus”.

Author Contributions: Behrang Chenari as the main author, has conducted the entire
research, prepared and carried out the simulation, gathered and collected data, and
wrote the papers; Francisco B. Lamas helped with preparing the simulation condition in
EnergyPlus, Adelio R. Gaspar and M. Gameiro da Silva reviewed the contents and

contributed to enhancing their quality.
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Simulation of occupancy and COz-based demand-controlled
mechanical ventilation strategies in an office room using EnergyPlus
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Abstract

Buildings are responsible for a large sharing of energy consumption worldwide. Among all energy services in buildings, heating,
ventilation and air conditioning systems not only account for a significant part of energy consumption but they are also highly
influential on indoor climate and occupants’ satisfaction in consequence. In this paper, four demand-controlled ventilation strategies
based on occupancy schedule period, occupancy level and indoor concentration of CO2 in an office room have been studied. The
indoor air quality as well as the energy consumption levels associated to each demand-controlled ventilation strategy were assessed
through simulations performed using EnergyPlus. The results showed the best suited ventilation strategies for the office room that
can provide acceptable level of indoor air quality with the least energy use. Furthermore, three sensitivity analyses were performed
in order to assess the influence of changing different criteria on the energy consumption and indoor air quality.
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1. Introduction

The role of Heating, Ventilation and Air-Conditioning (HVAC) systems is to provide favorable indoor climate
condition for occupants in buildings, regarding the thermal environment and the indoor air quality (IAQ). HVAC
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accounts for almost 40 % of energy use in buildings in which ventilation plays a significant role [1]. Ventilation also
interacts with health, productivity and comfort of the occupants [2]. Many energy-efficient and sustainable ventilation
methods such as natural ventilation, hybrid ventilation, ventilation control strategies and Demand-Controlled
Ventilation (DCV) have been reviewed by [3]. In DCV, a technology for energy saving in HVAC systems [4], the fan
velocity is regulated according to the demanded fresh air flow rate. So that, DCV improves the energy-efficiency by
supplying fresh air to and/or extracting stale air from the space only in the right time and the right amount. It results
to reduce the cost and prevent energy waste while provides acceptable IAQ. Various studies [5-10] have shown the
potential of DCV in saving energy in buildings.

In this paper, four Sensor-based Mechanical Demand-Controlled Ventilation (SBMDCV) strategies have been
defined and simulated to assess the energy consumption and IAQ associated to each strategy. Moreover, three
sensitivity analyses were performed to assess the influence of changing different criteria on the final results. SBMDCV
strategies are based on occupancy schedule period, occupancy level and CO2 concentration in the office. This research
has been developed under framework of Smart Window project at university of Coimbra [11, 12]. One of the tasks of
this project is to develop and test DCV strategies for mechanical ventilation. These SBMDCYV strategies can be used
in spaces where occupants have difficulties in employing natural ventilation. Outdoor pollution and noise as well as
security and privacy purposes are the main reasons to employ mechanical ventilation.

2. Material and methods
2.1. Case study overview

The Indoor Live Lab (I2L) [13], located in Mechanical Engineering Department (DEM) at university of Coimbra,
with an area of 46.64 m? and 3 meters ceiling height, has been chosen as the test room to conduct simulations. The
12L is equipped with several instruments and sensors which monitor Indoor Environmental Quality (IEQ) indices. The
I2L has been modelled in OpenStudio, a plug-in for SketchUp (a design software tool to create 2D and 3D models),
which converts the 3D building model into an EnergyPlus file. There are five permanent and one guest working places
in this office. Five occupants were considered as the maximum occupancy level in the room. Moreover, the activity
level of occupants was assumed 1.2 met with an average Du Bois body surface area of 1.8 m?. The windows and door
are assumed to be closed during all simulations period. An infiltration rate of 0.2 h™!, obtained from a CO, decay test,
was considered for the simulations.

2.2. Ventilation systems

Constant Air Volume (CAV) fans as well as Variable Air Volume (VAV) fans with different airflow rates have
been considered during simulation of ventilation strategies. The fans power is obtained from the following equation:

p— Qfan -Ap (1)
n
where
P represents the fan power in watts;
Qfan represents the fan airflow rate in m*/s;
Ap represents the fan pressure rise in Pa (100 Pa is assumed);
n represents the fan efficiency (0.7 is assumed).

2.3. Ventilation strategies
Four occupancy and CO,-based ventilation strategies have been defined and simulated:

e  Control strategy 1 (Occupancy period based): In this strategy, regardless the number of occupants, a CAV fan
is used that operates only during occupancy period,
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e Control strategy 2 (Occupancy level based): Unlike the previous strategy, this is an occupancy-based DCV in
which a VAV fan is used to provide a specific amount of airflow rate per occupant;

e Control strategy 3 (Single setpoint CO»-based): A maximum setpoint for indoor CO, concentration (1000 ppm)
is defined. In this case, a CAV fan that operates only if the CO, concentration goes above the setpoint and
stops, when it is below the setpoint, is used;

e Control strategy 4 (Double setpoint CO-based): A maximum setpoint for indoor CO, concentration
(1000 ppm) is defined as well as a minimum setpoint (500 ppm). Similar to the strategy 3, a CAV fan that
operates when the CO; concentration is above the maximum setpoint is used. The fan only stops when CO; is
below the minimum setpoint during occupancy time.

Fig. 1 demonstrates the flowcharts of the simulated ventilation strategies. It should also be mentioned that, all

strategies have been simulated based on the main occupancy schedule represented in Table 1.

Table 1. Main occupancy schedule.

Weekdays occupancy schedule
Time 00-09 09-10 10-13 13-14 14-18 18-19 19-20 20-21 21-24
Occupancy 0 2 5 0 5 3 2 1 0

2.4. Simulation software

After drawing the zone model in OpenStudio, the envelope (materials and constructions) and internal parameters
(schedules, occupation, infiltration and CO, generation rates, mechanical ventilation components and control) were
specified in EnergyPlus simulation software. EnergyPlus is one of the most-commonly used and versatile energy
simulation programs [14] and perfectly suitable for the analysis [15], having the ability to compute CO, generation
(based on human occupancy, 3.82E-8 m?/s-W), predict its concentration evolution according to the generation rate or
the decay caused either by external air infiltration or fresh air supply, while estimating the energy consumption

involved in the complete process.

Off Max

Fig. 1. Ventilation strategies flowcharts.

3. Simulation results and discussion

In this section the results from each strategy is being discussed. Moreover, comparisons between strategies
considering the IAQ and energy consumption have been performed. Fig. 2 represents the zone CO, concentration

during the day for all ventilation strategies.
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Fig. 2. Variation of CO, in the room associated to base ventilation strategies.

The chart above shows that using CS3, the occupants will be exposed to higher CO; concentration comparing with
other strategies. Considering CS1 and CS2, the concentration in the room never reaches 1000 ppm in both of the
strategies, while CS1 consumes 28 % more energy than CS2. CS4 shows a better performance in maintaining the
room concentration below 1000 ppm comparing with CS3 but seems to have some unnecessary over ventilation during
low density occupancy. Table 2 presents the results obtained from simulation such as maximum and average CO,
concentration in the test office and the fan energy consumption associated to each strategy.

Table 2. The results from base ventilation strategies.

Control Infiltration ~ Outdoor Airflow Zone Air Maximum CO, Zone Air Average CO, Fan Enerey Consumption. kWh/da
Strategy Rate, h! Rate, m*/h.person  Concentration, ppm Concentration, ppm crgy L-onsumption, y
CS1 0.2 24 981 833 0.0523

CS2 0.2 24 981 885 0.0408

CS3 0.2 24 1068 957 0.0387

CS4 0.2 24 1051 874 0.0419

The results from CS1 and CS2 presents the priority of real time occupancy-based strategy to the scheduled one
with 22 % less energy consumption and providing almost the same IAQ level. Moreover, Fig. 3 presents a more
practical view of these results in which CS3 can be indicated as the best suited strategy that provides acceptable IAQ
for the occupants with lowest energy use.

980
€ Cs3
E 940
~NQ
o
@2 900 cs2
o ©
§ £ €
Z8 ¢
g 860 csa cs1
© 9
820
0,035 0,04 0,045 0,05 0,055

Fan Energy Consumption, kWh/day

Fig. 3. Room average CO, Level and fan energy consumption for base ventilation strategies.
3.1. Sensitivity analyses
The first sensitivity analysis (SA1) considered in this research was changing the outdoor airflow rate from 24 to 20

m’/h.person. All other parameters were maintained constant. This is to see how the energy consumption and IAQ are
responding to these changes. Fig. 4 shows the variation of zone CO, concentration during the day. The concentrations
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in all strategies are slightly higher than those for the base situation. Although the time that occupants are exposed to
concentrations higher than 1000 ppm is increased, still is not high enough to have negative influence on the occupants’
comfort and productivity.

Table 3 shows the energy consumption, maximum and average CO, concentration level associated to each strategy
as well as the energy savings and the IAQ drop. IAQ drop is the comparison between the average CO, concentration
in sensitivity analysis strategies and the base strategies. The lowest IAQ drop and highest energy saving belong to
CS3. In other strategies the IAQ drop is 7 % while the energy saving varies between 15-17 %.

2000 10
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] °
£ 1000 5 3 . .
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Fig. 4. Variation of CO, in the room associated to ventilation strategies after applying SA1.

Table 1. The results from ventilation strategies after applying SA1.

Control Infiltration  Outdoor Airflow Zone Air Maximum Zone Air Avergge Fan Energy Energy Saving IAQ
Strategy Rate, h! Rate, m*/h.person CO, Concentration, CO, Concentration, Consumption,  Comparing _w1th Drop,
ppm ppm kWh/day base strategies, % %
SA1_CS1 0.2 20 1070 895 0.0435 17 7
SA1_CS2 0.2 20 1070 949 0.0340 17 7
SA1_CS3 0.2 20 1073 984 0.0310 20 3
SA1 CS4 0.2 20 1073 935 0.0356 15 7

In the second sensitivity analysis (SA2), besides changing the outdoor air flow from 24 to 20 m3/h.person, the
infiltration rate was also modified, from 0.2 h™!' to 0.3 h"!. All other parameters were maintained constant. Fig. 5 shows
the variation of zone CO; concentration during the day which does not indicate a notable change in TAQ level
comparing to the base strategies.

Table 4 shows the energy consumption, maximum and average CO, concentration level associated to each strategy
as well as the energy savings and IAQ drop. SA2_CS2 and SA2_CS3 showed no changes in average CO, concentration
while they had 17 % and 25 % lower energy consumption, respectively. The other two strategies also showed Energy
savings up to 20 % and their IAQ drops are actually low and can be neglected. The results of SA2 revealed that
increasing the infiltration rate will save fan energy while there would not be a noticeable change in TAQ.

Table 2. The results from ventilation strategies after applying SA2.

Control Infiliration Outdoor Airflow Zone Air Maximum Zone Air Average Fan Energ}/ Energy Saving T1AQ
Strategy Rate, h! Rate, m*/h.person CO, ' CO, ' Consumption, Comparing Wlth Drop,
Concentration, ppm _ Concentration, ppm _kWh/day base strategies, % %
SA2_CS1 03 20 1004 849 0.0435 17 2
SA2_CS2 03 20 1004 886 0.0340 17 0
SA2 CS3 0.3 20 1070 950 0.0290 25 0
SA2 CS4 03 20 1065 894 0.0336 20 2
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Fig. 5. Variation of CO, in the room associated to ventilation strategies after applying SA2.

Given to the CO; concentration graphs, there seemed to be some over ventilation during the low occupation density
period in the evening. In the third Sensitivity analysis (SA3), the minimum setpoint in control strategy 4 has been
modified to 800 pmm, to see how the results change with this modification.

Fig. 6 shows the CO; concentration and fan airflow rate in the zone during the day. As mentioned before, the over
ventilation between 19:00 and 21:00 is observed. In the SA3_CS4, the fan stops almost two hours earlier than the CS4.

Moreover, table 5 exhibits the energy consumption and CO; concentration level associated to each strategy. The
results show that increasing the minimum setpoint from 500 to 800 ppm leads to 15 % of energy saving and the daily
average CO» concentration only increased 4 %. Also, by increasing the minimum setpoint to 900 ppm, the energy
saving will increase up to 20 %.
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Fig. 6. Variation of CO, and fan airflow rate associated to CS4 before and after applying SA3.

Table 3. Comparison of the results from CS4 before and after applying SA3.

Control Infiltration Outdoor Airflow Zone Air Maximum Zone Air Average Fan Energy Energy IAQ
Strategy Rate, h! Rate, m*/h.person CO, Concentration, CO, Concentration, Consumption, Saving, % Drop,
ppm ppm kWh/day %
CS4 0.2 24 1051 874 0.0420 - -
SA3 CS4 0.2 24 1052 906 0.0357 15 4

4. Conclusions

In this paper, four ventilation strategies have been defined based on occupancy schedule period, occupancy level
and indoor concentration of CO, in an office room. The IAQ as well as the energy consumption levels associated to
each strategy were evaluated through simulations performed using EnergyPlus. Three sensitivity analyses were also
performed in order to assess the influence of different parameters on the energy consumption and IAQ. The main
findings of the present study can be listed as following:
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e A primary energy saving of 22 % was achieved from controlling the fan airflow rate based on the number of
occupants instead of a fixed flow rate during occupancy period, while the IAQ level is kept acceptable;

e By decreasing the fan airflow rate per occupant, SA1_CS2 and SA1_CS4 showed the best integrated IAQ and
energy performance, while SA1_CS3 presented the lowest consumption accompanying with an average CO,
concentration, slightly over the setpoint, that could still be acceptable referring to some IAQ standards (e.g.
Portuguese standard: Portaria n.® 353-A/2013 [16]);

e  The third sensitivity analysis showed the importance of infiltration rate in providing acceptable IAQ with lower
fan energy use (regardless the unforeseen influences on thermal comfort);

e Increasing the minimum setpoint for indoor CO, Concentration, made SA3 CS4 the best suited control
strategy among all strategies in terms of both energy consumption and TAQ.
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5.3.2. Paper V: Development of A New CO,-Based Demand-

Controlled Ventilation Strategy Using EnergyPlus

The fifth DCV strategy has been simulated and studied using the building simulation
software, EnergyPlus. A supplementary research has been carried to compare the results
from the new strategy with those already presented in the previous article. The outcome
from this research has been communicated in Energy for Sustainability International
Conference 2017, titled “Development of A New CO»-based Demand-controlled
Ventilation Strategy Using EnergyPlus”.

Author Contributions: Behrang Chenari as the main author, has conducted the research,
prepared and carried out the simulation, gathered and collected data, and wrote the
papers; Francisco B. Lamas helped with preparing the simulation condition in
EnergyPlus, Adelio R. Gaspar and M. Gameiro da Silva reviewed the contents and

contributed to enhancing their quality.
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Abstract A significant amount of energy is being used by ventilation and air conditioning
systems to maintain the indoor environmental condition in a satisfactory and comfortable
level. Many buildings, either new or existing (throughout their renovation process) are
subjected to energy efficiency requirements but these must not be in the expenses of
indoor environmental conditions. For instance, indoor air quality (IAQ) has to be
considered while improving energy efficiency, otherwise occupants might be exposed to
inappropriate indoor environment.

Demand-controlled ventilation (DCV) is a method that provides comfortable 1AQ level
with lowest energy use. In this paper, the main objective is developing a new CO.-based
DCV strategy and simulating it using EnergyPlus. The IAQ and energy consumption
associated to this strategy have been compared with the results of CO»2-based DCV
strategies previously developed by the same authors in another article. The comparison
shows that the new strategy performs better, both in energy use and 1AQ. The recorded
energy savings ranged between 6-14% comparing with the previously developed
strategies while 1AQ slightly improved.
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1. INTRODUCTION

A significant amount of energy is being used by ventilation and air conditioning systems to
maintain the indoor environmental condition in a satisfactory and comfortable level. As
mentioned in [1], nearly 40% of energy use in buildings are consumed by HVAC systems.
Nowadays, both new and existing buildings (throughout their renovation process) are
subjected to energy efficiency requirements but these must not be in the expenses of indoor
environmental conditions [2]. For instance, indoor air quality (IAQ) has to be wisely
considered while improving energy efficiency, otherwise occupants might be exposed to
inappropriate indoor environment which might cause health issues. Reviewing many energy-
efficient and sustainable ventilation methods, reference [2], noted that integrating control
strategies to ventilation systems leads to considerable amount of energy savings. Moreover, it
is mentioned that DCV prevents energy waste during low or zero occupancy time because
DCV supplies fresh air to and/or extracting stale air from the space only when it is required.
For places such as classrooms, auditoriums, offices with variable occupancy level DCV is an
appropriate method. Several research studies such as [3], [4], [5] have studied the CO2-based
DCV and stated its noteworthy energy saving potential.

This work comes in the sequence of a previously published article from the same authors [6]
in which four occupancy and CO»-based ventilation control strategies have been defined and
simulated to assess the energy consumption and IAQ associated to each strategy. In this
paper, a new CO,-based DCV strategy has been developed and simulated in EnergyPlus in
order to compare the results with the results of previously developed COz-based DCV
strategies. This research has been developed under framework of Smart Window project at the
University of Coimbra [7]. One of the tasks of this project is to develop and test DCV
strategies for mechanical ventilation. These strategies can be used in spaces where occupants
have difficulties in employing natural ventilation. Outdoor pollution and noise, as well as
security and privacy purposes are the main reasons to employ solely mechanical ventilation.

2. MATERIAL AND METHOD

2.1. Case study overview

The Indoor Live Lab (I12L) [8], located in Mechanical Engineering Department (DEM) at
University of Coimbra, with an area of 46.64 m? and 3 meters ceiling height, has been chosen
as the test room to conduct simulations. Activity level of 1.2 met, average Du Bois body
surface area of 1.8 m?, infiltration rate of 0.2 h!, outdoor air flowrate of 24 m3h.person and
main occupancy schedule, presented in table 1, has been considered for the simulation of all
ventilation strategies.

Table 1. Main occupancy schedule

Weekdays Occupancy Schedule

Time 00-09 09-10 10-13 13-14 14-18 18-19 19-20 20-21 21-24

Occupancy 0 2 5 0 5 3 2 1 0
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2.2. Ventilation systems

Constant Air Volume (CAV) fans as well as Variable Air Volume (VAV) fans with different
airflow rates have been considered during simulation of ventilation strategies. The fans power
is obtained from the following equation: P = (Qfn . Ap)/m in which P represents the fan
power in [Watts]; Qrn represents the fan airflow rate in [m%s]; Ap represents the fan
pressure rise in [Pa] (100 Pa is assumed); n represents the fan efficiency (0.7 is assumed).

2.3. Ventilation strategies

Figure 1 presents the new CO»-based DCV as well as the two previously developed. In the
new strategy the VAV fan operates proportional to the CO2 concentration level and the
minimum and maximum setpoints. In the other strategies, in single setpoint, a CAV fan
operates only if the CO> concentration goes above the setpoint and stops, when it is below the
setpoint and in double setpoint, the CAV fan operates when the CO, concentration goes above
the maximum setpoint and only stops when CO: is below the minimum setpoint.

CS1_singleSetpoint C52_doubleSetpoint CS_NEW_ proportional Key
Op Do while room daily operation
Do Do while [CO;] > minSetpoint
[CO;] Read [CO:]
Ql [CO;] = Setpoint?

Q2 [CO:] = maxSetpoint?

Q3  [CO;] » minSetpoint?

| Max || V‘:tr || Off | Max Fan On (Max)
Fan On, Variable Flow (([CO2]-

Var  minSetpoint] / (maxSetpoint-
A 4 A J minSetpoint) /100)% *Max)
End End (End) ’
Off Fan Off

Figure 1. Ventilation strategies flowcharts.

All strategies have been simulated considering the setpoints presented in table 2. To see the
influence of different minimum setpoints on the final results, four more strategies have been
defined and simulated.

Table 2. CO; setpoints [ppm]

Control strategy CS1 CS2 CS2.1 CS2.2 | CS_NEW | CS_NEW1 | CS_NEW?2

Single setpoint 1000 -- -- -- -- -- --
Double | Minimum - 800 900 950 800 900 950
setpoint | Maximum - 1000 1000 1000 1000 1000 1000

3. SIMULATION RESULTS AND DISCUSSION
In this section the results have been presented and discussed. Moreover, comparisons between

3
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strategies considering the IAQ and energy consumption have been performed. Considering
the base strategies, the CO. concentration in the CS_NEW never reaches the maximum
setpoint while the other two does (see fig. 2, left part). Based on the monitored data,
CS_NEW performed better for both IAQ and energy use. In energy consumption, 6% less
than both CS1 and CS2, and in IAQ (average CO2 concentration in the office), 3% better than
CS1 and almost same as CS2 (see fig. 3).

Unnecessary ventilation -over ventilation- can be observed in CO, concentration and the fan
airflow rate graphs, between 18:00 and 21:00 which causes more energy use. To avoid it,
minimum setpoints closer to the maximum setpoint have been defined for CS2 and CS_NEW.
From the graphs depicted in the right part of figure 2, it can be seen that the CO:>
concentration levels are slightly higher than the base strategies but still acceptable. The results
showed that the fan energy consumption for all strategies is lower than the base strategies and
the 1AQ is suitable. As shown in figure 4, choosing a minimum setpoint closer to the
maximum set point in CS_NEW reduces the energy use while the IAQ drop is negligible.
Increasing the energy consumption in CS2.2 comparing with CS2.1 might be due to passing
the optimal minimum setpoint for double setpoint strategy, but for the CS_NEW (proportional
strategy) it did not happen. In the other word, it can be said that the closer the minimum
setpoint to the maximum setpoint the higher the energy saving. Of course the 1AQ will
decrease but to still satisfactory level for the occupants.

Fate [m3fh]

™

Suirfiow

Figure 2. Variation of CO; concentration and fan airflow rate in all strategies.

4



Chenari et al.

C5_NEW2

Figure 3. Room average CO; Level and fan Figure 4. Room average CO; Level and fan
energy consumption for base ventilation strategies. energy consumption (modified minimum setpoints).

4. CONCLUSIONS

In this paper, a new CO»-based DCV strategy has been developed and simulated with
EnergyPlus. The IAQ and energy consumption associated to this strategy have been
compared with the results of CO2-based DCV strategies previously developed by the same
authors. The comparison displayed that the new strategy performs better both in energy
use and IAQ. The main findings of the present study can be listed as following:
- Proportional CO»-based ventilation strategies have higher energy performance than
simple strategies.
- In proportional strategies, the closer the minimum setpoint to the maximum setpoint the
higher the energy saving.
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CHAPTER 5. SIMULATION OF DEMAND-CONTROLLED VENTILATION STRATEGIES

5.4. Conclusion

Whole building dynamic simulation was performed using EnergyPlus software on the
modeled case study, the 12L. Different ventilation control strategies have been developed
and analyzed in this chapter, with the objective of maintaining the IAQ in a standard level

while minimizing the energy consumption of the mechanical ventilator.

The results once again proved the importance of control and smartness in energy saving
and in providing a good IAQ. The first ventilation control strategy, let’s say the most
basic strategy, if being used in an office, reduces the consumption as avoids ventilation
during non-occupancy period. The second one, which is one step smarter can reach an
energy saving of about 30% comparing to the first control strategy. Going further smart
and developing the control strategies based on both occupancy and indoor CO:
concentration would lead to a better performance in terms of energy while still provided
a good IAQ.

The results from the double set-point control strategies reported overventilation during
the low occupancy periods, which has been avoided by the performed sensitivity analyses.
Therefore, it seems crucial to consider the minimum set point quite close to the maximum
one or even develop strategies in which the minimum set-point would be adjusted. It was
also pointed out by the results from the double set-point proportional control strategy that

the closer the minimum set-point to the maximum set-point the higher the energy saving.

All in all, the research carried out in this chapter emphasizes the significance of using
control in energy consumable building services such as ventilation. As natural ventilation
is not predictable, presence and use of mechanical ventilation can compensate this
drawback. Therefore, for mechanical ventilation, as a service that uses energy, the control
strategies developed and analyzed in this chapter are recommended to be considered for
it.
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Chapter 6

SMART READINESS INDICATOR

6.1. Introduction

As energy has become a core issue for the European Union (EU), in November 2016, a
package of proposals called the “Clean Energy for All Europeans” has been presented by
the EC to revise and adjust several directives in the field of energy efficiency, renewable
energy, electricity market design, security of electricity supply and energy governance.
The building sector, that contributes to 40% of the EU’s final energy use, has been
considered as an essential driver of this energy transition. Moreover, around 75% of the
current EU housing stock is energy inefficient and both renovation rate and depth are too
low. Therefore, there is certainly an obvious need to finance building renovation by
considering smart and energy-efficient technologies [106]. During the recent years, with
the developments in the field of smart buildings, there is a strong link between the field
of energy efficiency and the smartness of the built environment. At the same time, the
digitization of the built environment with the utilization of Internet of Things (IoT) based
automation tools even strengthen this requirement. Smart buildings integrate cutting edge
information and communication technology (ICT) based solutions to optimize energy-
efficient control of building systems and enable energy flexibility as a part of their daily
operation. Such smart capabilities can also effectively assist creation of healthier and
more comfortable buildings, which adjust to the needs of both the user and the energy

grid while reducing building energy use and its environmental impacts.

The potential of smart technologies in the building sector was heavily emphasized in the
2018 revision of the European Energy Performance of Buildings Directive (EPBD) and
the concept of a Smart Readiness Indicator (SRI) was introduced. This indicator allows
rating the smart readiness of buildings, i.e. the capability of buildings (or building units)
to adapt their operation to the needs of the occupant, also optimizing energy efficiency

and overall performance, and to adapt their operation in reaction to signals from the grid

115



(energy flexibility) [107]. The smart readiness indicator will raise awareness amongst
building owners and occupants of the value behind building automation and electronic
monitoring of technical building systems and should give confidence to occupants about
the actual savings of those new enhanced functionalities. Figure 6.1 represents the main
functionalities of smart readiness in buildings required by the revised EPBD as well as

the target audience for the SRI.

Readiness t Readines:

P, 2 e
/ - adapt in response ”/\ facilitate main- I adapt in response
to the needs of the tenance and to the situation of

SRI occupant efficient operation the energy grid

V Occupant/Owner/ V Facility manager V Smart Service
I Investor PR J2A&. Provider
reference for investment
directly affects their invest- ] discussions with will influence their

ment decisions i owner/investor service offering

Figure 6.1 — Three key functionalities of smart readiness in buildings and SRI’s target audience
[108].

Two technical support studies have been conducted in order to support the establishment
of the SRI. The first one started in the beginning of 2017 with the objective of studying
the possible scope and characteristics of such an indicator. The first study introduced the
concept of smart ready buildings, gathered a catalogue of smart ready services and
proposed a methodological framework for assessment these smart ready services to
calculate the SRI score. Counting on the knowledge acquired from the first study and
aiming to refine and finalize the definition and calculation methodology for the SRI, a
second technical support study launched in December 2018. Throughout this second
study, several progress reports have been delivered exploring the implementation of the
SRI. Finally, in summer 2020, the final report [108] from the second technical support
study has been published.

One of the main challenges to develop SRI methodology is to ensure charting of the smart
ready services and their potential impacts to the building, the users and the energy grid.
In this method, impact criteria are evaluated, but scores can potentially be aggregated

along the three key functionalities mentioned in the EPBD.

In the next sections more details about the SRI and its improvements have been presented.
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CHAPTER 6. SMART READINESS INDICATOR

6.2. Contribution in Smart Readiness Indicator

In this section two articles communicated to an international conference have been

presented.

6.2.1. Paper VI: Smart Readiness Indicator Part | An Overview

Right after the SRI was introduced, taking into account the importance of smart
ventilation in smartness of buildings, it was decided to include it in this PhD research.
Therefore, all improvements of SRI until June 2019 have been studied, mostly based on
the “Support for setting up a Smart Readiness Indicator for buildings and related impact
assessment - Second progress report” [101] as one of the key deliverable of the second
SRI technical support study and also rarely available research in the topic. The outcome
has been summarized in an article communicated in Energy for Sustainability

International Conference 2019, titled “Smart Readiness Indicator Part I: An Overview”.

Author Contributions: Behrang Chenari as the main author, has conducted the research,
gathered and collected data and information, and wrote the papers; Ehsan Asadi and M.

Gameiro da Silva reviewed the contents and contributed to enhancing their quality.
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Abstract Buildings are the main sector in accomplishment of the EU energy and climate
targets as well as the long-term sustainability goals by 2050 as they consume 40% of EU’s
final energy (read: the largest single energy consumer in Europe). Therefore, EU policies
and strategies aim to not only improve the efficient use of energy in existing buildings and
encourage the use of renewable energy sources, throughout their renovation process, but
also reinforce the energy performance of new buildings, integrating smart technologies.
The revised Energy Performance of Buildings Directive requires the development of an
optional Common Union scheme for rating the smart readiness of buildings, so called the
Smart Readiness Indicator. The Smart readiness indicator is an EU project proposed to
raise awareness about the advantages of integrating smart technologies in buildings. This
paper briefly presents the smart readiness indicator and its improvement so far.
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1. INTRODUCTION

As mentioned by European Commission [1], around 75% of the current EU housing stock
is considered to be energy inefficient; annual renovation rates are low, between 0.4% and
1.2%, and the renovation depth is generally considered too shallow. Thus, the need to
quicken and finance building renovation investments and leverage intelligence, energy-
efficient technologies in the building sector is highly required and leads to significant
energy saving and reduction of CO2 emission. As a part of Clean Energy for All Europeans
[1], the Commission proposed an update to the Energy Performance of Buildings Directive
(EPBD) to help promote the use of smart technology in buildings, to streamline existing
rules and accelerate building renovation. Smart buildings integrate Information and
Communication Technology (ICT)-based solutions for effectively control and monitor the
energy efficiency and energy flexibility as part of their daily operation. Smart buildings
have also been recognized and accredited as the key influencers of future energy systems
for which there will be a larger share of renewables, distributed supply and energy flexibility
on the demand side. A greater commitment of smart technologies is expected to lead to
significant energy savings in a cost-effective manner, while also helping to enhance indoor
comfort in a manner that empowers the building to adjust to the needs of the users. Finally,
in the revised Energy Performance of Buildings Directive [2]- which was published on 19
June 2018 - one of the crucial points is to improve the realization of this potential of Smart
Ready Technologies (SRT), including automation, in the building sector. Therefore, the
revised EPBD requires the development of an optional common European scheme for rating
the smart readiness of buildings: The Smart Readiness Indicator (SRI). The SRI aims to
acquaint the building users, owners, tenants and smart service providers to the added value
of building smartness and assist them to well notice this value by providing data on the
technological readiness of buildings to interact with their occupants and the energy grid.
This paper aims to present SRI and its methodology in a simple way. To do so, the authors
use the final report from the first SRI technical support study carried out by the project
partners as the main reference [3]. Meanwhile, the second SRI technical support study has
been launched recently aiming to provide further technical input to feed the establishment
of the SRI scheme. The objective of this paper is to make the audience acquainted with the
concept of SRI and its progress so far.

2. SMART READINESS INDICATOR

The SRI is supposed to raise awareness about the profits of integrating smart technologies
and ICT in buildings from an energy perspective, motivate consumers to accelerate
investments in smart building technologies and support the application of technology
innovation in the building sector. The indicator can also improve policy linkages between
energy, buildings and other policy segments, in particular in the ICT area, and thus
contribute to the integration of the buildings sector into future energy systems and markets.
Smart buildings need to go beyond being energy efficient and healthy by recognising and
reacting to users’ and occupants’ needs to optimise comfort, indoor air quality, wellbeing
and operational requirements. Such smart capabilities can effectively contribute in creating
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healthier and more comfortable living environment with less energy consumption and
carbon impact.

As proposed by the SRI technical support study [3], “Smartness of a building refers to the
ability of a building or its systems to sense, interpret, communicate and actively respond in
an efficient manner to changing conditions in relation the operation of technical building
systems or the external environment (including energy grids) and to demands from building
occupants.” Thus, an SRI for buildings shall provide information on the technological
readiness of buildings to interact with their occupants and the energy grids, and their
capabilities for more efficient operation and better performance through ICT technologies
and electronic systems. The SRI is expected to become a cost-effective measure which can
effectively assist in creating healthier and comfortable buildings with a lower energy use
and carbon impact, and can facilitate the integration of Renewable Energy Sources (RES)
by using smart ready services throughout available SRT.

Smart ready services satisfy a need from the user (occupant/owner) of a building or the
energy grid it is connected to. Smart Ready Services are delivered to the building user or
the energy grid through the use of SRT.

One of the main objectives of the SRI project was to compile the full list (or catalogue) of
smart ready services that can be found in buildings and that could be considered in the
calculation of the SRI. Three key functionalities of smartness in buildings have been taken
into account when selecting the smart services for the catalogue:

e The ability to adapt its operation mode in response to the needs of the occupant paying
due attention to the availability of user-friendliness, maintaining healthy indoor climate
conditions and ability to report on energy use;

e The ability to maintain energy efficiency performance and operation of the building
through the adaptation of energy consumption for example through use of energy from
renewable sources;

e The flexibility of a building's overall electricity demand, including its ability to enable
participation in active and passive as well as implicit and explicit demand-response, in
relation to the grid, for example through flexibility and load shifting capacities.

The SRI service catalogue is structured based on services that belong to a given domain and
can be provided with different functionality levels (the higher the level, the better the
smartness). Services and functionality levels are then represented to impact scores.

2.1. SRI Domains

In the SRI service catalogue, services are structured along 10 domains: Heating, Cooling,
Domestic Hot Water, Controlled Mechanical Ventilation, Lighting, Dynamic Building
Envelope, On-site Renewable Energy Generation, Demand Side Management, Electric
Vehicle Charging, Monitoring and Control as well as one extra domain so called various.

2.2.  Smart Ready Services
The full catalogue of the SRI technical study currently lists 112 Smart Ready Services. The
reader is referred to Annex A of this study [3] and the accompanying Excel spreadsheet for
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the full catalogue of services.

2.3. Functionality Level

For each of the services several functionality levels are defined. the higher functionality level
generally reflects the “smarter” service. The number of functionality levels varies from service
to service, the maximum level can be as low as 2 or as high as 5. The functionality levels are
ordinal numbers, indicating that ranks cannot be compared in between different services. The
functionality levels of the service, ranging from level 0 up to level 4, depending on the service.

2.4. Impact Criteria

The services translate into different impacts for buildings, building users and the energy
grid. At this stage, the following eight impact categories are considered:

» Energy savings on site: refers to the impacts of smart ready services on energy saving
capabilities.

« Flexibility for grid and storage: refers to the impacts of services on the energy flexibility
potential of the building.

« Self-generation: refers to the impacts of services on the amount and share of renewable
energy generation by on-site assets and the control of self-consumption or storage of the
generated energy.

» Comfort: refers to the impacts of services on occupants’ comfort.

» Convenience: refers to the impacts of services on convenience for occupants.

» Well-being and health: refers to the impacts of services on the well-being and health of
occupants.

» Maintenance and fault prediction, detection and diagnosis: Automated fault detection has
the potential to significantly improve maintenance and operation of the TBS.

« Information to occupants: this refers to the impacts of services on provision of information
on building operation to occupants.

Impacts of smart ready services (and related functionality levels) are expressed on a nine-
level ordinal scale: ----, ---, --, -, 0, +, ++, +++, ++++. It then might be converted into a
corresponding numerical or nominal score (i.e. -4, -3, -2, -1, 0, 1, 2, 3, 4). Figure 1 presents
main actors of SRI by illustration of the structure of the smart ready services catalogue.

2.5. SRI Methodology

The project final report developed a generic SRI methodology based on Multi-Criteria Decision
Making (MCDM). In MCDM there is no exclusive solution to a problem without inclusion of
preferred information. Thus considering the framework of SRI, this method will help the
decision makers to choose the best suited solution for the problem.

This SRI methodology receives the inputs (smart services) and analyse them based on the
defined functionality levels to provide the outputs, the SRI score, which represent how
smart the building is.

As all multi-criteria assessment methodologies which result in a single score or indicator,
the following approach is taken:
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Figure 1. illustration of the structure of the SRI smart ready services catalogue

« Identify the relevant impact criteria to be used in the assessment;

* Develop a methodology to determine the effect that sub-elements have on each impact criteria
and thereby allow scoring per impact criteria,;

* develop a system of weightings to determine an overall score across the impact criteria.
Considering the impact criteria, the indicator can be expressed as a weighted sum as follows:

N=AXa+BXb+CXc+DXd+EXe+FXf+GXxXg+HXh

where a, b, ¢, d, e, f, g and h are the relative weightings given to the impact criteria scores A,
B, C, D, E, F, Gand H and N is the overall score. Normally, a to h would add up to 1 (to
normalize the outcome) and A to H would be scored on a scale that corresponds to the final
scale for N (e.g. it could be on a scale of 0 to 100, in which case A, B, C, D, E, F, Gand H
would also each be scored on a scale of 0 to 100).Having the services, the functionality levels
and the ordinal ranking scales (possible to be mapped in nominal scores), mentioned in the
catalogue, for any given service a maximum SR score can be obtained. If the maximum possible
ordinal score to attain for the service/impact criterion/domain combination in question is ++++
and the score attained by the particular building is + then the maximum nominal score is 4 and
the actual score is 1, thus the normalized score will be 1/4 or 25%. Then these maxima scores
can be used to arise a normalized score by dividing the sum the nominal impact scores by the
sum of maximum possible impact scores to achieve the overall SRI score for a building. The
generic methodology can be applied either by equal weightings or differentiated weightings.
In equal weightings case each all impact criteria will receive similar weightings, say that 12.5%
each, as we have got 8 impact criteria, while in differentiated weightings each domain will get
a weighting based on its importance on a specific impact criterion. In the other word, those
domains with higher importance will get higher weightings, those with lower importance will
receive less weightings and even for those with no importance on the impact criterion, the
weighting will be set on 0%.
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Always the weightings of the domains for each impact criterion will be add up to 100%.
Generally, the weighting decision has to be made on the impact criteria, the domains, the
services considered and the functionality levels. In equal weightings, all actors will be equally
weighted. In differentiated weighting the first two will be weighted considering their
importance and those latter will be equally weighted. In order to carry out the assessment, first
the domains and services that are relevant and present in the building have to be determined.
Secondly, the functionality level associated to each service has to be obtained. Thirdly, the
impact scores have to be counted and weightings, either equally or differentiated, have to be
applied. Finally, based on the maximum obtainable scores, the normalized SRI score will be
calculated.

3. CONCLUSIONS

The Smart readiness indicator is an EU project proposed to raise awareness about the
advantages of integrating smart technologies in buildings. This paper briefly presents the
smart readiness indicator and its improvement so far. The second technical support study of
SRI has been recently launched. Considering the outcomes of the first technical study, this
study will provide the technical inputs needed to improve and complete the definition of the
SRI and the associated calculation methodology. The second part of this paper aims to
provide an example of SRI calculation based on a previous research developed by the
authors.
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6.2.2. Paper VII: Smart Readiness Indicator Part Il Assessing

Different Demand-Controlled Ventilation Strategies

The domain “controlled ventilation™ covers services for air flow control and indoor
environment control. The ventilation rate is an important driver for the energy demand of
a building, and is equally important in relation to human health and comfort. It is well
proven that smart controlled-ventilation based on parameters such as occupancy and
indoor CO> concentrations may lead to better energy performance as well as comfortable
indoor environment. Therefore, another study has been carried out to evaluate the SRI
score associated to five ventilation strategies and to compare the results with those from
the energy performance and IAQ in previous simulation studies. Comparing the obtained
scores with those results from the previous studies showed the potential of SRI
methodology to be used as an indicator of assessing building energy performance as well
as its occupants’ comfort. The outcome of this research has been also communicated as
an article in Energy for Sustainability International Conference 2019, titled “Smart
Readiness Indicator Part 1l: Assessing Different Demand Controlled Ventilation

Strategies”.

Author Contributions: Behrang Chenari as the main author, has conducted the research,
gathered and collected data, carried out the calculations and wrote the papers; Ehsan
Asadi and M. Gameiro da Silva reviewed the contents and contributed to enhancing their

quality.
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Abstract Building sector is responsible for a large proportion of global energy
consumption. Among all building services, Heating, Ventilation and Air Conditioning
(HVAC) systems are significantly in charge for building energy use. In HVAC, ventilation
is the key issue for providing suitable Indoor Air Quality (IAQ), while it is also responsible
for energy consumption. Therefore, enhancing ventilation systems with integrating smart
ready technologies not only improves energy efficiency, but also provides better indoor
climate for the inhabitants and lowers the possibility of health issues in buildings. As
mentioned in the first part of this article, the revised Energy Performance of Buildings
Directive requires the development of an optional Common Union scheme for rating the
smart readiness of buildings, so called the Smart Readiness Indicator. The Smart readiness
indicator is an EU project proposed to raise awareness about the advantages of integrating
smart technologies in buildings. This paper presents an assessment of Smart readiness
indicator for five different ventilation strategies which were previously developed and
simulated by the authors. The results show the potential of smart readiness indicator
methodology to be used as an indicator for assessing building energy performance as well
as its occupants’ comfort while there are still some shortcomings that have to be covered
during the second support study.
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1. INTRODUCTION

Buildings are responsible for a large sharing of energy consumption worldwide. Among all
energy services in buildings, ventilation systems are not only accountable for a significant
part of energy consumption but they are also highly influential on indoor climate and
occupants’ satisfaction in consequence. Thus, improving the ventilation systems using the
available smart technologies helps to foster energy efficiency as well as indoor climate.

In the last decade, several efficient ventilation methods such as natural or hybrid ventilation
have been presented in various research projects. Moreover, Demand-Controlled
Ventilation (DCV) strategies which employ these methods have been discussed in various
research studies. As mentioned in [1], implementing DCV strategies has shown significant
effects on improving energy efficiency of ventilation systems because in DCV, supply is
continuously matched with demand, so it results in having acceptable IAQ accompanied by
notable energy and cost savings. Using DCV method, the space is ventilated based on its
occupancy level or concentration of contaminants. DCV is a suitable method for ventilation
of spaces where the occupancy level varies frequently, such as restaurants, canteens, lecture
halls, shopping malls and offices. For instance, office buildings are mostly ventilated based
on constant air volume systems, which causes wasting of energy for ventilating empty
offices or those with fewer occupants. In many cases the actual level of occupancy is much
lower than the design level which causes over ventilation of the buildings. In other words,
in DCV systems, the demand of a space for air exchange is always being measured by IAQ
sensors and the outside flowrate is being attuned to match the real demand.

The Smart Readiness Indicator (SRI), proposed by the revised Energy Performance of
Buildings Directive [2]- which was published on 19 June 2018 — is an optional common
European scheme for rating the smart readiness of buildings. The SRI aims to acquaint the
building users, owners, tenants and smart service providers to the added value of building
smartness and assist them to well notice this value by providing data on the technological
readiness of buildings to interact with their occupants and the energy grid. Moreover, apart
from ensuring the building’s effective operation and helping improve its energy
performance, SRI would further respect occupants’ needs towards a healthy, comfortable
and productive indoor environment. In the other word, unlike many energy efficient
methods which result in energy saving with the expense of the occupants wellbeing and
comfort, SRI would have an integrated assessment which will not neglect these vital issues.
In two separated research articles [2, 3], five demand-controlled ventilation strategies based
on occupancy schedule period, occupancy level and indoor concentration of CO2 in an office
room had been studied. The results showed the best suited ventilation strategies for the
office room that can provide acceptable level of indoor air quality with the least energy use.
The authors of the present paper, have assessed the SRI score of the same ventilation
strategies to compare the energy performance and IAQ results from the simulation study
with those from SRI assessment.
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2. MATERIAL AND METHODS

2.1.  Case study overview

The Indoor Live Lab (I12L) [5], located in Mechanical Engineering Department (DEM) at
university of Coimbra has been chosen as the test room to conduct simulations. The I2L is
equipped with several instruments and sensors which monitor Indoor Environmental Quality
(IEQ) indices (see Fig. 1).

Figure 1. (a) Aerial view of the Mechanical Engineering Department of the University of Coimbra; 12L
office with the instruments and sensors.

2.2.  Ventilation systems:

Constant Air Volume (CAV) fans as well as Variable Air Volume (VAV) fans with different
airflow rates have been considered during simulation of ventilation strategies.

2.3.  Ventilation strategies:

Five occupancy and CO»-based ventilation strategies have been defined and simulated.

e Control strategy 1 (Occupancy period based):
In this strategy, regardless the number of occupants, a CAV fan is used that operates only during
occupancy period.

e Control strategy 2 (Occupancy level based):
Unlike the previous strategy, this is an occupancy-based DCV in which a VAV fan is used to
provide a specific amount of airflow rate per occupant.

e Control strategy 3 (Single setpoint CO2-based):
A maximum setpoint for indoor CO2 concentration (1000 ppm) is defined. In this case, a CAV
fan that operates only if the CO> concentration goes above the setpoint and stops, when it is
below the setpoint, is used.

e Control strategy 4 (Double setpoint CO2-based):
A maximum setpoint for indoor CO2 concentration (1000 ppm) is defined as well as a minimum
setpoint (500 ppm). Similar to the strategy 3, a CAV fan that operates when the CO>
concentration is above the maximum setpoint is used. The fan only stops when CO; is below
the minimum setpoint during occupancy time.

e Control strategy 5 (Proportional CO2-based):
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In this strategy, the VAV fan operates proportional to the CO2 concentration level and the
minimum and maximum setpoints.
Fig. 2 demonstrates the flowcharts of the simulated ventilation strategies.
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Figure 2. Ventilation strategies flowcharts.

2.4. SRI assessment

As all multi-criteria assessment methodologies which result in a single score or indicator, the
following approach is taken:

o ldentify the relevant impact criteria to be used in the assessment;

e Develop a methodology to determine the effect that sub-elements have on each

impact criteria and thereby allow scoring per impact criteria;
e Develop a system of weightings to determine an overall score across the impact
criteria.
Considering the aforementioned steps, four impact criteria which is being affected by the
ventilation strategies were considered, namely, energy savings on-site (ESOS), comfort
(COMF), convenience (CONV) and well-being and health (WBAH). Moreover, three services
that are relevant to the ventilation strategies in the ventilation domain have been chosen from
the catalogue. Afterward, two weightings systems (equal and differentiated) have been applied.
In equal weightings, 25% attributed to the four chosen impact criteria and 33% to each of the
three services. In differentiated weightings, 30% were attributed to ESOS, COMF and WBAH,
and 10% to CONV while similar to equal weightings, the services have received equally 33%
each. Later, considering the impact criteria, the indicator can be expressed as a weighted sum
as follows:
N=AXa+BXb+CXc+Dxd

where a, b, c and d are the relative weightings given to the impact criteria scores A, B, C and D
and N is the overall score. Normally, a to d would add up to 1 (to normalize the outcome) and
A to D would be scored on a scale that corresponds to the final scale for N.

3. RESULTS
In this section the SRI scores obtained for each strategy are presented and discussed. Fig. 3
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shows the SRI score obtained by the ventilation control strategy 4 (as reference to show how
the SRI scores have been calculated), both for equal and differentiated weightings.

SCENARIO 4 - DOUBLE SETPOINT CO2-BASED VENTILATION STRATEGY
BUILDING NORMALIZED

S . Functionality level SCORE / BUILDING MAX BUILDING SRI SCORE BUILDING MAX SRI SCORE
code SeIce NORMALIZED SCORE
o [ 1 ] 2] 3] a| [esos|comr[conv]waan| [esos]|comr|[conv]wean| [esos|comr|conv|wean
Supplyair flow 3 -Demand control based on
la |control atthe room airqualitysensors 2/2 3/3 3/3 3/3 0.083(0.083 | 0.083 | 0.083 0.083]0.083 | 0.083 | 0.083
level (CO2,VOC,RH,...)

A_dJUSt e euikos? 2 - Staged (low/high) OA ratio

1b |air flow or exhaust 1/2 2/2 2/2 2/2 0.0420.083 | 0.083 | 0.083 0.083]0.083 | 0.083 | 0.083
X / OA flow (presence)

airrate

Air flow or pressure

1c |control atthe air 1- On off time control 1/3 0/0 0/0 0/0 0.028| 0.000 | 0.000 | 0.000 0.083] 0.000 | 0.000 | 0.000

handlerlevel

0.153] 0.167 | 0.167 | 0.167 0.250| 0.167 | 0.167 | 0.167

Equal Weightings: Each impact criteria 25% and each service 33%

0.653 0.750
87.0%
BUILDING NORMALIZED
Service ) Functionality level SCORE / BUILDING MAX BUILDING SRI SCORE BUILDING MAX SRI SCORE
code service NORMALIZED SCORE
(1] | 1 | 2 | 3 | 4 ESOS | COMF | CONV | WBAH ESOS | COMF | CONV | WBAH ESOS | COMF | CONV | WBAH
Supply air flow 3-Demand control based on
la |control atthe room airquality sensors 2/2 3/3 3/3 3/3 0.100( 0.100 | 0.033 | 0.100 0.100] 0.100 | 0.033 | 0.100
level (CO2,VOC,RH,...)

Adjustthe outdoor |, ¢ .4 (1ow/high) OA ratio

1b |air flow or exhaust 1/2 2/2 2/2 2/2 0.050(0.100 | 0.033 | 0.100 0.100| 0.100 | 0.033 | 0.100
X / OA flow (presence)

airrate

Air flow or pressure

1c |control atthe air 1- On off time control 1/3 0/0 0/0 0/0 0.033]0.000 | 0.000 | 0.000 0.100| 0.000 | 0.000 | 0.000

handlerlevel

0.183] 0.200 | 0.067 | 0.200 0.300| 0.200 | 0.067 | 0.200

Differentiated Weightings: ESOS 30%, COMF 30%, CONV 10%, WBAH
30% and each service 33% 0.650 0.767

84.8%

Figure 3. Calculation of SRI Score for ventilation control strategy 4.

Furthermore, table 1 presents the SRI score for all the ventilation control strategies.

Table 1. SRI score for all ventilation strategies

Ventilation Strategies Cs1 CS2 CS3 Cs4 CS5
SRI Score Equal 20.4% 83.3% 87.0% 87.0% 100.0%
Differentiated 21.0% 83.3% 84.8% 84.8% 100.0%

According to the results, the CS5 ventilation strategy attained the best SRI score. Similarly, in
the simulation studies, CS5 presented the best performance both for energy use and IAQ. In the
simulation study, CS4 performed slightly better than CS3 but here they got the same SRI score.
That is the matter of choosing single or double (min/max) set points for the CO> concentration
in ventilation strategies, while in the SRI service catalogue, it has not been foreseen.
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3. CONCLUSIONS

The Smart Readiness Indicator is an EU project proposed to raise awareness about the
advantages of integrating smart technologies in buildings. This paper evaluates the SRI
score of five ventilation strategies and compares the results with the energy performance
and IEQ results from the previous simulation studies.

Comparing the obtained scores with those results from the previous studies shows the
potential of SRI methodology to be used as an indicator of assessing building energy
performance as well as its occupants’ comfort. Moreover, it has to be noted that the SRI
methodology is still under development during the second technical support study so it
makes sense if there are some shortcomings in the first support study’s outcomes. As such,
the qualitative assessment of the scores for almost all functionality levels as well as the
method (MCDM) which is based on weightings can be mentioned.
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CHAPTER 6. SMART READINESS INDICATOR

As in the article, only the SRI calculation sheet for control strategy 4 was presented

(because of limitation in page numbers), figures 6.2, 6.3, 6.4 and 6.5 illustrate those

regarding the ventilation strategies 1, 2, 3 and 5 respectively. Also table 6.1 represents

the ventilation control strategies flowcharts.

Table 6.1 — Ventilation control strategies flowcharts.

CS1-Occupancy
period based

level
based

CS2-Occupancy

CS3-Single setpoint
CO:-based

CS5-proportional

CO:-based

Key

Op Do while room daily operation

Do

Do while [CO;] > minSetpoint

[CO.]

Read [CO;]

Q1  [COy] = Setpoint?

Q2  [CO;] > maxSetpoint?

Q3  [COy] > minSetpoint?

|Max||Var|| Off| Max

End

Fan On (Max)

Fan On, Variable Flow (([CO,]-

Var minSetpoint) / (maxSetpoint-
minSetpoint) x100)% *Max)
Off  Fan Off

SCENARIO 1 - OCCUPANCY TIME-BASED VENTILATION STRATEGY
BUILDING NORMALIZED
Service ) Functionality level SCORE / BUILDING MAX BUILDING SRI SCORE BUILDING MAX SRI SCORE
code service NORMALIZED SCORE
o[ 1 J2]3] 4 £s0s | comr [conv|weaH| [Eesos[comr[conv|wean| [Eesos]comr|conv]wean
Supply air fi trol at )
12 [2UPPYairTlowcontrola 1-Time control 12| 13 | 1/3 | 1/3 | |0.042| 0.028 [ 0.028 | 0.028 | |0.083 | 0.083 | 0.083 | 0.083
the room level
Adjust th ir fl
1h [Rsuleeueoeiicy 0- Fixed OA ratio / OA flow o2 | o2 | o2 | o/2 | |0.0000.000]0.000( 0.000 | [0.083]0.083|0.083| 0.083
or exhaust air rate
Air fl trol
1c |rTiOW Orpressure contro 1- On off time control 13| o0 | o/0 | o/0 | |0.028| 0.000 |0.000| 0.000 | |0.083 | 0.000 | 0.000 | 0.000
at the air handler level
0.069 | 0.028 | 0.028 | 0.028 | |0.250] 0.167 [ 0.167| 0.167
Equal Weightings: Each impact criteria 25% and each service 33%
0.153 0.750
20.4%
BUILDING NORMALIZED
Service , Functionality level SCORE / BUILDING MAX BUILDING SRI SCORE BUILDING MAX SRI SCORE
code service NORMALIZED SCORE
o[ 1 [ 23] a £s0s [ comr [ conv|wean| [Eesos [ comr|conv|wean| [Eesos|come|conv]wean
Supply air fi trol at )
1a [UPPY air flowcontrota 1 - Time control 12| 13 | 173 | 1/3 | |0.050]0.033]0.011] 0033 | |0.100] 0.100 | 0.033 | 0.100
the room level
Adjust the outdoor air fl ) )
1p  [REIUSthe outdoorairtiow 0 - Fixed OA ratio / OA flow o/2| o/2 | o2 | o/2 | |0.0000.000]0.000( 0.000 | [0.100]0.100 |0.033| 0.100
or exhaust air rate
PR -7 il @ s G 1- On off time control 173 | o0 | o0 | os0 | |0.033] 0.000 | 0.000| 0.000 | [0.100] 0.000 |0.000 | 0.000
at the air handler level
0.083] 0.033 | 0.011 | 0.033 | |0.300] 0.200 [ 0.067 | 0.200
Differentiated Weightings: ESOS 30%, COMF 30%, CONV 10%, WBAH 30% and each
service 33% 0.161 0.767
21.0%

Figure 6.2 — SRI score calculation for CS1.
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SCENARIO 2 - OCCUPANCY LEVEL-BASED VENTILATION STRATEGY

BUILDING NORMALIZED
Service ) Functionality level SCORE / BUILDING MAX BUILDING SRI SCORE BUILDING MAX SRI SCORE
code R NORMALIZED SCORE
o | 1| 2| 3| 4| [esos|comr|conv]|weaH | [Esos|comr|conv|weaH | |Esos|comr|conv|wsaH
Supply air flow control .
1a 2 - Occupancy detection control 12| 23 | 23| 23 0.042 [ 0.056 | 0.056 | 0.056 | |0.083| 0.083 | 0.083 | 0.083
at the room level
1p |SeiisEe Ridcoraln 3 - Variable control 22| 22 | 272 | 272 | |0.083] 0.083 [0.083 | 0.083 | [0.083] 0.083 [0.083 | 0.083
flow or exhaust air rate
it pres.sure 3 - Automatic flow or pressure
1c  |control at the air orkrol lurthoit resed) 33| o/ | o0 | of 0.083 | 0.000 | 0.000 | 0.000 | |0.083| 0.000 | 0.000 | 0.000
[handler level
0.208| 0.139 [ 0.139 | 0.139 | [0.250{ 0.167 | 0.167 | 0.167
Equal Weightings: Each impact criteria 25% and each service 33% — —
83.3%
BUILDING NORMALIZED
Service , Functionality level SCORE / BUILDING MAX BUILDING SRI SCORE BUILDING MAX SRI SCORE
code SEIVICE NORMALIZED SCORE
D s ESOS | COMF [ coNv| wBAH | | ESOS | comF | conv | weaH | [ Esos [ comF | conv | weaH
12 |EEEEERREREEERE - - occupancy detection control 12| 23 | 23 | 2/3 | [0.050] 0.067 [ 0.022 | 0.067 | [0.100] 0.100 [ 0.033 | 0.100
at the room level
Adjust the outdoor air 3
3 - Variable control
b e i ariable contro 22 | 22 | 22| 212 0.100 [ 0.100 | 0.033 | 0.100 | |0.100| 0.100 | 0.033 | 0.100
REowop pressiie 3 - Automatic flow or pressure
1c  |control at the air ) 33| o/0 | o0 | op 0.100 | 0.000 | 0.000 | 0.000 | |0.100| 0.000 | 0.000 | 0.000
control (without reset)
handler level
0.250| 0.167 [ 0.056 | 0.167 | [0.300{ 0.200 | 0.067 | 0.200
Differentiated Weightings: ESOS 30%, COMF 30%, CONV 10%, WBAH 30% and
each service 33% 0.639 0.767
83.3%

Figure 6.3 — SRI score calculation for CS2.

SCENARIO 3 - SINGLE SETPOINT CO2-BASED VENTILATION STRATEGY

BUILDING NORMALIZED
Service , Functionality level SCORE / BUILDING MAX BUILDING SRI SCORE BUILDING MAX SRI SCORE
code service NORMALIZED SCORE
o | 1 [ 2] 3] 4| [esos|comr|conv]wean| |Esos|comr|conv]weaH | [Esos|comr|conv]wean
Supply air flow control | 3 - Demand control based on air
la [EEE—— aality sensors (COZVOC,RH,..) 22 | 33 | 33| 33 0.083| 0.083 [ 0.083 | 0.083 | |0.083| 0.083 [ 0.083 | 0.083
i ir |2- low/high i0/OA
1p [Adiustthe outdoorair | 2-Staged (low/high) OAratio /OA| | 1), | 55 | 5/ | 575 | |0.042 0083 | 0.083 | 0.083 | |0.083| 0.083 | 0.083 | 0.083
flow or exhaust air rate flow (presence)
Air flow or pressure
1c |control at the air 1- On off time control 1/3 0/0 0/0 0/0 0.028 | 0.000 | 0.000 | 0.000 0.083 | 0.000 | 0.000 | 0.000
[handler level
0.153] 0.167 [ 0.167 | 0.167 | [0.250] 0.167 | 0.167 | 0.167
Equal Weightings: Each impact criteria 25% and each service 33%
0.653 0.750
87.0%
BUILDING NORMALIZED
Service _ Functionality level SCORE / BUILDING MAX BUILDING SRI SCORE BUILDING MAX SRI SCORE
code SEIvIce NORMALIZED SCORE
o[ 1 [ 2] 3] 4] [esos]comr[conv]wean| [Eesos|comr|conv]wsaH | [esos[comr|conv]wean
Supply air flow control | 3 - Demand control based on air
N quiifty sensors (CO2VOCRH,.) 22 | 33 | 33| 33 0.100 0.100 [ 0.033 [ 0.100 | |0.100] 0.100 [ 0.033 | 0.100
Adjust the outdoor air | 2 - Staged (low/high) OA ratio / OA
b [ Nwigasarel 12 | 22 | 222 | 22 0.050| 0.100 [ 0.033 | 0.100 | |0.100] 0.100 [ 0.033 | 0.100
Air flow or pressure
1c |control at the air 1- On off time control 1/3 0/0 0/0 0/0 0.033 | 0.000 | 0.000 | 0.000 0.100 | 0.000 | 0.000 | 0.000
[handler level
0.183] 0.200 [ 0.067 [ 0.200 | [0.300] 0.200 | 0.067 | 0.200
Differentiated Weightings: ESOS 30%, COMF 30%, CONV 10%, WBAH 30% and
each service 33% 0.650 0.767
84.8%

Figure 6.4 — SRI score calculation for CS3.
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SCENARIO 5 - PROPORTIONAL CO2-BASED VENTILATION STRATEGY

BUILDING NORMALIZED
Service ) Functionality level SCORE / BUILDING MAX BUILDING SRI SCORE BUILDING MAX SRI SCORE
code b NORMALIZED SCORE

o [ v [ 2] 3] 4| [esos|comr|conv]|wean | [Esos|comr|conv|wean | |Esos|comr|conv|wsaH

Supply air flow control | 3 - Demand control based on air

‘ 2/2 3/3 3/3 3/3 0.083| 0.083 | 0.083 | 0.083 0.083 | 0.083 | 0.083 | 0.083
at the room level quality sensors (CO2, VOC,RH,...) / / / /

Adjust the outdoor air

% 3 - Variable control 2/2 2/2 2/2 2/2 0.083 | 0.083 | 0.083 | 0.083 0.083 | 0.083 | 0.083 | 0.083
flow or exhaust air rate

Air flow or pressure :
= 3 - Automatic flow or pressure
1c |control at the air P 3/3 0/0 0/0 0/0 0.083 | 0.000 | 0.000 | 0.000 0.083 | 0.000 | 0.000 | 0.000
handlerievel control (without reset)

0.250| 0.167 | 0.167 | 0.167 0.250| 0.167 | 0.167 | 0.167

Equal Weightings: Each impact criteria 25% and each service 33%

0.750 0.750
100.0%
BUILDING NORMALIZED
Service ) Functionality level SCORE / BUILDING MAX BUILDING SRI SCORE BUILDING MAX SRI SCORE
code Serce NORMALIZED SCORE

o | 1 [ 2] 3] 4| [esos|comr|conv|weaH | [Esos|comr|conv|weaH | [Esos[comr|conv|wsan

Supply air flow control | 3 - Demand control based on air

i raorm Tevel quality sensors (CO2, VOC,RH,...) 2/2 | 3/3 3/3 3/3 0.100 | 0.100 | 0.033 | 0.100 0.100 | 0.100 | 0.033 | 0.100

Adjust the outdoor air

X 3 - Variable control 2/2 | 2/2 | 2/2 2/2 0.100 | 0.100 | 0.033 | 0.100 0.100 | 0.100 | 0.033 | 0.100
flow or exhaust air rate

Air flow or pressure .
= 3 - Automatic flow or pressure
1c |control at the air v 3/3 0/0 0/0 0/0 0.100 | 0.000 | 0.000 | 0.000 0.100 | 0.000 | 0.000 | 0.000
control (without reset)
handler level

0.300| 0.200 | 0.067 | 0.200 0.300| 0.200 | 0.067 | 0.200

Differentiated Weightings: ESOS 30%, COMF 30%, CONV 10%, WBAH 30% and
each service 33% 0.767 0.767
100.0%

Figure 6.5 — SRI score calculation for CS5.

Although in this article the SRI score regarding different ventilation strategies and models
available in an office room have been calculated and presented, but in a broader view, it
shows the importance of availability of smart services in buildings. Especially for those
that are going under retrofit or renovation process, knowing that the presence of

controlled ventilation would lead to an improve in their SRI score.

6.3. Recent Updates of the SRI

As mentioned earlier, the articles presented in the previous section were prepared based
on the “Support for setting up a Smart Readiness Indicator for buildings and related
impact assessment - Second progress report” in 2019. Reviewing the “Final report on the
technical support to the development of a smart readiness indicator for buildings”
published in summer 2020, it was found that some changes and updates have been
applied, which are briefly summarized in this section. The study group has decided to
omit the Demand-Side Management (DSM) which may facilitate the communication, as
the DSM term is quite unknown among public. It should be mentioned that this
rearrangement does not lower the significance of DSM and grid control as it has been

considered in the updated detailed service catalogue. Moreover, the final report
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discovered an overlap between energy flexibility and storage and self-generation and has
decided to omit the self-generation impact criterion. It should be also noted that the
benefits of energy storage towards the grid are covered by the energy flexibility and
storage impact criterion, and the advantages of autonomy are taken into account by the
convenience impact criterion. Therefore, the final study report has listed the nine smart
readiness technical domains and the seven smart readiness impact criteria as illustrated in

figure 6.6.

domaestic controlled

heating ventilation

health & grid flexibility

wellbeing and storage

Figure 6.6 — The SRI domains (top) and impact criteria (bottom).

Moreover, and unlike the first technical support study, two catalogues of smart ready
services have been compiled, a simplified assessment method (method A) and a detailed
assessment method (method B) in which relevant services have been listed and their
potential impacts on building users and the energy grid have been described. The service
catalogues considered the known and widely marketed technologies. Once again it should
be mentioned that according to the requirements from the revised EPBD, three key
functionalities of smart readiness in buildings have been taken into account when defining
the smart ready services in the SRI catalogues. Also unlike the first study in which 112
services were included in the catalogue, the final report presented 27 simplified services
for method A and 54 detailed service for method B. In addition to smart services, some
modifications and updates in functionality levels and impact scores have been reported,
which are all available in ref. [108].

6.4. Conclusion

The Smart Readiness Indicator is an EU project proposed to raise awareness about the
advantages of integrating smart technologies in buildings. The smart readiness score of a
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building (building unit) is communicated as a percentage that points out the ratio between
the smart readiness of the building under study compared to the maximum smart readiness
that it might have. In this chapter, the SRI has been studied and the SRI domains, impact
criteria and assessment methodology have been presented. Moreover, the methodological

framework for its calculation has been implemented and investigated.

According to the findings, in spite of some shortcomings of the proposed methodology in
forecasting the energy use, the potential capability of the SRI methodology to be used as
an indicator for assessing building energy performance as well as its occupants’ comfort
has been well observed. Also, still some weaknesses such as the qualitative assessment
of the scores for almost all functionality levels as well as the method, multi-criteria
decision analysis, which is based on weightings that increases the subjectivity can be
mentioned. Furthermore, improving the building smartness without considering the
energy efficiency improvement does not necessarily provide an added value for the
building users[109].

The following conclusions also have been revealed by some recent research studies
[[103], [110]-[116]] on the SRI and its implementation:

The current SRI methodology is not completely capable to identify the influence of all
implemented actions on energy performance and IEQ improvements and also some of the
influential domains and smart ready services are likely to be underestimated; As the
proposed SRI methodology measures the smart capability of buildings, it might be
unsuccessful to convert into actual performance of building; The two separate
methodologies that exist might lead to inconsistent certifications and lack of clear
guidelines and subjective decisions during the evaluation, may lead to unreliable
assessments. These conflicts can make misperception among users and threaten the
reliability and realization of the SRI framework. It is therefore important to address these
issues at the early stages of the scheme’s adoption in the member states and the presented
methodological framework of SRI requires more research and development to study all

potential aspects and resolve the current concerns.
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Chapter 7

CONCLUSION, LIMITATIONS AND FUTURE WORK

Energy demand has been increasing worldwide, therefore, the environmental impact
resulting from energy production and consumption has become a major public concern.
Building sector is one of the biggest contributors to energy consumption and is
responsible for 40% of EU final energy consumption. Energy consumption in buildings
refers to many factors such as lighting, domestic and commercial appliances as well as
HVAC systems.

Many research focused on development of methods to improve energy efficiency in
buildings. However, less attention has been paid dealing with energy-efficient ventilation
methods in buildings. Thus, this research has been focused on developing, implementing
and testing various ventilation control strategies to improve energy efficiency in buildings

and maintain the IAQ in a good level.

7.1. Summary

Throughout this thesis, a background of the research topic has been presented in chapter
2. Chapter 3 presented a comprehensive literature review of various ventilation aspects
such as natural ventilation, demand-controlled ventilation, energy-efficient ventilation
strategies, the correlation between ventilation and occupants’ health and productivity as
well as the recently introduced Smart Readiness Indicator (SRI). Chapter 4 focused on
development, implementation and analyzing of ventilation control strategies while
presented the contribution of this research to the Smart Window research project and the
I2L showcase project. Chapter 5 presented the results from simulation studies of the
ventilation control strategies using building energy simulation software, EnergyPlus.
Chapter 6 presented the SRI which was introduced in 2018 revision of the European

Energy Performance of Buildings Directive (EPBD).

In summary, this thesis contributes to the study of indoor air quality and energy

consumption in buildings via development of ventilation control strategies that can be
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applied to either new building or those existing going under renovation process. After the
extensive literature review in the field of study and finding the research gaps, several
ventilation control strategies have been defined, developed, implemented and tested in a
real office room to evaluate their functionality and performance. Furthermore, the
building energy simulation software, EnergyPlus, has been used to simulate the
ventilation strategies and perform some sensitivity analyses to find out the factors that are
more influential on IAQ and energy consumption. Finally, the smart readiness indicator
score of these ventilation control strategies has been calculated which can be useful for

building smart services in early-design decisions.

7.2. Responses to the Research Questions

Although the core research chapters have already addressed the research questions, the
main responses and related findings deriving from the research questions are discussed

and presented below:

- How to implement ventilation control strategies in order to improve energy

efficiency and maintain indoor air quality in a good level?

Ventilation is one of the key elements for providing suitable indoor air quality as it is the
process of replacing stale indoor air by fresh outdoor air, which highly contributes to
energy use and the well-being, comfort and productivity of the building occupants. This
process can be done either using mechanical equipment such as fans or blowers, being
called mechanical ventilation (active), or without interaction of any mechanical means,
known as natural ventilation (passive). In order to implement ventilation control
strategies, the first step is to find out the critical factors affecting the indoor air quality
and the energy consumption. For energy consumption, the mechanical ventilation and for
indoor air quality the indoor concentration of CO> have been considered as the influential
factors. Also, the building occupancy, as people are the source of indoor CO; generation,
has been considered. Then, the ventilation control strategies have been defined based on
these influential factors. As presented in chapter 4 and 5, the developed ventilation control
strategies are either CO»-based or occupancy based or both. Later, in order to assess the
performance of these ventilation control strategies, experimental and simulation methods

have been used.
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- Can smart window be a suitable product for improving building’s energy

efficiency while maintaining suitable indoor air quality?

Although this thesis developed and analyzed the mechanical ventilation control strategies
for the Smart Window project, it is well proved that, as it utilizes both natural and
mechanical ventilation (hybrid ventilation), it employs the advantages from both methods
while excludes their drawbacks resulting in lower energy use and providing a good 1AQ.
Also, considering the quite low social awareness about ventilation and 1AQ, occupant
window opening behavior to employ natural ventilation varies a lot. Therefore, this
product, as a smart ready service for buildings, provides the required ventilation rate
without interaction of the occupants with the lowest energy use.

- What are the best control strategies to mitigate energy consumption while
providing good indoor air quality?

The experimental and simulation results of the mechanical demand-controlled ventilation
strategies proved the influence of control and smartness in lowering energy consumption
and providing good IAQ. Several ventilation strategies have been developed and analyzed
in this research. The simplest and most basic strategy, occupancy period based, which
ventilate the space only if it is occupied uses more energy than other strategies while
using occupancy level based strategy, the fresh air will be supplied to the space based on
the number of the occupants and will cause noticeable energy saving. Considering the
CO»-based ventilation control strategies, different single, double and triple set-points
strategies, as well as modulation or proportional strategy, have been developed and tested.
Based on the results, the triple set-point (leveling) and proportional strategies performed
better than the others and also the sensitivity analysis proved that the closer the minimum
set-point to the maximum one, the lower the energy consumption, while maintaining a
good IAQ. Of course depending on the building application, its occupancy model and the

activity level of its occupants, other strategies may perform better.

- Can SRI be a suitable framework to assess human beings’ adaptation with

modern digitalization?

The SRI methodology has been developed considering the ability to adapt the operation
of the building according to the occupants’ needs, considering their comfort conditions
and providing them with information about energy consumption. There are still some

weaknesses in the SRI framework such as the qualitative assessment of the scores for
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almost all functionality levels as well as the method, multi-criteria decision analysis,
which is based on weightings and that increases the subjectivity. According to the
findings, in spite of some shortcomings of the proposed methodology in forecasting the
energy use, the potential capability of the SRI methodology to be used as an indicator for
assessing building energy performance as well as its occupants’ comfort has been well

observed.

7.3. Recommendations

The outcome of the present thesis can be valuable for real-life applications by helping
building designers, stakeholders (e.g., owners, operators), or policy makers to reduce

energy consumption, and to improve the IAQ.

Considering the outcome of this thesis and based on the obtained results, some
recommendations can be provided to enhance the energy performance of ventilation
systems in office building. As office buildings are spaces where the occupants need to be
productive, it is important to provide suitable indoor environment for them. Using smart
systems to control indoor environment condition is highly recommended and seems to be
a necessity in the era of digitalization, which enables the building services to provide
good indoor environment with lowest energy use. In this way, the ventilation control
strategies developed in this research can be used for office spaces to minimize the energy

consumption and the period that occupants might face weak 1AQ.

7.4. Limitations and Future Work

The work developed in this thesis presents some limitations from which several can be

developed in future research:

The results from this thesis are valid for a single zone office building. Future work can
follow the approach hereby presented in other type of buildings and in multiple zones.
Moreover, assumption for a constant reference outdoor air CO> concentration can be
reconsidered in future work and real outdoor concentration might be used. Also, based on
this assumption, the results are valid for non-polluted regions and in case of polluted areas
other factors and methodologies, like filtering, air cleaning and localized extraction may

be considered. Furthermore, this research developed and implemented several mechanical
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demand-controlled ventilation strategies and assessed the energy performance and I1AQ
resulted by them, while in future work, not only natural ventilation but also heating and
cooling condition can be considered. This enables to evaluate the thermal comfort along

with the IAQ and the energy consumption.
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APPENDICES

A. Smart Window Final Prototype Development
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Figure A. 1 — Smart Window final prototype.
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B. Linear and Centrifugal Fan Datasheets

DC tangential blower

QG030-303/12 forward curved
Nominal data Charts
Type QG030-303/12 £z
Norninal voltage Ve 12 *
Nominal voltage range vDC 8.14 0 .,
Power input W 87 30 \\
Min. ambient temperature °C -20 =
Max. ambient temperature ~ °C 60 20
Air flow m3h 140 B
Sound power level B 58 r
Sound pressure level dB(A) 51 g s 80 45 s 75 (o)
ml = Max. load - me = Max.efficiency - fa = Running at frae air  ¢s = Customer specs - cu = Customer unit ¥> 20 40 60 80 100 120 Im#h]
Subject to alterations
Technical features
Mass 0.380 kg
Material of impeller Aluminum
Housing material Aluminum, housing side parts of plastic.
Direction of rotation Right, looking at rotor
Beating Motor with ball bearing system. Impeller bracket with sliding bearings.
Lifetime L10 at 40 °C 30000 h
Lifetime L10 at maximum 20000 h
temperature
Connection line With single strands AWG 24, TR 64
Motor protection Protected against reverse polarity and locking.
Locked-rotor protection Blocking and overload protection
Approval VDE, CSA, UL, CE
Product drawing
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Figure B. 1 — Tangential (Linear) fan datasheet.
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DC centrifugal fans and blowers

@ 85 mm

5 .
VHS0085XUJCS s S 3 2
3 3 = 5 ® 3
£ 2 g 2 3 § =%
= = @ = g e
Nominal data g Eé E k- g § s g £
omin a = = &
s = = SRS
m—
*1G 085 M1G045-BE = ® 24 1628 95 2850 14 064 0
Subject to change
Curves: * %.\ ®
Uy = nominal 20
voltage b ‘\
(24 v/48W) .. \\ ﬁ\ -
Up = over- \\ - Material:
voltage N \
(2BV/STY "} /
- / W] }{ - Direction of rotation:
i NN - Degree of protection:
u'\ - Insulation class:
I~ ‘\ - Installation position:
— Condensation drainage holes:
i XN n rainage hole
Jis \ — Mode of operation:
////T\ N \‘;_ - Bearings:
A s & a Y » 20
> 2 «© L] 80 m

- Ar parformance meastred aceording 1o: 150 5801, Installation categery A, with ebm -papstseroll housing without contact profection. Suc

fion-side noise levels: LyA actording to 1S0 13347, LyA measured at 1 m distance from fan 2xis, The values given are appicable only under
- the specified measuring condi §ons and may differ depending on the installation conditions. In the event of deviation from the standard confi

quration, the parameters mustbe checked after installatan! For detsilad information se2 http:/Awww sbmpapst.com/generdl condificns

APPENDICES

Admissible amb. temp.
Technical features and
connection diagram

-25.460 | p.274/6)

Housing: Die-cast aluminum

Impeller: Hot-dip galvanized sheet steel
Rotor: Galvanized

Clockwise, looking towards rotor

IP 22

nge

Any

None

Continuous operation (S1)
Maintenance-free ball bearings

68=1 Clearance for screw
411 max. 4 mm
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30020 42
Wire end splices
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Figure B. 2 — Centrifugal fan datasheet.
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C. Ventilator Boxes Drawings
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Figure C. 1 — Centrifugal ventilator box sketch.
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Figure C. 2 — Linear ventilator box sketch.
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D. Noise Measurement at the 12

Acoustic comfort is one of the elements of IEQ, so the noise level in different parts of the
I2L has been measured, especially at the workplaces when the fans were working. In
order to assess the noise generated by the ventilators, the centrifugal fan box has been
chosen as the worst scenario (comparing to the linear fan box). According the datasheets
of the fans, the centrifugal fan noise level has been mentioned 57 dBA and linear fan 51
dBA.

The measurements performed in a weekend to reduce the background noises. Figure D.1
depicts the test room plan in which the measurements have been performed in six work
places in a seated ears level +1.15 m and four middle points in the room in a standing
posture ears level +1.60 m. The measurements have been done using a sound level meter,
CESVA SC310, based on OCTAVE BAND 1/1 method (See figure D.2). During the
measurements the specific sound pressure levels as well as the frequency analyses have

been performed.

i 340
ear Ventilator Box  Centrifugal Ventilator Box
(8soxteomm) | [ (860x160mm) |

3.40 |l
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o f=—

o

z

1.50
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Figure D. 1 — Test room plan and measurement points.

Figures D.3 and D.4 depict the specific sound pressure level in all work places and

intermediate points in different percentage of fan power that enables us to compare the
intensity of the noise in each point and Fan power.

Moreover, as shown in figures D.5 and D.6, the average sound pressure level is calculated
based on the following equation.

Average Sound Pressure Level = 10log ( E 10 n/

Also, using the same equation, the average value of the sound pressure level in the room
in different fan powers has been calculated (see figure D.7). Moreover, for each work
place and intermediate points the sound pressure level and the frequency analysis has

been performed. Figures D.8 and D.9 present variation of the sound level by altering the
percentage of the fan power for the work place 1.

X
o e
@ oo

Figure D. 2 — Noise measurement device and setup.
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Figure D. 3 — Specific sound pressure level in each work place and fan power.
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Figure D. 4 — Specific sound pressure level in each intermediate point and fan power.
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Figure D. 5— Average sound pressure level in each work place.
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Figure D. 6 — Average sound pressure level in each intermediate point.
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Figure D. 7 — Average sound pressure level in different fan powers.
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Figure D. 8 — Specific noise in work place 1 in different fan powers.
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Figure D. 9 — Frequency analysis in work place 1 in different fan powers.
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APPENDICES
E. Air Velocity and Airflow Rate Tests

During the performance evaluation of the testing prototypes, air velocity and airflow rate
tests for each ventilation box have been performed using an air measurement tool, Fluke
975 AirMeter Test Tool. As shown in Figure E.1, the device is capable to measure the air

velocity and airflow rate using the velocity meter probe.

Airies; Test Tool

4

Figure E. 1 — FLUKE 975 AirMeter Test Tool.

The tests have been performed while ventilator boxes were controlled by the computer in
order to adjust the power. The air velocity and air flow rate have been tested on various
speeds, from 10% to 100%. The air velocity has been recorded in 90 nodes in the air

discharge opening of the ventilator boxes to calculate the average air velocity.

Based on the following equation, using the air velocity and the cross section area of the

discharge opening, the air flow rate has been also calculated.
Q=Vv.A

where Q is the airflow rate in m%h, v is the air velocity in m/s and 4 is the cross section

area in m2.

Figures E.2, E.3, E.4 and E.5 show the variation of air velocity and airflow rate by altering

the fan power for both linear and centrifugal ventilator boxes.
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Air Velocity Vs Percentage of Fan Power
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Figure E. 2 — Air velocity variation in different percentage of fan power.
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Figure E. 3 — Airflow rate variation in different percentage of fan power.
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Air Velocity Vs Percentage of Fan Power
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Figure E. 4 — Air velocity variation in different percentage of fan power.
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Figure E. 5 — Airflow rate variation in different percentage of fan power.
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F. LabVIEW Front Panels and Block Diagrams for

Testing Ventilation Control Strategies

e Ventilation Control Strategies 1 and 2

appended array
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Figure F. 1 — Front panel for ventilation control strategies 1 and 2.
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Figure F. 2 — Block diagram for ventilation control strategies 1 and 2.
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e Ventilation Control Strategies 3, 4 and 5
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Figure F. 3 — Front panel for ventilation control strategies 3, 4 and 5.
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Figure F. 5 — Block diagram for ventilation control strategy 4.
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Figure F. 6 — Block diagram for ventilation control strategy 5.
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