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Abstract

Indoor air quality (IAQ) and thermal comfort in schools are serious concerrs in
China because they have significant effects on student health, academic
performance and learning productivity. Due to the financial limitations and the
requirements of building design regulations, primary school buildings in China
are commonly naturally ventilated. However, the applicability of natural
ventilation dramatically depends on the suitability of the local climate. On ambient
air pollution days and in the cold winter or hot summer seasons natural
ventilation cannot deliver clean air and provide a thermally comfortable
environment. Air purifiers have become popular for mitigat ing indoor air
pollution. However, air purifiers are not always efficient and cannot dilute CO:
concentrations in closed spaces Additionally, some purifiers may generate ozone
gases as they remove other air pollutants. Furthermore , many governments have
rejected the installation of air purifiers in classroom s because of the power

shortages, financial limitations and inadequate space.

To solve these issues, an integrated low-energy ventilation (ILEV) system was
invented. The system includes four main parts: a solar chimney, natural
ventilation, earth -to-air heat exchangers (EAHES), and a sunspace with plants.
These four parts form the ILEV system, which can be employed by primary school
buildings in the cold climate zone of China. In the system, fresh air is preheated or
precooled to the temperature of the undisturbed soil by EAHEs and is then
supplied to the sunspace. The air is cleaned in the sunspace by the plants and is
further supplied to the classrooms. Finally, the waste air inside classrooms is

released through the solar chimney by stack effects.

To explore the performance of the ILEV system, a typical school building located
in the cold climate zone of China was selected The case study building was

redesigned to install the ILEV system based on the School Building Design
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Regulation-2011 (SBDR-2011) and the Public Building Energy Saving Standard-
2015(PBESS2015)

The research methods in this work involve the dynamic thermal modelling (DTM),

computer fluid dynamics (CFD) simulations and experimental measurements. The
experimental methods were used to explore the abilities of plants to remove air
pollutants (PM 25 and PM1o). The DTM provided hourly classroom data regarding
the average indoor air temperature, relative humidity, airflow rates, CO:z levels
and heat gains throughout the calendar year. The CFD simulations verified the
fluidity of the ILEV system and provided a steady stateanalysis of the internal air
flow distribution in classrooms. An energy simulation model created in
GBSWARE was used to quantify the energy consumption of the case study
building. Revit models of the case study building were used to generate material
take-off sheets. These sheets indicate the additional incremental material coss and

edimate the payback period of the ILEV system.

The simulation results and experimental data indicate that the air temperatures
inside the classrooms were maintained in the range of 15°C to 27°C through out
the year. The internal CO: concentrations averaged approximately 900 ppm in all

classrooms. In addition, the indoor PM 25 and PMioconcentrations were only 48%
and 64% of the current PM concentrations in primary school classrooms,
respectively. The ILEV system consumed approximately 2% of the energy
currently consumed by the cast study primary school buildings. Consequently,

over 90% of the CQ: emission was reduced. The payback period of the ILEV
system was 9.7 years. Compared to other renewable technologiesthe ILEV system
only requires 19% of itslifespan to recoup the initial costs and provides economic

benefits over 40 years.

In summary, a low-energy system was designed to provide clean air and a

thermally comfortable indoor environment in the primary school buildings
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located in the cold climate zone of China. This systemcan save energy, reduce CQ

emissions and provide significant economic benefits.
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Qn The total heat transferred (kg/s)

Cair The specific heat of air (J/kgK)

Nair The convective heat transfer coefficient (W/m?2K)
A The internal surface area of the pipe ()
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1T The logarithmic average temperature difference (K)
Teur The annual average ambient air temperature (K)
NTU The number of transfer units

K Thermal conductivity of air (W/mK)

Nu The Nusselt number

Re The Reynolds number

Pr Prandtl number

f friction factor for smooth pipes

Va velocity of air through the pipe (m/s)

Uair the dynamic viscosity of air (kg/ms)

Section 6.3, Chapter 6

1P pressure difference between the indoor air and ambient air caused
by temperature difference (Pa)
g Acceleration due to gravity (9.81m/s)
M Ambient air density (kg/m 3)
) Indoor air density (kg/m 3)
hinet ~ The height of inlet opening above datum (m)
Y Outdoor air temperature
4 Indoor air temperature
h2 The height of outlet of the stack above datum (m)
h1 The height of inlet of the stack above datum (m)
Qs  Air flow rate through an opening (m 3/s)
Cad Discharged coefficient (0.61)
Aert  Effective free structure opening area (m?)
q Air density (kg/m 2)
hnp The height of neutral pressure level above datum (m)
Qutar  Total air flow rate through the stack (m 3/s)
Pw Pressure differences due to the wind (Pa)
0 is the pressure coefficient
0 Pressure difference between the inside and outsideof inlet due to
the wind (Pa)
0 Pressure difference between the inside and outside of outlet due to
the wind (Pa)
0 The standard atmosphere pressure (Pa)
0 The wind speed (m/s)
0 Pressure coefficient at inlet
0 Pressure coefficient at outlet
1 The air flow rate due to wind effects (m ¥/s)

Section 6.4, Chapter 6

| The efficiency of the solar heat collecting plate
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The transmission coefficient of glass

The average solar radiation (W/m?)

The U-value of the glass (W/m' K)

The temperature of solar collecting plate (°C)

The temperature of fluid inside of stack (°C)

The heat losses coefficient (W/niK)

The average ambient air temperature (°C)

The air flow rate (kg/s)

The specific heat at a constant pressure (J/kgK)

The infinitesimal unit (m)

The width of heat collector (m)

Indoor air temperature ( °C)

Represents the length of the solar chimney (m)

Represents the solar heatabsorbing areas (n?)

The discharge coefficient

The height of solar chimney (m)

The angle of inclination of the solar heat collecting plate

) Direct solar radiation on the solar heat collecting plate (W)

0 The solar direct radiation on the plate of the collector (W/m ?)
‘Q  The incidence angle
0
0

S

| T#* P agrcog@me <L L0

The constant value of solar radiation (W/m 2)
The coefficient of atmospheric transmittance
| The mass of the atmosphere (kg)

) The sky scattering radiation direct on the plate of solar heat
collector (W/m?)

) The total solar radiation on the plate of solar heat collector (W/m?)

(' The total solar heat gains for the solar chimney (W/m?)

‘00 The solar heat gains due to the solar radiation (W/m2)

‘00 The solar heat gains due to the solar radiation absorbed by glasses
(W/m?)

‘O The solar direct radiation on the glass with an incidence angle of E
(W/m?2)

‘O The solar diffuse radiation on the glass (W/m?2)

The transmittance coefficient of solar direct solar radiation with an

incidence angle, i

The transmittance coefficient of solar diffuse solar radiation

The radiation absorptivity of the glass for the solar direct radiation

The radiation absorptivity of t he glass for the solar diffuse radiation

The heat transfer resistance for the outer surface of the glass (K/W)

The heat transfer resistance for the inner surfaces of glass (K/W)

—

<< g S
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1.1. Research Background

Air is an indispensable part of human life, and good air quality is fundamental to
human health. The air consists of many gases, such as nitrogen, oxygenand inert
gasesin varying proportions. The air also containsgasessuch ashydrogen, carbon
monoxide (CO), nitrous oxide (NO), carbon dioxide (COz), and sulphur oxide (SO).
Air is naturally clean and suitable for human life. However, air pollution has
rapidly increasedsince industriali sation in the 1800s Fossil fuels, such ascoal and
oil, were the primary energy sources for the industrial revolution, and the
combustion of fossil fuel sincreases the levels of air pollutants. Studies have found
that greenhouse gases, such asCO: methane, and NO have become more
abundant since the industrial revolution (Figure 1.1) (Intergovernmental Panel on
Climate Change (IPCC), 2007) Air pollutants have reached high levelstoday than
at any other time during the past hundred years (Schilt et al., 2010). The resulting
air pollution h as seriousaffected human health. In 1952, smog,which is formed by
fog and air pollutants, killed at least 4000 people over several days in London (Bell
et al., 2004) In 1948, industrial air pollution led to 20 deaths and 7000 ilinessesin

Donora, Pennsylvania (Bachmann et al, 2017)
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Figure 1.1. The ncreasing of greenhouse gases

Source: mtergovernmental Panel on Climate ChandgeQC) (2007)
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In the current world, air pollution is the largest killer worldwide and a threat to
the survival of humanity (World Health Organization (WHO), 201%. In 2016,the
World Health Organization ( WHO ) stated that outdoor air pollution hasincreased
8% globally in recentyears. Additionally , approximately 6.5 million deaths can be
attributed to air pollution each year. Moreover, air pollution is worse in
developing countries than in developed countries becausethe energy structure in
most developing countries still mainly relie s on fossil fuels (WHO, 2016).

OEDPI OUWEPUwWxOOOUUDPOOWI EUWET | OwoOO!l woi w" 1 b
recent years (Ministry of Environment Protection (MEP) , 2002; MEP, 2007; MEP,
2011). The Chinese economy stillmainly depends on fossil fuels (Lin, 2012).
Consequently, the ambient air is profoundly influenced (Moore, 2018).Becauseair
pollution has reached critical levels, the Chinese government has pledged to
address the problem of air pollution and launched several air cleaning plans in
recent years. However, despite considerable efforts made by the government, it
will still take China approximately 30 years tofundamentally tackle air pollution
issue based on the experiences of developed countriessuch asthe UK and USA, as

estimated in the Annual Report from Xue (2014).

High exposure to air pollution can cause health problems such as couching,
difficulty breathing, and congenital disabilities . Therefore, people must reduce the
time they spend outdoor s. However, it may not be safe to stay indoors either, as
many researcheshave indicated that indoor air pollution levels may be two to five
times higher than outdoor air pollution levels (US EPA,2018). Indoor air pollution
is significantly affected by the outdoor air pollution (Huang et al., 2007). Another
critical factor that influences indoor air pollut ant levels is building defects. Riley
et al. (2002)found that indoor air pollutant concentrations can be significantly
influenced by the infiltration of pollutants from the ambient air through cracks in

buildings. Tian et al. (2009) stated that building airtightness is one of the key
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factors that influences the exposure levels of occupants to air pollutants. In
addition , indoor O E E U x BobMiiészsuch as smoking, peoplez Uw O OY andi O U
cooking, also affect the indoor air quality (IAQ) (Abt et al., 2000; Long et al., 2000).

Children have been considered small adults in many studies of health effects
(Kleinman, 2018). However, there are many differences between children and
adults when exposed to unhealthy air. First, children take in more air pollutants
because they breathe a highemmount of air at a faster rate than adults (Landrigan,
1998; Faustman et al., 2000). Second, children may respond to air pollution
differently than adults. Children are more sensitive and vulnerable to the adverse
health effects of air pollution than adults because oftheir im mature immune
systems (Buka et al, 2006). Therefore, air quality has been recognized as one of the
most important factors that affectsthe health of children . Children generally spend
over 30% of their life in school, and approximately 70% ofthis time is in an indoor
environment based onschool days (BakéBir6 et al., 2004).Thus, classrooms are
the place that children spend the most time when they are not at home. Therefore,
IAQ in classrooms plays an important role in maintaining a safe, healthy, and

comfortable indoor environment for children .
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1.2. Research Gap

Natural ventilation is the oldest way of mitigating issues with the indoor air
environment before the invention of mechanical ventilation. Such ventilation
removes excess CQand regulates the indoor air temperature using natural forces.
Currently , natural ventilation provide s an attractive design strategy due to the
excellent energy savings potential. Various projects have been completed
involving the natural ventilation of public buildings, such as in the Queens
Building in Leicester, UK, the Lanchester Library in Coventry, UK and the Low-
Energy Demo Building of Tsinghua University in Beijing, China. However, the
applicability of natural ventilation dramatically depends on the suitability of the
local climate (Kolokotroni et al., 2006). In recent years, the applicability of natural
ventilation in different climate regions ha s been evaluated around the world.
Artmann et al. (2007) studied the applicability of natural ventilation in public
buildings throughout Europe , and the results indicated that natural ventilation is
inefficient in southern Europe because of the warm local we ather conditions,
especially during the hot summer months. Su et al. (2009) found that natural
ventilation is not appropriate in winter and transition seasons in Shanghai , China,
due to the low ambient air temperature . Tan and Deng (2017) evaluated the
potential of natural ventilation in different climate zone s in Australia and
concluded that cold climate zones have the lowest natural ventilation potential

becauseof the cold weather conditions.

Because ofthe effects of climate on the potential of natural ventilation, integrated
systems of natural ventilation and passive air precooling or preheating techniques
have become attractive options. In recent years, studies (e.g., Maerefat and
Haghighi, 2010; Benfammou et al., 2015)have investigated passive methods that

can be coupled with natural ventilation strateg ies, such asusing earth-to-air heat

e A~ s AN
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temperature to warm or cold air before it flows inside a space.Additionally , solar
chimneys can enhance the air flow rate for natural ventilation. Such integrated
systems can overcome the drawbacks of conventional natural ventilation systems
and ensure that buildings can be naturally ventilated in the hot summer and
extremely cold winter seasons However, integrated systems still cannot provide
a healthy indoor environment since air po llutants from ambient air pollution
cannot be filtered during the ventilation process. Published studies have
investigated the relationship between the natural ventilation potential and
ambient air pollution. For example, a study conducted by Tong et al. (2016) stated
that in general, northern China has a low natural ventilation potential due to
ambient air pollution in recent years . Peng et al. (2017) suggested that natural

ventilation can actually reduce the IAQ when the ambient air is not clean.

Since natural ventilation has become less commonly applied to address air
pollution in the ambient environment in recent years, new methods have been
developed to address such issuesMechanical ventilation system swith built -in air
purifier sorindividual air purifier shave become popular. In China, a market study
showed that the sales volume of household air purification systems has increased
dramatically since 2013 when the people first realised that the severity of the
decadeslong air pollution problem (Zhu, 2013). However, some research has
verified that air purifiers are not always efficient, and some may be harmful to the
health of occupants (Li et al., 2015). For example, some air purifiers generate ozone
gasesasthey remove other air pollutants . Moreover, not all people can afford air
purifiers, especially those that provide better cleaning abilities are extremely
expensive. Evenfor the government, air purifiers are not an option for solving
indoor air pollution problems. Taking primary school buildings in China as
examples, in 2015, theHangzhou government and Beijing government rejected a
parent-led proposal to install air puri fiers in every classroom because ofthe

financial shortage (Education Department of Hangzhou, 2017; Education
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Department of Beijing, 2015). Apart from the secost problems, air purifiers are not
the optimal choice for mitigating air pollution in many cases For example, people
prefer to close windows and doors on days with high air pollution levels and turn
on air purifiers inside. However, the IAQ could still decline due to the aggregation
of CO2becausemost air purifiers cannot dilute CO 2 concentrations in closed spaces.
Moreover, in countries with national energy structure s that still rely on coal and
oil, air purifiers may decreasethe ambient air quality by cleaning indoor air for
human, but because they consume electricity and increase huilding energy
consumption, they indirectly increase fossil fuel consumption, which cont ributes

to pollut ing the ambient air.

In consideration of the drawbacks of air purifiers, plants , as apassive air cleaner,
might be an alternative option for IAQ. In past decades, many studies have
demonstrated that plants can be used to easily and affordably combat indoor air
pollution (Tarran et al.,, 2007; Pegas et al.,, 2012). Researchers havatensively
investigated the capabilities of plants to remove various air pollutants. However,
the methods of using plants to clean air in these studies were only applicable for
plants in a closed indoor space, and plants were not treated as a part of the
ventilation systems. The role of plants in achieving the goal of cleaning air has not

beenextensively studied.

In China, most classrooms in public primary school buildings are naturally
ventilated (Hou et al., 2015; Liang et al., 2017). The reason for the dominance of
natural ventilation is two-fold. First, regulations related to the design of primary
school buildings in China encourage the application of natural ventilation. For
example, the School Building Design Code (GB500992011) states that school
buildings in the hot summer and cold winter, hot summer and warm winter, and
temperate climate zones should be ventilated with windows open throughout the

year. Additionally , school buildings in the severe cold and cold climate zones
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should be naturally ventilated , except in winter. Second, local governments could
not afford to install mechanical ventilation systems in all public primary schools
and, moreover, school administrators have neededto save moneyto compensate
for electricity consumption (Zhang, 2010). Thus, in most primary school
classrooms, fresh air can be only introduced through windows and doors (Peng et
al.,, 2017). On ambient pollution days, pollutants can be transported into
classrooms. Additionally , in winter, when the most serious air pollution occurs
frequently in China, window s and doors are often closed to maintain a
comfortable indoor air temperature, and ventilation occurs via infiltration. In such

a situation, the IAQ will be negatively influenc ed due to infiltration of the ambient

air pollu tants.

Previously, many studies (e.g., Liddament, 1996; Humphreys and Nicol, 2000;
Seppéanen and Fisk, 2002) evaluated the potential and clear benefits of the
conventional natural ventilation system sand the integration of natural ventilation

strategies and passive precooling or preheating techniques (e.g., EAHES).
Moreover, the capabilities of plants, as air cleanes, have been widely
demonstrated. However, an extensive literature review indicate d that no studies
have focused on new ventilation system s that can provide clean air and thermal
comfort for a broader range of weather conditions (e.g., during hot summer and
extremely cold winter months and on air pollution days) w hile consuming little

energy. Furthermore, although studies regarding the capabilities of plants in
removing air pollutants ha ve been conducted, no research has been conductedn
the role of plants as a componentin a natural ventilation system. Most studies
related to IAQ in China were conducted in office buildings and residential hou ses
(Peng et al., 2017). ThéAQ and thermal comfort in primary school buildings have

not been extensively investigated. An important knowledge gap remains for

integrated ventilation system s that combine natural ventilation, plants, and
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passive techniques. The potential performance of such a system has not been

extensively investigated, especially for primary school classrooms.
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1.3. Research Question

From the discussion above, a gapremains between reality and the pursuit of clean
air and thermal comfort in the indoor environment in China. Notably, in primary
school buildings, which are crowded and full of energetic students, a new
integrated low -energy ventilation system (ILEV system) that combines natural
ventilation, plants, and passive cooling or heating techniques should be developed
to tackle air pollutions issues The following research questions are addressed in

this study.

1) How extensive is ambient air pollution in China?
Ambient air quality inChina
Indoor ar quality in classrooms gfrimary school buildingg China
Influential factors
2) Can low-energy technologies be combined todevelop an ILEV system?
Natural ventilation
Plants
Passive precooling amquteheating techniques.g.,EAHES)
Solar chimney
3) How efficient is the ILEV systemin mitigating indoor air pollution and thermal
discomfort problems?
Experimental studyof plants
Dynamic thermamodeling (DTM)
Computer fluid dynamicsGFD) simulatiors
4) What are the environmental and the economic benefits of the proposed ILEV
system?
Energy reduction
CO:2 emissions

Payback period
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1.4. Research Goaland Objectives

The primary goal of this Ph.D. work is to evaluate the thermal comfort and IAQ in
primary school buildings in the cold climate zone of China and determine the
capability of adesigned ILEV system to improve the IAQ and thermal comfort and
reduce building energy consumption. The goal of this researchis achieved through

the following objectives:

Conduct a detailed literature review regarding the IAQ and thermal standards,
and passive methods that can improve IAQ and reduce building energy

consumption.

Conduct field measurements of IAQ and thermal comfort in primary school
buildings in the cold climate zone of China. Evaluate the correlation between

IAQ and the ventilation system used.

Establish an experimental model for investigating the capabilit y of plants to
remove air pollutants. Perform field measurements of air quality in an

experimental model and identify to what extent plants cancleanthe air.

Establish a mathematical coupled model of the ILEV system and provide
detailed information on each component in the ventilation system, including
the opening size, number of plants, internal air temperature and ventilation

performance.

Conduct CFD simulation sand DTM modelling to validate the effectiveness of
the ILEV system. Identify the internal flow pattern and indoor environment

performance in primary school classrooms.

Evaluate the potential energy-savings benefits and payback period based on

the material consumption.
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1.5. Research Methodology

The methodology is developed as a systematic plan to determine the answersto
given research questions. This approach outlines the framework in which the
research is to be conductel and identifies the detailed methods used to achieve the
research objectives (Creswell, 2009). The selection ofa research methodology
largely depends on the type of research Benzand Newman, 1998). The basic types

of researchcan be broadly divided into nine categories (Table 1.1).

Table 1.1. Types of Research

Types Introduction
1 Descriptive Description of the state of affairs as it exists at present; report what has
research happened or what is happening
2 Analytical Facts orinformation was already available
3 Applied Action research; conducted to solve the problem of the organization setting
4 Fundamental | Conducted to develop some new theories
5 Quantitative Based on the measurements of quantity or amount
6 Qualitative Concerned with qualitative phenomenon
7 Conceptual Related to abstract ideas or theory; used by philosophers and thinkers
8 Empirical Data based research; relies on experience or observation
9 Others Mixed of research types 1-8

Source: Kothari (2004).

For the different types of research in Table 1.1, two basic researchmethods can be
used: quantitative and the qualitative methods (Kothari, 2004). Quantitative
methods dominated social science research from thelate 19" century through the
middle of the 20" century, and qualitative methods have becomemore common
sincethe latter half of the 20" century (Creswell, 2009). Recently, interest in mixed
methods (mix of quantitative and qualitative methods) has increased, am such
mixed method has been widely accepted (Creswell, 2009)In past decades,there
has beena widespread debate regarding the relative merits of quantitative and

gualitative methods. Some researchers believd the quantitative methods are more
scientific and objective and that qualitative methods are more theoretic and
subjective (Hughes, 1997). However, othershave suggested that quantitative and

gualitative methods can be used in combination to answer different research
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guestions with different objectives (Bryman, 2006). In addition , some researchers
(Benz and Newman, 1998 Eisner, 1991)have argued that both qualitative and
guantitative methods could be simultaneously used to answer the sameresearch
question. There isstill no unified opinion regarding which method is more suitable
for academicresearch (Panas and Pantouvakis 2010). The selection ofa research
method mainly depends on the research purpose, research process, method of data
collection, method of data analysis, and the interests of the researchers Therefore,
in practice, three methods are available: quantitative , qualitative, and the mixed
methods. According to Creswell (2009), the applications of these three methods

are as follows:

Quantitative methods are for
?Ptesting objective theories by examining the relationship between
variables. These variables, in turn, can be measured, typically on
instruments, so that numbered data can be analysed using statistical
procedures.?

Qualitative methods are for
?Pexploring and understanding the meaning individuals or groups
ascribe to a social or human problem. The process of research involves
emerging questions and procedures, data typically collected in the
xEUUPEDPxEOUzUw UI UUDPOT Ow EEUEwWw EOEOGaU
particulars to general themes, and the researcher making
interpretations of the meaning of the data .?

Mixed methods are for
?inquir ies involving collecting both quantitative and qualitative data,
integrating the two forms of data, and using distinct designs that may
involve philosophical assumptions and theoretical frameworks. The

core asaimption of this form of inquiry is that the combination of
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qualitative and quantitative approaches provides a complete

understanding of a research problem than either approach alone.?

Thus, quantitative methods always involve numerical data produced by surveys,
guestionnaires, field measurements, real experiments,or other statistical methods.
Moreover, the data are analysed with a wide range of numerical techniques, from
simple graphs to complicated mathematic al models. Qualitative methods always
involve non -numerical data. Data are usually gathered from a wide variety of
sources, such as interviews andpersonal description s. The data are oftern divided
into different groups and themes for analysis in an interpretative manner.
Qualitative methods aim to provide a complete detailed description of the research
subject Mixed methods are characterised by both quantitative and qualita tive
methods. In such methods, information or data is both quantitative ly and
gualitative ly collected to accurately identify aspects of a phenomenon or aresearch

topic from different angles using different approachesand techniques.

Quantitative methods often poorly describe the study context incompletely
interpret a phenomenon. Qualitative methods have limitations associated with
descriptions or interpretations of researchers based on their personal experience,
knowledge, and cultural background. Therefore, by using the combination of
guantitative and qualitative methods, the weaknesssof eachmethod can beoffset

by the strengths of the other.

Based on the differences between quantitative and qualitative methods, the types

of research methods canbe categorised asshown in Table 1.2.

Table 1.2. Types of methods for each research approaches

Survey - numerical data Description
Quantitative Correlation method Qualitative Observations
Experimental study Case study
Approach Empirical study Approach Interview
Analytical study Questionnaire
Case study Survey-descriptive
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‘ ‘ Comparative ‘ ‘ Schedule ‘
Source: Kothari (2004).

In this research, quantitative and qualitative methods are both employed to fill the
described research gap,answer relevant questions, and address the objectivesof
this Ph.D. work. A quantitative method is mainly used to determin e the IAQ
(Chapter 3) and establish and validat e the mathematical model of the ILEV system
(Chapters 6, 7, 8, and 9). The datavere from field measurements (Chapters 3 and
8), software simulation results (Chapter 9) and official databases (Air Quality

Platform, Yearbooks, and official reports). Additionally , these datawere further

analysed using simple graphs, figures, and complicated mathematical calculations.

A gqualitative method is mainly used to identify the current air pollution level in
China (Chapters 2 and 3),the factors that influence the IAQ (Chapters2 and 3),the
current measures taken to combat air pollution (Chapter 2), and the passive
methods involved in the ILEV system (Chapters 4, 5 and 6).This method is mainly
based on a critical literature review. Qualitative data were categorized into
different groups. For example, the factors that influence 1AQ were divided into
three group: influential factors from the outdoor environment, influential factors

from the indoor environment and building defects.

Figure 1.2 shows a diagram of the relationship between the research methodology
and the research questions of this Ph.D. work. The diagram clearly shows the key
points of each research questionand the related researchmethods. For example,
there are two critical points for the research question regarding ambient air
pollution: the description of official report s and official monitoring data. These
two key points were addressed with descriptive (qualitative) and analytical

(quantitative) methods , respectively.
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1.6. Thesis Structure

The structure of this Ph.D. work is consistent with the research process(Figure 1.3).
Chapter 2 highlight ed the ambient air pollution environment and influential

factors. A critical discussion was provided regarding the research gags, questions,
and objectives addressed in this study. Field measurements ofthe IAQ in Chapter
3 gaveinsight into the current IAQ in primary school buildings in the cold climate
zone of China. The primary data results indicated that natural ventilation is
ineffective in mitigating ambient air pollution and that the influential factors
reviewed, and reseach gap discussed in Chapter 2 are correct. Chapters 2 and 3
provided reasons for the review of passive methods with the objectives of
improv ing IAQ and thermal comfort and reduc ing building energy consumption.

Chapter 4 introduce d various passive methods (plants, EAEHS, solar chimneys,
and natural ventilation) and provide d a foundation for the research hypothesis.
Using the findings from Chapters 2, 3, and 4, a new ILEV system was proposed in
Chapters 5, 6 and 7. The research hypothesis was then theoretically and
experimentally validated in Chapters 8, 9 and 10. In Chapter 11, thebenefits of the
designed ILEV system were critically analysed. Conclusions were drawn to
provid e design implications for future primary school buildings in the form of a

new passive ventilation system (Chapter 13).
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Air Pollutants, Thermal Comfort, and Related Evaluating Standard
Current Ambient Air Pollution in China

Current Indoor Air Pollution in China

Indoor Thermal Comfort in China

Indoor Air Quality, Thermal Comfort, and Building Energy Consumption
Summary

The Content of Chapter 2
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2.1. Introduction

In this chapter, the published studies on air pollution and IAQ are reviewed to
validate the existence of the research gapsdisscussed of this Ph.D. work. The
chapter starts with a literature review on the common air pollutants and their
evaluation standards, and a description of the current ambient air quality is then
provided. Next, the three factorsthat influence the IAQ, i.e.,ambient air pollution,
indoor activities, and building conditions , are discussed Additionally, the

measures currently being used to mitigate indoor air pollution are given in detail .

The chapter concludes that the current measures used to mitigate indoor air
pollution are inefficient and energy intensive. A new system that is able to

simultaneously improve IAQ and reduce energy consumption is needed.
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2.2. Air Pollutants, Thermal Comfort, and Related Evaluating
Standard

2.2.1. Air pollutants and their sources

An air pollutant is defined as a substance (solid, liquid or gas) in the air that can
have adverse effects on humans and theenvironment. Such substances can be
produced by human activities or naturally exist. The following list summarisesthe
primary air pollutants, their sources and the corresponding effects on human

health.

Carbon dioxide : COz s typically produced naturally and by human activities,
such as burning coal, oil, and wood chips and accounts for approximately 0.04%
(400 parts per million) of the atmosphere (Team, 2018;Vaughan, 2013).

Ozone: Osis avital constituent of the troposphere and can increase the risk of
certain lung diseases and result in signs and symptoms such as shortness of
breath and chest pain. Fossil fuel combustion @an emit ozone into the
atmosphere. In an indoor environment, some types of equipment, like laser
printers and projectors, release G: and consequently increase indoor Os levels.
Odour : odour is the smell emitted by volatilized chemical compounds, people,
and various build ing materials. People who remain in a room for a sufficiently
long period may not be aware of an odour because ther olfactory senses
rapidly adjust to the odour (Fanger, 1988). Exposure toodours can result in
health effects ranging from mild discomfortt 0 more severesymptoms.

Volatile organic compounds (VOCs): VOCs are a large group of organic
chemicals that easily evaporate attypical room temperatures. Some VOCsare
toxic and can easily affect occupant health, especially in vulnerable groups,
such as children, infants and those that suffer from asthma and allergies

(Mendell, 2007). Common indoor VOCs inclusde decane, butoxyethanol,
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isopentane,limonene, styrene, xylenes, perchloroethylene, and formaldehyde.
Various products, such aswood furniture and carpets, can produce VOCs.
Particulate matter s (PMs): PM is a complex mixture of tiny solid particles and
liquid droplets found in the air. The United States Environmental Protection
Agency (EPA) classifies particle polluton i OUOw UpPOw T UOUxUo w ?
particles-PMi?» w E O E w ? %D GPMusx & whdifckd®$ phrticles with a
diameter larger than 2.5 micrometres and smaller than 10 micrometres, and
PM:s includes particles with a diameter of 2.5 micrometres or smaller. These
two types of particles vary in size and shape andbe composedof hundreds of
different chemicals. Most of the se chamicals areemitted from construction sites,
smokestacks, unpaved roads, and power plants. Furthermore, PMio and PMzs
generally lead to serious health problems by passing through the nose and
throat to the lungs.

Nitrogen oxide s (NO), sulphur oxides (SO), and carbon monoxide (CO): NO,
SO and CO arewidespread pollutants produced by incomplete combustion of
fossil fuels. The skin and mucous membranes of the eyes, nose, throatand
lungs can be irritated by these three types of pollutants. Moreover, the high
concentrations of oxidation pollutants can cause inflammation and irritation in

the respiratory system.

All the pollutants discussed above influence the IAQ regardless of the outside or
indoor sources that produce them. However, IAQ is not only influenced by these
common air pollutants. According to the ChinseslAQ Standard-2002 (CIAQS-
2002),the parameters used to evaluate the indoor environment include not only
chemical parameters €.g., SO, NOx, COx, HCHO, PM, and TVOCs), but also
physical parameters, also called thermal comfort parameters, such as the

temperature, air supply rate and relative humidity.
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2.2.2. Thermal comfort

3TTUOEOWEOOI OUUWPUWET | POT EWEUW?2UT 1 wisOOEDLC
expressed PPDUT w U7 1T w UT 1T UOE GumeticAny Bddiénd 6f Heatimgu o
Refrigerating and Air Conditioning Engineers (ASHRAE), 2010). This satisfaction

is crucial for the health and well-being of occupants, as well as productivity

(Taylor et al., 2008; Wagner et al., 2007Moreover, thermal comfort has significant

effects on the energy consumption of a building associated with the heating,

cooling and ventilation systems. This energy is often provided by fossil fuels,

which contribut e to greenhouse gas emissions and climate change.Therefore,

thermal comfort plays a vital role in building sustainability (Yao et al., 2009).

The thermal comfort sensation is affected by the exchange between thehuman
body and the surrounding environment (Mariana et al., 2010). Typically , people
prefer to associate thermal comfort directly with the air temperature. However,
many experiments (Berglund, 1978) have found that the thermal comfort
performance is influenced significantly by six parameters and comfortable indoor
environment can only be achieved when the six influential factors are in proper

balance These parameters are as follows

| The activity level of a person, commonly referred to their metabolic rate;
|  The dothing insulation level, commonly referred to as theclothing index ;
|  The movement of air (m/s);

|  The averageradiant temperature (°C);

|  Theindoor relative humidity ; and

|  Theindoor air temperature (C);

Furthermore, the sensation ofthermal comfort differs among individuals, even in
the sameindoor environment. Different climatic areas, such as the tropics and cold

regions, may require different thermal parameters (Djongyang et al., 2010).People
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commonly want variations in the thermal environment, and changesin some air
properties are pleasurable (de Dear, 2009).To define the standards of thermal
comfort, extensive research work has been conducted in past decades, covering
many aspects related to indoor thermal comfort. Some researchers established
models (Fanger, 1970de Dear and Brager, 1998) and indices (Gagge et al., 1986);
others performed laboratory experiments (Fanger, 1970; Nakano et al., 2002) and
field surveys (Lin and Deng, 2008; Han et al., 2007); and somealeveloped thermal
standards and evaluation methods (Olesen and Parsons, 2002¢le Dear and Brager,
2002). These works male significant contributions to the establishment of thermal
evaluation standards, e.g., the Ergonomics of Thermal Environment and the
ASHRAE Handbook on Thermal Comfort (Malchaire, 2005; Parsons et al., 2005).
The standards focus on the correlations among thermal comfort criteria and
occupant satisfaction and health issues and establish appropriate thermal
conditions to achieve thermal satisfaction in at least 80% of occupants in an indoor
environment (Charles, 2003). Moreover, such standards are developed for static
and uniform thermal conditions , and occupants are considered comfortable in
well -defined ranges of thermal conditions, regardless of their race, ageor sex

(Parsons et al., 2005Han et al., 2007).

Currently, two coexisting approaches are available to define thermal comfort: the

heat-balance approach and the adaptive approach (Doherty and Edward A, 1988).
Generally, the heat-balanceapproach usesexperimental laboratory -collected data,
and the adaptive approach uses data from field studies of occupants in an indoor

environment.

2.2.2.1The Heat-Balance Approach

The heatEEOEQOET WExx UOEET whPUwEEUI E wa éobtliesE OT 1 U
climate chamber involving 1,296 young Danish students using asteady state heat

transfer model (Fanger, 1970). The 1296 students were exposed to different
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thermal environments, and their feelings about how hot or cold each environment
was were recorded. The sevenpoint thermal sensation scale of the ASHRAE was
used to represent the feelings of students, and the scale is as follows

() £1 ¢ slightly warm or cool

(ii) 2 f  warm or cool

(iif) £3 f hot or cold

(iv) O f neutral (neither cool nor warm)

%E OTsl raoglel combined heat balance theory with the physiology of
thermoregulation and used six influential factors (Berglund, 1978) to define a

range of comfortable temperatures for occupants in an indoor environment. To

predict conditions in which thermal neutrality will occur, Fanger created a comfort

equation and further expanded it to the s even-point ASHRAE thermal sensation

scale using the datacollected from 1,296 participants (Fanger, 1970). Finally, the

EOOI OUUwI GUEUDPOOWET EEOT wOOOP OwE UwU THenu? / Ul
Ul 1T w/, 5wuPEUWDOEOUXxOUEU]I EwbO@AWOEIUDDI BI ERPE
DOEI R & wwE GAPD gdél has bebn widely used and accepted for desigrs

and field assessmens of thermal comfort (Lin and Deng, 2008).

The Predicted Mean Vote (PMV)
37T w/, 5wbOEI RwPEUwWI UUEEOBUT T EWEaAawWw®»EDT 1 Uz L
of a large group of people based on the ASHRAE thermal sensation scale.
Participants were exposed to climate chambers and asked to describe their feelings
using the ASHRAE seven-point scale of thermal sensation. Then a mean vote,
which represented UT | wOIl EQwWYEOUIT wOi wdfdriagi@ikthethmalE OU U 7
condition, waUw OEUEDPOI ESW®%EOT 1 Uz Uwl gUEUPOOwWHUwWU
particular combination of the six influential factors (the air temperature, mean

radiant temperature, relative humidity, airspeed, metabolic rate, and clothing

insulation level) (Fanger, 1970):
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0-6 Tnoh 8L ¢ P

where M is the metabolic rate and L is the thermal load, which is defined as the
difference between the internal heat production and heat loss to the actual
environment for a person at a comfortable skin temperature and the evaporative

heat loss by sweating ata practical activity level.

Currently, t he PMV index is popular for predicting the thermal comfort of an
indoor environment. However, accurate prediction s can only be achieved under
homogenous conditions (Alahmer, 2011). In non-homogenous conditions, such as
in vehicular cabins, the PMV index cannot provide accurate predictions. The PMV
can be quantified by estimating personal factors (e.g.,human activity and clothing

insulation levels) and measuring the environmental factors (e.g., the air
temperature, air velocity, radiant temperat ure, and relative humidity). The PMV
can also be determined using thermal simulation software, such as IES-VE or
Energy Plus. The use of thermal simulation software to calculate the PMV has been

widely accepted because such methods arecost effective and save time.
The Predicted Percentage of Dissatisfied (PPD)

Although the PMV can predict comfort levels of an indoor environment , it is not

sufficient for defining the feeling of discomfort. For example, warm or cold (+2)

cannot express how dissatisfied people are. Thus, Fanger developed another
equation to convert the PMV to the PPD. The PPD equation can be used to predict
the number of thermally dissatisfied individuals. The following equation gives the

relation ship between the PPD and PMV.
O0$pNNMOAZDM@Ioohbe T P YD ®

Figure 2.1 shows the curve of the relationship between the PMV and PPD.
Although the PMV displays better performance (equal to zero) than the PPD, 5%

of the occupants are still dissatisfied, mainly because of the differences of each
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approach in the assessment of thermal comfort from one person to another

(Djongyang et al., 2010).
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Figure 2.1 PMV and PPD

Source: Djongyang et al.(2010

Currently, using simulation software to calculate the PPD is the most popular

approach because it does not require large time or and human resource inputs
2.2.2.2 Adaptive approach

An adaptive approach is developed based on field studies, with the goal of
analysing the actual comfort level of the thermal environment. This actual level is
affected by the specific thermal context and the behaviours and expectations of
occupants (Djongyang et al., 2010). An adaptive approach normally provide s
reliable information about the actual comfort level of the workp lace and the
corresponding interrelated parameters. Moreover, some factors that chamber
studies cannot produce, such asthe everyday habits of occupants, various clothing
insulation levels, and unrestricted activity levels, can beanalysed based on the
data recorded in field studies (Cena and de Dear, 2001). Therefore, in recent years,
many researchers have usel an adaptive approach to evaluate the thermal comfort
of an indoor environment. However, suchapproach typically requires much more

time and human resources inputs than other approaches because thedata are
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obtained via field studies, such as surveys, interview s, field measurements, and

guestionnaires.

2.2.3. The evaluati on standards of IAQ and thermal comfort

In society today, there is an increased focus on improving IAQ and thermal

comfort in buildings. However , due to environmental concerns and the rising cost
of fuel, human living standards cannot be enhanced by consuming more energy.
Thus, specific thermal comfort standards have been defined corresponding to the

local conditions (e.g.,climatic, cultur al, or suitability conditions). As a result, many
researchers have conducted studies to investigatethe expectations of various

individuals regarding the indoor environment. Humphreys and Nicol (2002)
presented a series of datareflective of the most comfortable indoor temperature

that people expect. Additionally, de Dear and Brager (1998) stated that occupants
have different indoor climate requirements for air -conditioned build ings and

naturally ventilated buildings. In addition to these academic studies, governments
have published many regulations to specify standards for building thermal

performance. For example, in the UK, some such regulations are as follows:

Approved Document L1A - Work in New Dwellings

Approved Document L2A - Work in New Buildings Other Than Dwellings
Greener Buildings,

Good Practice Guides,

CIBSE GUIDE A; Environment Design,

CIBSE GUIDE B; Heating, Ventilating, Air Conditioning, and Refrigeration,
Building Bulletin 101, and

= =/ =2 A4 -4 -4 - -

National Air Quality Objectives .

In China, the principal relevant building regulations are as follows:

1 ChineselAQ Standard-2002(CIAQS-2002)
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1 Design Code for Heating Ventilation and Air Conditioning of Civil
Buildings - GB507362012 and
1 National Ambient Air Quality Standards in China (NAAQS -2012)

Table 2.1and Table 2.2 summarise the limit values for some air pollutants based
on WHO guidelines and UK regulations. Additionally , Table 2.3 summarisesthe

recommended values from the NAAQS -2012and CIAQS-2002in China.

Table 2.1. Air quality standards from WHO

Substance Mean Guideline value Source
PMas Annual mean vy 4 13 ¥ O
24-hour mean | k513 O
PMo Annual mean I Y& I3¥ O
24-hour mean kysizy O
Ozone 8-hour mean yysdi O
. . 13y & WHO: Ai
Nitrogen dioxide Annual mean KY4l13¥v O . Ir
1-hour mean l YY43i¥xO _Qu?' y
P Guidelines for
Sulfur dioxide 24-hour mean lysix 0O IAQ-selected
10-minutes mean kyys«i«o pollutants
CO:2 24-hour mean <1000ppm
CO 8-hour 10mg.mt3
HCHO 30-minute 0.1mg.mt3
Long-term 0.2 mg.mt3
Table 2.2. Air quality standards in the UK
Substance Mean Guideline value Source
PMzs Annual mean | k5 13x O
o (A UK
Annual mean KY4l3y O
PM1o - ’ — _ National
24-hour mean Y4l tonoAbe exceeded 35 times/year Air Quality
Ozone 8-hour mean | huY Y 4 inet®® be exceeded overlOtimes/year Objectives;
Nitrogen | Annual mean KY4i3yx O CIBSE
dioxide 1-hour mean || Y Y 4 inst@ be exceeded over 18 times/year Guide A
Sulfur 24-hour mean | ul k 4 inet@® be exceeded over 24times/year
dioxide 1-hour mean |t k Y 4 inst@ be exceeded over 24times/year
<
Occupied Acceptable level: <600ppm
CO: period Complain level: 600-1300ppm
Very bad: 1300ppm
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CcO 8-hour mean 10mg.mt3
HCHO 30 min 0.1mg.mt3
Table 2.3. Air quality standards in China
Substance Mean Guideline value Unit
Grade | Grade Il
Annual mean 20 60
Sulfur dioxide 24-hour mean 50 150
1-hour mean 150 500 51 20
Annual mean 40 40
Nitrogen dioxide 24-hour mean 30 80
1-hour mean 200 200
co 24-hour mean 4 4 mg.m#3
1-hour mean 10 10
CO2 24-hour mean 1000 PPM
Ozone 8-hour mean 100 160
1-hour mean 160 200
PM1o Annual mean 40 70
24-hour mean 50 150
PMas Annual mean 15 35 i X
24-hour mean 35 75 21 %0
TSPe Total Annual mean 80 200
Suspendedz 24-hour mean 120 300
Annual mean 50 50
NOXx 24-hour mean 100 100
1-hour mean 250 250
TVOCs 8-hour mean 0.6 mg.m¢3
HCHO One-hour mean 0.1 mg.m¢3

Source NAAQS-2012 and CIAQS2002

All theseevaluation standards are based onthreshold values for different average

periods. For example, the standards from WHO and in China only give the limit

values for a variety of air pollutants , and the standardsin the UK not only provide

the limit values but also set the number of times an exceedanceoccurs as an

evaluation parameter for some air pollutants, such as PMio, NOx, SOx, and ozone.

However, only China has set two grades to evaluate air quality. Grade Il has a

lower limit value than Grade I. According to the explanation from NAAQS -2012,
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& U E E imits” ate applicable in particular regions, such as national parks and
wetland gardens. Grade Il limits apply to all other areas, such as urban and
industrial areas. Generally, the limit value of Grade | in China is similar to the
WHO and UK requirements. Comparatively, Grade Il limits are lower than those
of Grade | and the UK and WHO standards. The low requirements of Grade Il in
the Chinese standard may not adequately protect people (Yanga et al., 2013).
Taking PM as an example, the annual mean PMo limit of Grade | is 404 T ¢,0
which is identical to the UK require ment but two times higher than the WHO
standard. The annual mean PM:zslimit of Grade | is stricter than the UK value (15
51 ¥6.255 1 ¥)dut not as strict asthe WHO limit. Chemical pollutants, such
as sulphur dioxide, have lower limit value s in the WHO standard s compared to
those in other standards (204 T + for the WHO vs. 504 1 ¢ &f China). The UK
setthe samelimit value asthe WHO for carbon monoxide but, hasa more stringent
CO:2 requirement than China and the WHO. China, the UK and WHO stan dards
all set an annual mean limit value of 40 4 T + @r nitrogen dioxide. Overall, the
WHO standard s are the strictest for most air pollutants, and the UK and Chinese
standards are more stringent in regard to nitrogen dioxide and carbon monoxide.
In other words, the WHO standard s focus on smog and health effectsrelated to air
pollution, and the UK and Chinese standards focus more on the combustion

efficiency of fossil fuel sto combat global warming.

Apart from these air pollutants, thermal factors, such as the temperature, relative
humidity, and air supply rate, should be considered in standards because they
influence the indoor environment. ASHRAE (2010)proposes six thermal comfort
influential factors and divides them into two groups: personal factors and
environmental factors. The personal factors consist of the metabolic rate and
clothing insulation level. The environmental factors include the air temperature,
mean radiant temperature, air speed, and humidity. These factors are related to

the time and region, as well asthe culture, habits and customs of individuals , and
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result in very diverse thermal comfort standards. In the UK, some thermal

standards are as follows:

Guide A-Environment Design, from the Chartered Institution of Building
Service Engineers (CIBSE)

CIBSE Guide B,Heating, Ventilating, Air Conditioning, and Refrigeration,
Approved Document F , and

Building bulletin 101 .

In China, the relevant thermal standards are as follows:

)l
T

Code for design of heating, ventilation, and air conditioning (GB50019 -
2003)

Code for design of civil buildings (GB50352 -2005)

National Ambient Air Quality Standard-2012(NAAQS -2012) and
ChineselAQ Standard-2002(CIAQS-2002.

Tables 2.4 to 2.7 summarisethe thermal requirements associated with the above

thermal standards.

Table 2.4. Suggested winter dry -resultant temperatures

Building/room type Temperature (T ) Building/room type Temperature (T )

Education Buildings Factories

-teaching spaces 1921 -heavy work 11-14

-lecture halls 1921 -light work 16-19

-seminar rooms 1921

Dwellings Sedentary work 1921

-living room 20-23 Computer room 19-21

-bathroom 26-27 S

:iig;i%? 1;:13 -halls changing 22-24
-hall 1316
Swimming pools

Hospital -changing 22-24

-wards 22-24 -hall 1316

-O0UUI Uz wUUE 19-22

Source: CIBSE Guide B.
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Table 2.5. Suggested summer dry -resultant temperatures

Building/room type Temperature (T ) Building/room type Temperature
€)
Education Buildings Factories
-teaching spaces 21-23 -heavy work
-lecture halls 21-23 -light work
-seminar rooms 21-23
Dwellings Sedentary work 21-23
-living room 2325 Computer room 21-23
-bathroom 26-27 Sports
-bedroom 2325 -halls changing 24-25
-Kitchens 21-23 -hall 14-16
Swimming pools
Hospital -changing 24-25
-wards 23-25 -hall 23-26
-OUUUI Uz wUUEUD( 21-23

Source: CIBSE Guide B.

Table 2.6. Air supply rate

Building type

Suggested air supply rate ( litres per second per person )

Education Buildings

-teaching spaces 8

-lecture halls 8

-seminar rooms 8

Dwellings

-living room 0.4t 1 ACH to control moisture
-bathroom 15L.91

-bedroom 0.4t 1 ACH to control moisture
-Kitchens 60 Lstt

General building areas

-corridors 8

-entrance halls 8

-kitchens -

-toilets >5 ACH

-waiting areas 8

Indoor air speed (m/s)

Mean air speed of 0.25m/s. In most cases, for buildings with air
temperatures between 18C and 28°C, air velocity should be
between 0.1m/s and 0.3m/s.

Source: CIBSE Guide A.

Table 2.7. Thermal standards of China

. Parameters Units Standards
Physical . ,
properties Temperature C 22-28 For summer cooling air
16-24 For winter heating air
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Relative humidity % 40-80 For summer cooling air
30-60 For winter heating air
Fresh air in mass | m3hp 30
Al o 7 o 0.3 For summer cooling air
0.2 For winter heating air

Source:CIAQS-2002

The Chinese thermal standard is entirely different from the UK standard.
Specifically, the Chinese standard provides a broader range of air temperatures
than doesthe UK standard. For example, in winter, China sets the range 0f16-24°C
as the comfortable indoor temperature range for the main function spaces in a
building , and the UK sets a range of 19-24°C for most indoor building spaces
except entrance hals and store rooms. Moreover, the UK sets different air
temperature requirement s for different types of room s, and the Chinese standard
is less specific. The limit values ofthe ventilation rate are quite similar. China sets
a limit of 30 m%hp (8.3 L/sp), which is slightly higher than the value
recommended by the CIBSE requirement(8L/sp) . In addition, China suggests that
the airflow velocity inside buildings with comfortable air temperatures should be
approximately 0.2 m/s in winter and 0.3 m/s in summer. The UK standard states
that in most cases, for buildings with air temperatu res ranging from 18°C to 28°C,
the airflow velocity should be ranged approximately from 0.1 m/s to 0.3 m/s to

maintain athermal comfortable indoor environment.

In addition to the standards from the UK and China, published studies have
provide d recommended indoor air velocit ies for buildings to achieve comfortable
air temperatures. For example, Orosa and Pliveira (2012) statel that the airflow
velocity inside buildings should never be higher than 0.9m/s in summer or lower
than 0.15m/s in winter. Boduch and Fincher (2009) provide d a table to show the
correlation between the airflow velocity and occupants feelings (Table 2.8).
Notably, airflow speed s slower than 1 m/s created a pleasant indoor thermal

environment.
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Table 2.8. Airflow velocity impacts

Airflow velocity (m/s)

Occupants feelings

Y 8 | dirfloi velocity Unnoticed
Y 0 k Yirflbdv velocity >0.254 Pleasant

hué Y dirflod velocity >0.508

Generally pleasant, but causing a constant
awareness of air movement

hu6 k dirflo velocity >1.016

From slightly draft to annoyingly draft

airflow velocity & huo k | K

Requires corrective measures if work and health are
to be maintained at high efficiency

Source: Boduch and Fincher (2009)
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2.3. Current Ambient Air Pollution in China
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recent years (Ministry of Environment Protection (MEP), 2002; MEP, 2007; MEP,
2011). The Chinese economy stillmainly depends on fossil fuels (Lin, 2012).
Consequently, the ambient air is profoundly influenced (Moore, 2018). The key air
pollutant in urban areas of China are suspended PMzsand PM1o (Gao et al., 2016).
The PM concentrations in many cities have exceededthe guideline values of the
NAAQS -2012 (Zzhang and Crooks, 2012). Shao et al. (2006) illustrated that over
three-quarters of the population in urban areasis exposed to air quality levels that
do not meet the NAAQS -2012 and the primary contaminant in the ambient air is
PM. Rohde and Muller (2015) found that high air pollutant levels are widespread
throughout the northern and central parts of China, not only in the major cities
and geologic basins but also in small cities and plain areas. They further noted
that in the north -easterncorridor, which extends from Beijing to Shanghai, the air
pollution is extremely severe. Table 29 shows the average provincial PMzs
concentrations in 2015, 2016 and 2017n China. The PMzs concentrations in all
provinces and municipalities exceed the annual Grade I limit set by the NAAQS -
2012 Moreover, only 6 provinces (Guangdong, Guizhou, Fujian, Yunnan, Xizang,

and Hainan) met the Grade Il annual guideline.

Table 2.9. Summary of average provincial PM 2sconcentrations

: L Yearly average PMzsE OOET OUUEOBP OOU U
Province or Municipality 2015 2016 2017
Henan 80.7 77.0 7.7
Beijing 80.4 63.4 64.6
Hebei 77.3 62.2 73.7
Tianjin 715 63.4 72.4
Shandong 66.4 64.1 60.3
Hubei 65.9 59.7 58.6
Jiangsu 56.6 57.4 52.8
Shanxi 56.4 56.0 67.5
Anhui 55.1 57.8 62.3
Chongging 55.0 54.8 49.6
Liaoning 55.0 46.4 50.6
Jilin 54.4 43.0 48.2

Department of Architecture and Built Environment 36



The University of Nottingham

Shanghai 53.9 54.4 43.1
Xinjiang 53.7 71.9 66.1
Hunan 525 49.3 48.4
Shannxi 52.0 55.9 65.3
Zhejiang 47.7 46.9 42.3
Sichuan 46.7 51.2 49.3
Ningxia 45.8 45.8 47.2
Jiangxi 42.8 44.4 48.7
Qinghai 42.6 38.8 33.6
Gansu 41.2 37.3 41.8
Inner Mongolia 41.0 35.4 38.4
Guangxi 40.2 37.1 40.6
Heilongjiang 39.4 31.7 40.5
Guangdong 34.0 31.0 34.2
Guizhou 317 32.8 32.6
Fujian 28.7 30.2 28.5
Yunnan 28.0 30.0 28.5
Xizang 254 21.7 19.1
Hainan 19.3 17.6 18.9

Source: http://www.greenpeace.org.cn/

In addition to PM, the concentrations of the other air pollutants, such as nitrogen
oxide, carbon monoxide, and sulphur oxides, have increased in recent decades.
Data from the MEP (2011) indicated that SO: emissions had increased to 25.5
Mt/year in 2005, 27% higher than the emissions level in 2000. Additionally, NOx
emissions increasedby over 100% and 200% due to the installation ofnew power
plants and increases in the vehicle population, respectively, between 2005 and

2015.

The 13" Fiver-Year Energy Development Plan of China claimed that over the next
10 years,coal will remain the dominant energy source in China. Therefore, in the

future, China will face more severeair pollution problems (NDRC and NEA, 2016).

Department of Architecture and Built Environment 37



The University of Nottingham

2.4. Current Indoor Air Pollution in China

Sinton et al. (1995) reported that indoor air pollution has beena severeproblem in
China since the 1970s Currently, over 60% of the Chinese population has
expressed concern regarding the IAQ, especially in public facilities and the
workplace (Prnasia, 2018). TheChina Indoor Environment Monitoring Committee

(CIEMC) stated that the current primary indoor air pollutant in China is PM (Song,
2013). Investigations of the IAQ in buildings have supported the concerns of

citizens (Li et al., 2014; Zhang et &, 2014; Cuiet al., 2011)

In addition to PM:2s many researcheshave also demonstrated that the IAQ in
China is affected by other air pollutants, such as TVOCs, HCHO, and benzene (Qiu,
2012; Cao et al.,, 2013). Some of these air pollutants are generateoy internal
decorations, and others are from the chemical components used in wooden

furniture , such as adhesives ad paints.

In general, indoor air pollution in China has become a severe problem, and the
primary air pollutants is PM. Moreover, other air pollutants influence the 1AQ.
The reasons behind such problems vary and are discussed in the following

sections.

2.4.1.0utdoor influential factors on  IAQ

Undoubtedly, ambient air c an contribute to the pollution load in indoor air.
Outdoor air pollutants can penetrate a building through cracks and air leakages or
be introduced by ventilation systems, such as exhaust fans, stacks, and wind.
Taking PM as an example, Abt et al. (2000) and Chao and Cheg (2002) stated that
indoor PM is either from the emissions of indoor sources or from the infiltration
of ambient air. Kuo and Shen (2010) observed similar increasing concatration s of
PMzsand PMuwoin both indoor and outdoor environment son a heavy pollution day

and suggested that outdoor PMs are transported inside through building
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ventilation system s. Baek et al. (1997) concluded thathe ambient air quality is an

essental factor in determining the quality of indoor air.

In China, ambient PM also plays an important role in determining IAQ . Xiang et
al. (2016) investigated indoor and outdoor concentrations of PMs in public
buildings in Shanghai, and the results indicated that indoor PM levels are mainly
affected by the outdoor levels. Shi et al. (2015) suggested that outdoorPM can
contribute to over 50% of the indoor PM concentrations. Chen and Zhao (2011)
found that outdoor PM levels have substantial effects on indoor PM levels in

rooms with few indoor PM sources.

In addition to PM, other outdoor air pollutants, such as CO2, NOx, VOCs, and SO,
also influence the IAQ. Data from the US Department of Energy indicate that
atmospheric CO2 emissions have increased from 280ppm to the present value of
368 ppm since the beginning of industrialization ; therefore, in some areas close to
industrial centres, the indoor CO:2 concentrations could be higher than indoor
concentrations in non-industrial areas (Keeling and Whorf, 2004). Rivas et al. (2014)
stated that indoor VOC concentrations and CO: levels aresignificantly affected by
the corresponding outdoor concentrations. Wen and Zheng (2004) found that
buildings located in industrial areas in China have higher CO 2and SQC: levels than

buildings located in urban and suburban areas.

Thus, based on the analygsabove, ambient air quality is one of the most important

influential factors that affects indoor air pollution levels.

2.4.2. Indoor influential factors on  IAQ

Pollution in the i ndoor environment can betwo to five times more toxic than that
in the outdoor environment due to indoor air pollution sources (US EPA, 2018).
Montgomery and Kalman (1989) indicated that indoor air pollution levels are

higher than outdoor levels becausesome indoor sources can emitlarge quantities
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of air pollutants. In addition , people spend 90% of treir time indoor s in modern
society. Thus, the identification of indoor pollution sources is crucial since they are
the key factors that influence the 1AQ (Schweizer et al., 2006). Pollutants from
indoor sources are mainly related to cooking, heating, indoor equipment, and
human activities. For example, chemical sources such as adhesives, carpeting,
upholstery, manufactured wood products, copy machines, pesticides, and
cleaning agents may emit VOCs. Additionally , biological contaminants, such as
bacteria, moulds, pollen, and viruses, may breed in stagnant water that has
accumulated in ducts, humidifiers and drain pans, or where water has collected
on ceiling tiles, carpeting, or insulation (US EPA, 1991). Thermal rehabilitation and
renovation s can have adverse effects on thelAQ becausebuilding sare sealedprior
to these processes,and the new materials release more VOCs, benzene and
formaldehyde. Theindoor activities of individuals, such as cooking over unvented
biomass fires, can also releaselarge quantities of formaldehyde and degrade the
IAQ (Zhang and Smith, 1999). Murr and Garze (2009) alsonoted that the pattern
and intensity of occupant activities within a spaceare correlated with the indoor
concentrations of PMs. For example, smoking, cooking, heating, and cleaning
significantly contribute to fine, ultrafine and nanoparticles emissions. Monn et al.
(1997) studied the ratios of indoor PM concentrations to outdoor PM
concentrations (I/O ratios) in naturally ventilated domestic buildings in
Switzerland. The study mainly found that smoking in buildings led to 1/O ratio s
over 1.8 and that buildings without indoor emission sources and low levels of
occupant activity had an I/O ratio approximately 0.7. Bo et al. (2017) stated that in
a working enviro nment, PM concentrations mainly dependent on the materials

used, production methods, and work typologies.

In China, the IAQ is also influenced by internal activities, such as cooking and
smoking. Shi et al. (2015)found that the 24-hour mean PM1o concentrations for a

family with two smokers could reach 70.4 % T +.0On public buildings, such as
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hotels in Shanghai, the indoor average PM concentrations can reach three times

the NAAQS -2012requirement s due to cooking activities (Xiang et al., 201§.

Thus, indoor sources and internal occupant activities are two of the main
influential factors that affect the IAQ. Indoor air pollutants are emitted from
indoor sources, such as wooden products, or are generated by internal activities,

such as cooking and smoking.

2.4.3.Effects of air leakage and airtightness on [1AQ

The definition of the Air leakage is the unintentional o r accidental penetration of
outside air into a building . This process can alsobe called air infiltration or
adventitious ventilation. Leakageis relatively unpredictable, and the flow rate and
pathways change with the pattern of building cracks and the air pressure
difference between the indoor and outdoor environment of the building fabrics .
Ambient air pollutants flow inside when the outside air enters a building through
leakages in thebuilding fabrics, such as roofs, windows, and walls. Many studies
have found that ambient air pollutants are more likely to have adverse effects on
IAQ in buildings with low levels of airtightness?®. For example, Blondeau et al.
(2005) found that building airtightness strongly affects the I/O ratios of indoor air
pollutant concentrations to outdoor air pollutant concentrations . Chen et al. (2016)
found that PMs with a diameter smaller thaOwy 8 k 4 OWEUI wl EUDPI UwUC
buildings with low level of airtightness than those with high airtightness levels.
Hanninen et al. (2010)stated that the airtightness levels of building fabrics should
be increasedto decline ambient air pollutant transportation sfrom outside to inside

environment.

! Building airtightness (also called envelope airtightness) can be defined as the resistance to inward or
outward air leakage through unintentional leakage points or areas in the building envelope
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In China, the airtightness requirements were divided into 5 levels in 2002 based
on the GB/T71062002 building regulation . In 2008, a new building regulation ,
GB/T71062008 divided airtightness into 8 levels, and the higher the level is, the
better the airtightness. Prior to 2005, building regulations only set airtightness
requirements for residential buildings. The earliest airtightness requirements for
public buildings were established by the China Public Building Energy Saving
Standard-2005(PBESS2005, and level 4was the minimum acceptable airtightness
level in 2005. Now, the minimum requirement has been upgraded to level 6
according to the latest standard published in 2015 PBESS2015). Therefore, public
buildings completed before 2005 typically have an airtightness level of 4. C. Chen
et al. (2017)suggested that improvement of airtightness levels can reduce the
ambient air pollutant penetration. Z. Chen et al. (2017) investigated the indoor PM
I/O ratios for public buildings with different airtightness levels (3, 4, 5, and 6)

under laboratory conditions. Table 2. 10 summari se the investigation results.

Table 2.10. I/O ratios of PM 25 concentrations in public buildings with
different airtightness levels

Airtightness level 3 4 5 6

1/0 ratios of PM 25concentrations 0.657 0.582 0.519 0.456
Source:Z. Chen et al. (2017)

As shown in Table 211, the I/O ratios of the PM2s concentrations decrease with
increasing building airtightness level. However, even for buildings with an

airtightness level of 6, 45.6% of outdoor PMVks can penetrateinside.

Therefore, improving airtightness is essentialto reducing air pollutant penetration.
However, the ventilation rate should also be considered in improving the
airtightness level, expecially for naturally ventilated buildings. For example, a
high level of airtightness can lead to the aggregation of CQ: in naturally ventilated

buildings, which candecrease thelAQ .
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2.4.4.Ventilation mode and 1AQ

Natural ventilation, as the most conventional ventilation method, has some
drawbacks regarding mitigating indoor environment problems. First, traditional
natural ventilation system s are not able to provide thermal comfort in cold winter
and hot summer months. Tan and Deng (2017) found that natural ventilation is
not appropriate in the cold temperature zone of Australia becauseit cannot
provide a thermally comfortable indoor air temperature. Y. Chen et al. (2017)
investigated the applicability of natural ventilation around the globe and found
that countries such as Singapore and Malaysia have little potential for adopting
natural ventilation systems due to the hot and humid local weather throughout

the year.

Second, natural ventilation cannot deliver clean air on polluted days. In recent
years, given the effects of climate on the applicability of natural ventilation
systems, people have begun to develop advanced natural ventilation technologies,
such as solar chimneys and EAHEs (Artmann et al.,, 2007). However, these
advanced technologies only enhance the natural ventilation applicability based on
the air temperature and humidity, and do not consider the effect of ambient air
pollution. Yang et al. (2015) investigated the IAQ of naturally ventilated buildings
next to a street canyon and mainly found that outdoor air pollutants from traffic
emissions have significant effects onthe IAQ . Martins and Gra’ a (2017) stated that
in European cities, outdoor PM levels have adverse effects on the use of natural
ventilation. Park et al. (2014) noted that indoor PM concentrations substantially
vary in naturally ventilated buildings because of the effects of various window
opening conditions and the unsteadiness of wind flow s on the penetration of
outdoor PMs. Tong et al. (2016) statedhat in general, natural ventilation in most

cities in North China cannot supply clean air due to heavy ambient air pollution.
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Therefore, although natural ventilation has excellent potential for reducing
building energy consumption, it is ineffective in environments with polluted

ambient air.

In China, most buildings are naturally ventilated (Shi et al., 2015) becausebuilding
regulations encourage natural ventilation in most types of buildings . There are five
climatic zones in China, namely, the severecold, cold, hot summer and cold winter,
temperate, and hot summer and warm winter (Thermal Design Code for Civil
Building -GB5017693), asshown in Figure 2.2. These five climate zones are defined
in light of the coldestand hottest average monthly dry -bulb temperature s
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Figure 2.2. The fve major climate zones Ghina

Source: Thermal Design Code for Civil Buildings -GB5017693

Most Chinese building regulations have specific ventilation requirements for
buildings located in different climate zones. For example, the Code for the Design
of Civil Buildings (GB50352-20(6) states that under suitable weather conditions,

buildings should be naturally ventilated through the opening of windows in all

2Severe Cold climatic zonhe coldest mean monthly drigulb temperature: <103 ; Cold climatic zone:
the coldest mean monthly dripulb temperature:-103 -03 ; Hot Summer and Cold Winter climatic zone:
the coldest mean monthly degulb temperature: 8 -103 and the hottest mean monthly drpulb
temperature: 28 -303 ; Hot Summer & Warm Winter climatic zone: the coldest mean monthlybdtly
temperature: >18 and the hottest mean monthly drybulb temperature: 253 -293 ; Temperate region:
the coldest mean monthly drgulb temperature: 8 ¢133 and the hottest mean monthly drpulb
temperature: 18 ¢253 .
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climate zones. Thus, in practice, natural ventilation in China significantly reduces

the ability of a building to avoid ambient air pollution.

Because ofthe drawbacks of natural ventilation system s, mechanical ventilation
systems, such asair conditioners, and air purifier systems have gradually become
popular in China. Mechanical ventilation can provide anadequate ventilation rate,
and air conditioner s can supply air at a comfortable air temperature. Air purifier
systems have drawn considerable attention due to the need for cleaning air (Lin,
2017). However, despite the benefits of theseactive artificial systems, indoor air
pollution still exists in buildings equipped with these systems. For example,
mechanical ventilation systems and air conditioners usually have no built-in filters ;
thus, ambient air pollutants can be directly transported inside through air intake
mechanisms. Additionally, s ome air purifiers generate ozone when they remove
other air pollutants (Li et al., 2015). Therefore, the use of these artificial systems
cannot fully eliminate the adverse effects of indoor air pollution on the health of

occupants.

2.4.5.Current measures to mitigate air pollution in China

To combat the air pollution problem, the government of China has prioritised

tackling the issue. Since 2012, hourly and reattime ambient air pollution data were

provided to the public by a national air reporting system which consist s of 945
monitoring stations in 190 cities (China State Council, 2013).At this time, hourly
and real-time ambient air pollution data were provided to the public. Based on
these data, residents can know the ambient air quality at any time of day.
Moreover, the NAAQS -2012was updated and becamestricter for PM1o and some
chemical air pollutants, such as NO« and SO« In 2013, the State Councll
implemented the Air Pollution Prevention and Control Law (China State Council,

2013). The action plan containsmany essential measures aimed at reducing air

pollutant emissions by 3% in the following fiv e-year period (2013-2017). Since the
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energy conservation and emission reduction objectives are two-fold, most of the
measuresin the action plan target improve ments in energy-savings and emission
mitigat ion. For example, the government pledged to reduce coal consumption
from approximately 67% of the national total energy use in 2012 to 65% by 2017.
Under this policy, thousands of polluting factories were forced to shut down,
particularly in North China. In addition to these strict policies from the central
government, local governments have also implemented aggressive emission
control measures. In 2013, theBeijing government set limitations on burning coal
for power plants, and high -polluting vehicles were also removed from the road to
decrease the PM concentrationsin the city. Hebei, Tianjin, and Liaoning also
implemented regulations for the prevention and control o f air pollution in 2014. In
the summer of 2015,a new version of the Air Pollution Prevention and Cont rol
Law, also called as the New Air Law, was revised and passed by the National
Congress, and it came into effecton January 1, 2016. TheNew Air Law required
cities to regularly release and submit definitive plans to ensure that local
governments were focused on meeting air quality standards . The New Air Law
has been recognized as the mostmportant document for improving air quality

over the next 15 years.

However, despite these national and local policies regarding air pollution control,
heavy air pollution has not ceased A report published by the Ministry of
Environmental Protection (MEP) of China in 2017 indicated that only 84
prefecture-level cities out of 338 in China met the Grade Il requirements of
NAAQS -2012 in 2016. Moreover, 254 cities failed to meet the NAAQS-2012
accounting for 75.1% of all cities. Thus, air pollution cannot be drastically
improved in a short period. Policymakers should consider the effectiveness of the
control measures and supply the necessary inputs for regional policymaking and

the management of air pollutant emissions.
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Since it is impossible to eliminate ambient air pollution in a short time, residents
have begunto implement air pollution mitigation measures inside their homes. In
Beijing, a market study showed that the sales volume of household air purification
systemshasdramatically increasedsince 2013 when the severe air pollution issue
became well publicized in the city (Zhu, 2013). In 2011 and 2012, 1.12 million and
1.26 million air purification systems were sold, respectively (Zhao, 2014. Then, an
extreme increase occurred in 2013,and the total number of air purification syste ms
sold reached 2.4 million. In 2016, China sold over 7.69 million air purification
systems, three times the number in 2013. Moreover, areport from ASKCI
CONSULTING (2017) indicated that air purification systems are more popular in
autumn and winter than in summer and spring, which is consistent with air

pollution tends in China.

However, some studies have verified that these air purification systems cannot
completely clean the air to a level that meets the Chinese and the WHO [AQ
standards (Li et al., 2015). Moreover, not all families can afford these products. In
addition, these products consume electricity, increase building energy
consumption, and indirectly increase fossil fuel consumption, such as coal
consumption (in 2015, coal combustion in China contributed to approximately 69%
of the total national energy consumption), which contributes to ambient air

pollution .

In general, the current government measures cannot mitigate ambient air
pollution in a short period. Moreover, residential measures implemented to
combat indoor air pollution have some adverse effects on the ambient air
environment . Therefore, residents must find new solution sto indoor air pollution

problems.
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2.5. Indoor Thermal Comfort in China

In China, the heating system is owned by the governments, and only residential

buildings in northern China have central heating systems installed. Cooling
servicesare usually selected by occupants and air conditioners are most common.
Residential buildings in South China use air conditioners to heat buildings in

winter and cool buildings in summer. Public buildings are heated or cooled by air
conditioners in both North and South China. However, some public buildings,
such as school buildings, which are owned by the public and have a regular usage
pattern, and hotels, which serve a similar function asthe residential buildings , can

be heatd by the central heating systems.

Recently, with rapid economic development and update s to the new building

design standards (e.g., in 2015, the PBESSwas updated from 2005 version), the

indoor thermal environments in buildings have been improved (Li et al., 2018).
However, indoor thermal discomfort problems remain. For example, Yuan et al.

@l YYAwDPOYI UUDPT EUI Ewi BYT woOi I PEI WEUDPOEDOT U
and the results indicated that thermal discomfort problem s existed in all the newly
constructed buildings . Additionally, Luo (2013) found that thermal discomfort is

a common problem in newly public buildings in Shandong Province.

Thus, according to the analysesabove, special attention still should be given to the

thermal environment performance of buildings in China.
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2.6. Correlation between Indoor Air Properties and Building

Energy Consumption

IAQ and thermal comfort are important factors that affect not only human health
in a room spacebut also building energy consumption. Initially, IAQ and thermal
comfort were regulated by creating an adequate ventilation rate. However,
increasing the ventilation rate may lead considerable heat loss, which would in

turn increasethe need for space heating or cwling, as well asenergy consumption.
There is an inevitable connection among IAQ, thermal comfort and the energy

consumed for heating, cooling and ventilati on.

In ancient times, natural ventilation was the only way for people to draw outdoor

air inside; however, due to the drawbacks of natural ventilation systems,
mechanical ventilation measuresand air conditioner swere eventually invented to
provide condition ed air (condition ed ventilation). However, condition ed
ventilation can significantly increase building energy consumption (Fisk et al.,
2011; Seppanen et al., 2006). Orme (2001) stated that energy consumption related
to condition ed ventilation accounts for over half of the total building energy
consumption. Figure 2.3 illustrates that the average proportion of energy
consumption associatedwith 1AQ in the investigated countries is 67.9%(for space

heating and cooling).

Space heating
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Figure 23. End-useshares of delivered energy use in the service and residential sectors
Source: Orme (2001)
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The International Energy Agency (IEA, 2018) claims that on average, ventilation,
space cooling, and space heating account for almost 40% of building energy
consumption. In the U SA., IAQ -related energy consumption accounts for 44% of
building en ergy consumption in the commercial sector (25% for space heating, 10%

for ventilation and 9% for space cooling) (Figure 2.4).
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Figure 24. Energy use in U.S. commercial buildings by end users (2012)

Source: SourcelEA (2018)

In addition to space heating space cooling and ventilation, building energy
consumption has increased due to the use of air cleaning equipment. In large
public buildings, air filters are ofteninstalled as apart of an HVAC system, and in
residential buildings, people often use household air purifiers. According to a
report from ASKCI CONSULTING (2017), 27% of families in the USA., and 17% of
families in Japan have installed air purifiers. However, air filters and air purifiers
consume electricity. Moreover, increasedair pollution ¢ anlead to higher operating

costs for air filters (Montgomery et al., 2012).
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In China, energy consumption related to IAQ is highly related to building energy
consumption. The energy consumed for space heating accounts for over 40% of
total building energy consumption in  North China (Tsinghua University Building
Energy Efficiency Research Centre, 2009)and space cooling account for 20% of
building energy consumption throughout the country. In the public buildin g
sector, air conditioners contribute to 22% of total building energy consumption.
Building energy consumption in China has recently increased due to the
popularity of air purifiers. Severe air pollution in China has led to dramatica |
grow th in the sales wlume of the household air purification systems. Air purifiers
consume electricity, directly decreasebuilding energy consumption and indirectly
increase coal consumption, as74.4% ofelectricity in China was generated by coal
combustion in 2016 (China Electric Power Enterprise Association, 2016). Liet al.
(2016) conducted a study to investigate the energy consumption of air purification
systems in Beijing in 2015 The researchers found that over 72.8% of families in
Beijing had installed air purifiers, and the air purifiers increased electricity
consumption by 201.6 million kWh in 2015 (equal to the total electricity
consumption in Turkey in 2014) (The World Factbook, 2015.

Therefore, a conflict exists between IAQ and building energy con sumption. On
one hand, air purifiers canreduce indoor air pollution to a certain extent. On the
other hand, installing air purifiers can increase energy consumption, which

consequently leads to sequential ambient air and indoor air pollution.
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2.7. Summary

This section introduced the common air pollutants and related evaluati on
standards, and then reviewed the current ambient air quality and 1AQ levels in
China. Additionally, the factors that influence the indoor and outdoor

environment sin China were analysed.

The aurrent ambient air quality measuresin China are not sufficient for meeting
the Chinese air quality standards and WHO limit values. The primary air

pollutants are PM2sand PMio. The principal reasonsfor the extreme air pollution
includes fossil fuel combustion by power plants and the heating demand for
buildings in winter. In recent years, ambient air pollution has become a health

concern throughout society.

Indoor air pollution also exists in many buildings in China. The IAQ is
significantly affected by ambient air pollution, especially in naturally ventilated

buildings. Air pollutants are transported inside through windows, doors, and
cracks. The airtightness level is another factor that has a significant influence on
IAQ. Creating buildings with a good seal can reduce unwanted ambient air
penetration. High airtightness levels are associatedlow 1/O ratios and pollution

levels. Natural ventilation is ineffective in reducing air pollution, limiting the
application of natural ventilation in polluted ambient environment s. Occupants
can alsoaffectthe IAQ by smoking, cooking, running, wearing cosmetics or scents,

or producing body odours.

Since the dominant energy source in China is coal, air pollution cannot be
elimin ated in a short period. Moreover, the dominance of natural ventilation

increases the exposure of occupants to air pollutants originating from the outside
air. As a result, sales of air purifiers are booming in China as people attempt to

protect themselves from air pollution. However, air quality experts have noted
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that air purifiers cannot completely clean the air and satisfy the Chineseand WHO
IAQ standards. In addition, a ir purifiers are expensive and unaffordable for many
families. Moreover, they consume electricity , which comes from burning coals,

and thereby increasing the ambient air pollution.

The discussion provided above suggeststhat humans are trapped in a vicious
cycle. It is clear that natural ventilation can increase human exposures to some
pollutants, particularly if the outdoor air is highly polluted. However, ventilation

is generally an essentialpart of life. Air purifiers cantemporarily clean the air, but
they also increase ambient air pollution by consuming fossil fuel s. Overall, a new,
energy efficient and cost-effective method is needed to combat air pollutions in
China, especially because longterm energy savings is critical for the sustainable

development of the national economy and environment.

China has achieved considerable economic growth during the past forty years.
However, this achievement has result in air pollution probl ems. The next chapter
will focus on the IAQ and thermal comfort performance in primary school

buildings in China , and field measurements will be conducted in a case study of

primary schools to verify the existence of air pollution in classrooms.
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3.1. Introduction

Children are sensitive to exposed to air pollutants they breathe a higher amount
of air at a faster rate than adults (Landrigan, 1998; Faustman et al., 2000)Bako-
Bir6 et al. (2004)found that children pay over 30% of their life at school, and
approximately 70% of this school hours is inside an educational space Raysoni et
al. (2013) also claimed that studentsspend more time in classrooms when they are
away from home than in any other building or outside . Therefore, the IAQ in
classroomshasbecome asignificant health issue. In Chapter 3, a review of the IAQ
in classrooms of primary school buildings is presented, and the factors that

influence both the indoor and outdoor environments are discussed

Moreover, field measurements are collected to verify the potential air pollution
problems in Chinese primary schools. The results showed that the IAQ in the
studied buildings does not meet the requirements of the Chinese and WHO
standards. Thus, the issue remains between saving energy and purifying indoor

air to eliminate pollution.
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3.2. 1AQ of Primary School Buildings

Studies have indicated that air pollution in the school environment is correlated
with the performance of students (Mohai et al., 2011; Twardella et al., 2012).In
addition , Mendell and Heath (2005) and Peters et al. (1997) stated that indirect
indicators, such as school absenteeism, provide evidence of the effects of air
pollution on student health. Moreover, poor IAQ is the main cause of respiratory
diseases, such as asthma, rhinitis, andrhinoconjunctivitis , among students (Cui et
al., 2013; Madureira et al., 2015)In 2010, theWHO (2010) reported thatthe indoor
environment was the source of 36% of respiratory diseases and 22% of chronic
diseases among students. Therefore,IAQ is one of the most important factors

related to student health.

However, in practice, air pol lution issuesin classrooms exist in many countries.
Haverinen -Shaughnessy et al. (20Q) found that 87% of primary school classrooms
had indoor air issues in the southwestern USA. Wheeler et al. (2000) stated that the
indoor concentrations of PM 10in UK pr imary schools exceeded the corresponding
outdoor readings. Heudorf et al. (2009) stated that the levels of PMwo in a three-
WHO requirements. An investigation of IAQ conducted by Mainka et al. (2015)
indicated that VOC levels in classroomswere significantly higher than the related

limit criteria in Gliwice, Poland .

Griffiths and Eftekhari (2008) found that some classrooms in East London
exhibited a CO: level that exceeded 1500 ppm,and this level was higher than the
acceptable value of 600 ppm from the CIBSE Guide A. Lee and Chang (2000)
indicated that indoor CO 2 concentrations in Hongkong schools increased by over
1000ppm in winter, evenin rooms with ceiling fans. Heudorf et al. (2009) found

that the levels of CO:z in German primary schools averaged 1459 to 1051 ppm.
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Santamouris et al. (2008) stated that the CQ@concentrations in naturally ventilated

classrooms in Athens were higher than 1000ppm on average.

Thus, indoor air pollution in school buildings remains a common problem

worldwide that affects student health.
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3.3. Indoor Thermal Comfort of Primary School Buildi ngs

In addition to air pollution, indoor thermal comfort has a significant effect on the
academic performance of students. Many studies (Wargocki et al.,1999; Fisk, 1999;
Mendell and Heath, 2005) have beenperformed to investigate the correlations
between the indoor thermal environment and student performance and
productivity. A study conducted by the University of Tulsa (2015) indicated that
adequate ventilation and thermal comfort in classrooms can improve the average
academic achievement of students. In addition, a thermally comfortable indoor
environment canreduce health issues. Mendell and Heath (2005)found that poor
indoor thermal conditions can affect student health and directly impair student
concentration and memory. Therefore, the indoor thermal environments of

classroomsare a notablepublic concern.

However, although thermal comfort has raised public concern, thermal discomfort

in classrooms commonly exists worldwi de. In the UK, Barbhuiya et al. (2013)
found that overheating problems have decreased the thermal comfort in primary
school buildings. Abdeen et al. (2014) stated that in upper Egypt, primary schools
have a high level of thermal discomfort due to the hot a mbient air temperature.
James and Christian (2012) indicated that classrooms in Ghana above the ground
floor have reduced thermal condition sdue to excessive solar heat gains. Samad et
al. (2017) found that primary school classrooms in Malaysia do not provide ideal
thermal comfort level and that the indoor air temperature ranges from 28°C to

34.5C.

Based on the discussion above, thermal discomfort remains a common indoor
environment problem that has significant effects on student health, academic

performan ce and learning productivity.
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3.4. 1AQ of Primary School Buildings in China

3.4.1. Current IAQ in Chinese primary school buildings

In China, primary school buildings usually have no mechanical ventilation
systems, and the only method to bring air into classrooms is to open doors and
windows (Peng et al., 2017). Moreover, in winter, to maintain a warm inside
temperature, windows and doors are often closed. Therefore, two consequences
often occur in winter when China has most severe air pollution: the air exchange
rate is inadequate, and indoor air pollutant level increases due to the influences of

air infiltration and occupant activit ies.

Studies associated with indoor air performance in China have mainly concentrated
on toxins produced by chemical materials (such as formaldehyde and benzeng
and they were commonly conducted in domestic houses and large-scale public
buildings (e.g., office buildings, shopping malls and museums). The IAQ in
classrooms of primary school buildings and the influential factors have not been
extensively investigated. Only a few relevant case studies were available for
review. For example, Yi et al. (2007)found that the IAQ in investigated primary
schools in Shanghai did not meet the national standard, and the CO:
concentrations ranged from 810 ppm to 1330 ppm during teaching hours.
Moreover, the average PM concentrations was450% 1 ¢, times higher than the
guideline value (75 4 T ¥)®f the NAAQS -2012 The study concluded that low
ventilation rate s were the main reasons for the high levels of CO2 and PM. Lin et
al. (2013) stated thatthe PM2s concentrations in a primary school building in
Guangzhou did not meet the NAAQS -2012requirements, as the values were above
604 1T +.®lou (2016)found that the highest CO2 concentrations in two primary
school buildings in Beijing during the teaching periods were above 2500 ppm due

to inadequate ventilation rates.
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In addition to academic studies, news reports have detailed public concern
regarding the 1AQ in primary school buildings. In July 2015, Beijing announced
that the government began research on the installation of air purifier system s in
public primary school classrooms (Education Department of Beijing, 2015). In
Hangzhou 2015, many parents sent letters to the government demanding the
installation of air purifier systems in classrooms (Education Department of
Hangzhou, 207A 6 w( Owl YA OQwUPOwUI xUI Ul OUEUBYI Uwoi
installation of air purifier systems in primary schools to combat indoor air
pollution ( Liu, 2016). Therefore, IAQ in primary school buildings is a significant

concern in the research community and the public.

3.4.2. The influence of ambient air pollution

Studies of the IAQ in school classrooms have demonstrated thatthe increased
levels of air pollutants in the ambient environment have influenced the indoor the
air quality of classrooms (e.g.,Canha et al., 2015; Daisey et al., 2003; de Gennaro et
EO6Ow!l Yhut OW1EAEOPwWI UDWEO8Qwl Yhk A8 w%uOU wi R E ¢
PMs inside the classroom are mainly from the ambient environment through
infiltration. Hanninen et al. (201 0) suggested that ambient air pollution has a
critical effect on indoor air pollution . Brunekreef et al. (1997)noted that schools
near roadways and industrial areas usually have more children suffering from
bronchial hyperresponsivenessand positive allergic sensitization issues Amato et
al. (2014) found that in Barcelona, 53% of the indoor PMs in 39 investigated
primary schools was from seven outside sources mineral, traffic, road dust,
metallurgy, sea spray, secondary sulphates and organics and heavy oil

combustion.

Thus, based on the analysis above, ambient air quality is one of the most important

factors that affects the indoor air polluti on levelsin school buildings.
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3.4.3. The influence of i ndoor activities

In a classroom, the factors that influence the indoor environment are similar to
those that affect otherindoor environments. For example, furniture in classrooms,
perfumes, and experimental equipment often generate VOCs. CQ levels usually
increase due tostudent respiration. However, the factors related to the PM level
in a classroomdiffer from those in other indoor environments becauseclassrooms
have higher occupancy rates and indoor activities are more intense (i.e., children
are more energetic and activethan a typical adult) . Moreover, classrooms have
unique indoor PM sources, such as chalk, that areuncommon in other indoor

environments.

Some studies have shown that the resuspension of PMs by indoor student
activities affects the indoor PM concentration in classrooms during occupied
periods (e.g.,Yang et al., 2009; Mullen et al., 200). Lefcoe and Inculet (1975) found
that the indoor PM concentrations are affected significantly by indoor activities,
such as children playing and blackboard cleaning. Raunemaa et al. (1989) reported
that the amount of time that children spend indoors have significant effects on the
average levels of indoor PMs. Moreover, Majumdar et al. (2011) indicated that
writing on a blackboard with chalk in a classroom significantly contributes the
production of PM 25 and PMao. Lin et al. (2015) found that chalk can generate
considerable quantities of PMs. Ja Devi et al. (2009) indicated that PMs in
classrooms are mainly generated by chalk, even by some labelled as anti-dust

chalks.

The above studies highlight the unique characteristics of the indoor environment
in primary schools. For example, children are more energetic than adults, and
internal classroom activities are intensive, with a high potential for the
resuspension of PMs. Moreover, the use of chalk significant ly contribut esto the

PM concentration.
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3.4.4. The influence of airtightness levels

As noted in section 2.7.1, building airtightness in China is currently divided into 8
levels according to the GB/T71062008 building regulation . Public buildings are
now required to have a minimum airtightness level of 6 based on thePBESS2015
For public buildings constructed between 2005 and 2015, the compulsory required
airtightness level is 4. Therefore, primary school buildings, as one type of public
building in China, typica lly have an airtightness of level 4 or 6, depending on the
year of construction. However, primary school buildings constructed before 2005
generally have airtightness levels below 4 since there was no airtightness level

requirement prior to 2005.

There is little research available regarding the correlation between airtightness
levels and indoor air pollution in classrooms of primary school buildings.

However, the discussion in section 2.7.lindicated that airtightness levels of public
buildings hav e significant effects on the penetration of outdoor air pollutants. In

particular, a study conducted by Z. Chen et al. (2017) in public buildings in China
with different airtightness levels should be highlighted . The study mainly
investigated the ratios of indoor PM2s concentrations to outdoor PMas
concentrations in public buildings with airtightness levels rang ing from 3to 6. The
results indicated that buildings with low airtightness levels generally had high PM
I/O ratios, and even for buildings with an airtightness level of 6, 1/O ratios still

reached gproximately 0.46.

Primary school buildings , as public buildings in China, have the sameairtightness
levels asthe other types of public buildings studied by Z. Chen et al. (2017). Thus
undoubtedly, a high airtightness level can reduce the ambient air pollutant

penetration inward in school buildings.
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3.4.5. Influence of v entilation mode

In China, most classrooms in public primary school buildings are naturally
ventilated (Hou et al., 2015;Liang et al., 2017). Thus, the onlymethod to allow
ambient air flows into classrooms is to opendoors or window s. Dong and Zhang
(2011) statedthat in Chengdu, over 58.3% of teachers and studentswould like to
ventilate their classrooms via windows during school hours. The reasons for the
dominance of natural ventilation in primary school buildings are similar to  those
for other types of buildings ( section 2.7.2). First, building regulations related to
primary school buildings encourage natural ventilation in suitable weather
conditions. For example, the School Building Design Code (GB500992011) states
that school buildings in the hot summer and cold winter, how summer and warm
winter, and temperate climate zones should be ventilated with open windows
throughout the year. Additionally , school buildings in the severe cold and cold
climate zone should be naturally ventilated , except in winter. Some building
regulations also recommend ventilation strategies according to the functions of
rooms. For example, the Design Code for Heating, Ventilation, and Air
Conditioning of Civil Buildings (GB50736 -2012) requires that rooms with special
functions, such as laboratories and kitchens, to have mechanical ventilation
systems. Conversely, in rooms such as teaching spaces and reading rooms, the
priorit ized ventilation option is natural ventilation. The second reason for the
dominance of natural ventilation is the cost. Local government s cannot afford to
install mechanical ventilation systems in public primary schools. Moreover, school
administrators need to save money to pay for electricity consumption (Zhang,
2010).Finally , noise from mechanical ventilation equipment is one of the barriers
restricting the popularity of such systems in school classrooms (Dong and Zhang

2011).
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Due to the dominance of natural ventilation and its inherent limitation s in filtering
ambient air pollutants, the indoor air pollutant levels in most primary school

buildings exceedthe requirements of the Chinese standards

3.4.6. Current measures to tackle indoor air pollution in  classrooms of

Chinese primary school buildings

On December 8 and 18 2015,Beijing issued its first and second red alerts for severe
ambient air pollution (Environment Protection Department of Beijing, 2015).
Schools were ordered to shut down until the government granted clearance.Since
these events many local governments have developed emergency plans for the
occurrence of heavy air pollution. The emergency plans require schools to shut
down when heavy air pollution occurs. Thus, shutdown s have become astandard
way of dealing with air pollution in schools. In days without ext reme air pollution,
air purifiers are the only tools schoolsuseto combat air pollution. However, many
local governments have rejectedproposals to install air purifiers in primary school
classrooms. For example, in December 2015the Beijing government announced
that they could not install air purifier systems in all public primary school
buildings due to power shortage s, financial limitations and inadequate room space
(Education Department of Beijing, 2015). In Hangzhou, the Education Department
of the Hangzhou government rejected a proposal to install air purifiers in primary
school classrooms due to a financial shortage (Education Department of
Hangzhou, 2017). Therefore, in reality, most primary schools have no effective
measuresfor coping with severeair pollution. The typical practice is to close doors

and windows and reduce the intensity of stud ent outdoor activities.
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3.5. Indoor Thermal Comfort of Primary School Buildings in China

As introduced in section 2.5, primary school buildings in northern China are
typically heated by a central heating system in winter and cooled by air
conditioners in summer. In some village areas or undeveloped areas where central
heating systems are uncommon, tradition methods such asburning coal remain
the dominant ways to generate heat. Moreover, most classrooms in public primary
school buildings are naturally ventilated (Hou et al., 2015; Liang et al., 2017). Thus,
the ventilation rate is related to the outdoor surrounding environment. Few
studies have focused on the thermal environment in primary school buildings in
China, and only a few studies are available to review. For example, Qu and Lv
(2008) found that over 30%of students were dissatisfied with the indoor thermal
environment in city areas of Shenyang. Wang et al. (2017) found that in Qinghai,
none of the investigated primary school buildings have indoor thermal
environment sthat meet the CIAQS-2002 andWHO standard. A similar study from
Wang et al. (2016) stated that primary school buildings in village areas of Shanxi
also had poor indoor thermal environments due to the low air temperature s and
excessive infiltration rate sin winter. Bai et al. (2015) found that the indoor thermal
performance in primary school buildings in 7 b z didnet meet the thermal
requirements of the CIAQS-2002and WHO standard in spring due to the high

indoor air temperature and low wind speed.

Other than studies introduced above, few studies have concentrated on the
thermal performance in primary school buildings, especially in the cold climate

zone.
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3.6. 1AQ, Thermal Comfort an d Energy Consumption in School
Buildings

Energy consumption in schools is an essentialcomponent of public building sector
energy consumption. For example, in Ontario, Canada, school buildings
contribute to 30% of energy consumption in the public building sector (ECO, 2016).
Moreover, a significant p ortion of the energy consumed in school buildings is
related to the IAQ, and, as indicated in section 2.6, there are strong connections
among the IAQ, thermal comfort and the energy consumed by building heating,
cooling, and ventilation. Figure 3.1 indicate s that primary school building energy
consumption related to the IAQ contributes to 67% of total building energy

consumption in the USA.

Energy Usage in School Buildings
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=HVAC » Computer = Cooking =Lighting = Waterheating = Other

Figure 3.1 Energy usage in school buildings

Source: EIA (2003)

Figure 3.2, which is derived from the study of Wolfram and knittel (n.d.), shows
that space cooling, space heatingand ventilation account for 22%, 5% and 22% of

the total electricity consumption in school buildings , respectively.
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Electricity Consumption in School Buildings
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Figure 3.2.Electricity consumption in school buildings

Source:Wofram and Knittel (n.d)

A report from Xcelenergy (n.d.) stated that in a typical school building in the USA,
space heating and coolingcontributes to 52% of total energy consumption (Figure

3.3)
School Building

20%

9%

46%

= Lighting = Space cooling = Space heating ~ Other =~ Water heating

Figure 3.3.Energy use in school buildings

Source: Xcelenergy (n.d.)

In China, very few studies have focused on the correlation between energy
consumption and the control of the indoor environment (air quali ty and thermal
comfort) in primary school buildings. O nly two published studies are available to
review. One is from Yang (2015),who found that energy consumption related to

the IAQ (space heating, cooling,and ventilation) in school buildings contributes
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to over 50% of total building energy consumption. A dditionally, Li (2017)

suggested that energy consumedto regulate the IAQ accounts for 60% of total

school building energy consumption in China.

In addition t o space heating and cooling, the use of air purifiers in school
classrooms can increase building energy consumption. However, to date, no
studies have been conductedregarding the increase in energy consumption due
to the installation of air purifiers in p rimary school buildings. The potential effects

on local electricity generation and the environment remain largely unknown.
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3.7. Field Measurements: Case Study Primary Schools

As introduced in sections 3.2 and 3.3 the IAQ and thermal comfort in primary

school buildings in China have not been extensively studied. Notably, in heavily
polluted areas, the influential factors related to indoor sources and outside sources
remain unclear. Therefore, field measurements were made in a case study of
primary schools. The ultimate goal of the field measurements was to provide a
detailed description of IAQ performance in classrooms of primary school s and
identify the primary air pollutants. Moreover, field measurements can guide the
dire ction of potential solutions to air pollution problems considering the relevant

influential factors in primary school classrooms.

3.7.1. Location selected

With a vast territory, China has an extreme variety of climates, ranging from
subtropical in the southern provinces to subarctic in the north-eastern regions.
Severeair pollution frequently occursin the north ern part of China. According to
the latest report from the National Environment al Protection Department, Hebel,
Tianjin, Beijing, Shandong, and Henan were the five provinces with the worst air
pollution in 2017. All these provinces are located in the cold climate zone.
Additionally, a mong these five provinces, Shandong is the largest coal conamer

and secondlargest emitter of air pollutants (NBS and NDRC, 2016).

Considering the data sources andEYEDOEEDPOPUAOw 3 ERenttadw ED U
Shandong, was selectedas the study area Totally, 9 naturally ventilated primary

UET OOOWEUDPOEDPOT UWOOEEUI EwbOws3 E Dhede Schddl® U a wb
were constructed at different years in fully compliance with different versions of

building construction regulations.

Department of Architecture and Built Environment 69



The University of Nottingham

3.7.2. Selected pri mary school buildings

Figure 3.4 shows the locations of the 9studied primary school buildings , and Table
3.1 summarise their characteristics. All the classrooms selected havea similar
number of students, as well as similar floor areas and floor heights to facilitate

comparisons. However, these buildings were constructed in different years and
therefore are regulated by different building compliances standards. For example,
Schools A, B, and C were completed without considering a building energy saving

standard becauseChina had no thermal requirement for public buildings prior

2005. School D was refurbished in2005when the China PBESS2005took effect, so
it has external insulations, double-glazed windows, and an airtightness level of 4.
School Ewas constructed in 2015 based on the latest version ofthe China PBESS
Therefore, it has the thickest insulation layer (lower U -values) and a higher
airtightness level (level 6) than the other schools. Schook F, G, H, and | are similar
to School D since they were allconstructed in compliance with the 2005 version of

the Public Energy Saving Standard.

Schools A, B, and C use air conditioners to heat the air in winter , and the other
schools heat air using the urban central heating systems, provided by the
government. Windows and doors are usually closed to maintain a stable indoor

temperature in winter and reduce air pollutant stransport from outdoor .
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Figure.34. Thecase studgchools in Tai'an City.

Table 3.1. The characteristics of selected schools

A B C D E F G H |
Size of classroom
m?) 68 66 65 72 68 70 71 68 67
Number of
students 40 45 43 40 55 45 46 43 43
Height of
9 36 | 33 | 34 36 36 | 36 | 35 36 | 36
classrooms (m)
Constructed year | 1997 2003 1996 Reifrl:rzbcl)zged 2015 2005 2005 2007 | 2008
Wall-U value
0.6 0.38
(W/(m2K)) 0.6
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Roof-U value
(W/(m2K)) 0.55 0.28 0.55
. Single glazed Double Triple
Window type glazed glazed Double glazed
Window U value
(WI(m2K)) 2.3 1.9 2.3 2.3 2.3 2.3
Airtightness At @Oat dy g;‘;" okaft qikg)o Kwopl 8XK0R 0

Note: (1). Qis the air volume flow rate per meter in length of cracks per hour (m3mh).

Field measurements were made from 8:00 amto 5:00 pm between 20 November
2016 and 10 December 2016.The investigated parameters includes PMzs, PMuio,
VOCs, CQO, relative humidity, and the indoor air temperature. The evaluation
criteria were the Chinese standards the WHO standards and the CIBSEstandards
(Tables2.2.1:2.2.7).

During the measurement period, windows were all closed because of thecold
outside weather, and the measurement equipment was placed 1.5 m above floor
level at the centre of eachclassroom. Outdoor PMioand PM:zslevels were measured
with a DUST TRAK model 8530 from TSI Inc, USA, and the indoor PMioand PMzs
levels were simultaneously recorded with a portable hand-held BRAMC -SMART-
126monitor from China. The temperature, relative humidity, TVOC concentration,
and CO: concentration were measured with an HTV -M detector from the PPM
Company, UK (Appendix I) . Becausethe DUST TRAK model 8530 cannotmeasure
the levels of PMz2sand PM1o at the same time, thus, outdoor PMzswas measuredin
the morning hours, and outdoor PMiowas measuredin the afternoon hours. Table

3.2 summarisethe measurement detail s for the 9 primary schools.

Table 3.2. The measuring details

School name Date Time Classroom
A 11 November 2016 8:30 to 16:00 Occupied
13" November 2016 8:30 to 16:00 Unoccupied
C 14 November 2016 9:14 t0 16:28 Occupied
B 16" November 2016 8:45to 16:25 Occupied
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E 20" November 2016 9:10 to 16:59 Unoccupied
251 November 2016 8:00 to 16:25 Occupied
21st November 2016 7:56 to 16:27 Occupied

F 28h November 2016 9:06 to 16:08 Occupied

G 30" November 2016 8:10to 16:36 Occupied
3d December 2016 8:00 t016:00 Unoccupied

I 5t December 2016 8:22 t0 16:00 Occupied

H 8t December 2016 9:01 to 16:05 Occupied

Additionally, measurements were also made during unoccupied periods in

Schools A, G, and E toidentify the potential correlations between the indoor PM
concentrations and outdoor PM concentrations. At these times, the classrooms
were empty and cleaned in advance (e.g., chalk ash and dust were removed as
much as possible). Then before the measurements, the window s and doors were

closed for an entire night.

3.7.3. Measurement results

3.7.3.1. PMsand PMoin occupied classrooms

Tables 3.3 to 38 summarise the measument results of PM2s and PM1o during
occupied periods. School A exhibited the highest PM2s O1 YT OQw Ol wahdyt w4 1
School D displayed the lowest PM2sO1 Y1 O wO B. Tk highésivatud of indoor
PMwo was 2514 1T 4 énd was observed in School G, and the lowest level was 9
4 1 +,Qvhich was observed in School D. The mean indoor PM2s and PMio
concentrations during occupied periods of classrooms ranged from 46 4 T ¥ @

19045 T ¥ 4&nd 30.25 1T €10 20545 T +, @espectively.

The lowest and highest PM:s levels were approximately 2 and 5 times the
requirements established by the WHO and Chinese standards. The PMuio
concentrations in Schools D and H meet the 24-hour mean WHO and Chin ese
standards. However, in the other schools, the PM1o levels were approximately 1.2

to 4 times higher than the guideline values set by the WHO and Chin esestandards.
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Additionally, the average outdoor PMzs and PM1o levels were above the limit
values of the WHO and Chi nese standards, exceptin the afternoon in School H.

Therefore, severe pollution occurred in both the indoor and outdoor environments.

Table 3.3. Results of PM 2sin school A, B and C (occupied) (4 T ¥)O

School A School B School C
Indoor Outdoor Indoor Outdoor Indoor Outdoor
PMz2s PM:zs PM2s PM:zs PM:zs PM:2s
8:00-9:00 306 229 65 43 155 143
9:0010:00 207 164 55 40 191 198
10:0611:00 131 103 61 27 215 218
11:0012:00 116 78 196 181
Highest 306 250 78 54 246 294
Lowest 108 63 48 22 147 132
Mean 190 144 60 37 189 185

Table 3.4. Results of PM2sin School D, E, F (occupied) (4 T ¥)O

School D School E School F
Indoor Outdoor Indoor Outdoor Indoor Outdoor
PMz2s PMz2.s PMz2.s PMzs PMz2s PMz2s
8:00-9:00 43 61 134 139 146 145
9:00-10:00 41 89 127 97 147 130
10:0611:00 54 101 126 100 154 110
11:0012:00 146 89
Highest 73 186 148 174 202 160
Lowest 36 49 107 82 126 76
Mean 46 84 129 112 148 119

Table 3.5. Results of PMzsin school G, H and | (occupied) (& T )0

School G School H School |
Indoor Outdoor Indoor Outdoor Indoor Outdoor
PMz2s PM:zs PM:zs PM:zs PM2s PM2s
8:00-:9:00 242 217 55 50 112 142
9:0010:00 147 180 66 51 98 110
10:0611:00 192 160 75 52 106 107
11:0612:00 171 145 116

Department of Architecture and Built Environment 74



The University of Nottingham

Highest 274 251 97 68 130 177
Lowest 158 138 44 44 85 89
Mean 188 176 78 51 105 120

Table 3.6. Results of PMwoin school A, B and C (occupied) (4 T ¥)O

School A School B School C
Indoor Outdoor Indoor Outdoor Indoor Outdoor

PMaio PMaio PMaio PMaio PM1o PM1io
13:0614:00 60 54 168 123
14:0615:00 124 83 64 54 137 111
15:0616:00 98 66 62 52 126 100
16:0617:00 55 56
Highest 148 93 74 76 202 169
Lowest 86 59 44 44 104 87
Mean 111 75 60 54 144 111

Table 3.7. Results of PM1oin school D, E, and F (occupied) (4 T ¥)0

School D School E School F
Indoor Outdoor Indoor Outdoor Indoor Outdoor

PMio PMaio PMaio PMaio PMaio PMaio

13:0014:00 51 58 118 108 188 71
14:0015:00 21 37 129 111 131 69
15:0616:00 12 37 110 110 106 64
16:0617:00 98 69
Highest 58 85 144 121 228 94
Lowest 9 26 101 100 80 57
Mean 30 49 120 110 139 71
Table 3.8. Results of PMwoin school G, H and | (occupied) (4 T ¥)O

School G School H School |
Indoor Outdoor Indoor Outdoor Indoor Outdoor

PM1o PM1o PMaio PMaio PM1o PM1io
13:0014:00 191 177 46 14 103 10
14:0015:00 197 187 32 16 109 109
15:0016:00 206 197 26 18 107 107
16:0617:00 226 205 27 18 106 106
Highest 251 243 55 27 131 118
Lowest 179 173 19 10 92 92
Mean 205 192 33 17 106 83
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3.7.3.2PMzsand PM1woin unoccupied classrooms

Tables 3.9 and Table 310 show the indoor PM2sand PMio levels in Schools A, G,
and E during the unoccupied period. All the indoor average values of PMas
exceededthe guideline values of the Chinese and WHO standards. The highest

indoor concentration of PM2swas 1894 1 ¥,@nd the lowest was 295 1 ®.0

Table 3.9. Results of PMzsin school A, G and E (unoccupied) (4 T )0

School A School G School E
Indoor Outdoor Indoor Outdoor Indoor Outdoor
PMz2s PMz2s PMz2.s PMz2s PMz2s PMzs

8:00-9:00 66 98 177 308 58 120
9:0010:00 56 72 142 257 33 99
10:0611:00 50 50 119 225 35 88
11:0612:00 49 57 121 205 35 79

Highest 101 112 189 351 67 134
Lowest 71 35 107 193 29 75
Mean 81 69 139 249 41 97

Table 3.10. Results of PMoin school A, G and E (unoccupied) (4 T ¥)0

School A School G School E
Indoor Outdoor Indoor Outdoor Indoor Outdoor
PMaio PMaio PMaio PMaio PMaio PMaio

13:0614:00 69 86 155 233 47 92
14:0615:00 72 91 163 245 45 86
15:0616:00 72 82 161 256 46 78
16:0617:00 162 261 44 72
Highest 78 108 189 269 56 96
Lowest 65 61 142 225 40 70
Mean 72 86 161 249 46 82

3.7.3.3.Temperature performance in occupied classrooms

Table 311 summarise the measurement results for air temperatures inside the
classrooms during the occupied period. Schools A, B, and C did not meet the

requirement based on the range between 16°C and 24°C recommended by the
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CIAQS-2002and 19°C-21°C by the CIBSE standard. The highest average indoor air
temperature was 20°C in School E, and the lowest average indoor air temperature
was 14.17C in School C. The average indoor air temperatures in School F, H and
| met the minimum limit value of the CIAQS-2002but were 1°C or 2°C lower than

the guideline values of the CIBSE.

Table 3.11. Results of indoor air temperature of classrooms (occupied) (3 )
A B C D E F G H |

8:00:9:00 13.14 | 15.77 | 1498 | 19.74 | 19.38 | 17.69 | 18.95 | 17.61 | 17.31
9:00-10:00 13.70 | 14.39 | 13.95 | 19.44 | 19.93 | 17.31 | 19.65 | 17.65 | 17.82
10:0011:00 | 14.26 | 16.12 | 13.52 | 19.30 | 20.15 | 17.28 | 19.34 | 17.92 | 18.01
11:0012:00 | 14.74 | 15.70 | 14.74 | 19.44 | 20.13 | 16.42 | 19.18 | 17.65 | 18.00
12:0613:00 | 14.47 | 15.80 | 14.67 | 19.22 | 19.77 | 16.98 | 17.47 | 17.18 | 17.67
13:0614:00 | 15.03 | 16.38 | 14.41 | 19.00 | 19.75 | 16.66 | 16.95 | 16.79 | 17.65
14:0615:00 | 15.84 | 16.11 | 13.61 | 18.89 | 20.23 | 17.06 | 17.51 | 16.66 | 18.09
15:0016:00 | 15.93 | 1559 | 13.42 | 18.49 | 20.26 | 17.37 | 18.86 | 16.57 | 18.12

Highest 16.1 17.9 16.4 19.9 21 19.9 23 18.6 18.34
Lowest 13 14.2 13.10 | 17.6 19.2 14.2 13.1 16.02 | 17.14
Mean 14.68 | 15.78 | 14.17 | 19.18 20 17.02 | 185 17.22 | 17.84

In Schools D and E, the highest mean indoor air temperatures were greater than
19°C, which met the requirements of both the CIAQS-2002and CIBSE standards.
During the measurementperiod, the highest and lowest air temperatures in School

G were 23C and 13.1°C, respectively.

3.7.3.4.CO: performance in occupied classrooms

Table 312summarise the indoor CO2 concentrations during occupied periods. The
average CQ: level exceededthe requirements (1000ppm) of the CIAQS-2002and
WHO standards. School G displayed the highest level of 4744 ppm and School F
exhibited the lowest level of 476 ppm. The averagevalues were between 1039ppm

and 1592ppm.

Department of Architecture and Built Environment e



The University of Nottingham

Table 3.12. Results of indoor CO 2 concentrations of classrooms (PPM)

A B C D E F G H I
8:00-9:00 1698 992 1295 | 1652 2863 | 1154 1685

9:0010:00 | 2039 1410 933 1597 | 2590 | 1614 | 4107 | 1470 2642
10:0011:00 | 1502 1256 968 1113 | 2014 | 1102 | 1317 | 1543 2054
11:0012:00 | 1546 1641 1145 | 1271 1582 | 861 | 1119 | 1365 1614
12:0013:00 | 915 846 934 793 1050 | 491 | 598 955 1071
13:0614:00 | 1139 983 1286 765 836 833 | 685 758 853
14:0615:00 | 1273 1252 1121 | 1217 1205 | 1276 | 567 | 1099 1229
15:00616:00 | 1564 | 1208 879 1264 | 1223 | 1467 | 2110 | 1509 1247
Highest 2337 | 2479 1593 | 2150 | 3354 | 4137 | 4744 | 2258 3421
Lowest 713 776 817 578 737 476 | 477 662 752
Mean 1443 1211 1039 | 1154 | 1509 | 1084 | 1592 | 1236 1539

3.7.3.5VOCs performance in occupied classrooms

The measurement results in Table 313 indicate that VOCs have relatively limited
effects on thelAQ . All the average VOC concentrations met the requirement of the
Chinesestandard (0.6 mg/m?3). Notably, t he highest mean valuewas 0.457mg/m?3,

and the lowest mean value was 0.311mg/m3.

Table 3.13. Readings of indoor TVOCs concentrations of selected
classrooms (mg/m?)

A B C D E F G H I
8:009:00 0.446 | 0.331 0.445 | 0.32 0.29 | 0.420 | 0.328
9:00-10:00 0.477 | 0.398 | 0.361 | 0.457 | 0.375 | 0.430 | 0.343 | 0.431 | 0.385
10:0611:00 0.446 | 0.373 | 0.375 | 0.434 | 0.411 | 0.342 | 0.328 0.369

11:0612:00 0.440 | 0.356 | 0.401 | 0.463 | 0.385 | 0.359 | 0.313 | 0.410 | 0.352
12:0013:00 0.422 | 0.328 | 0.380 | 0.439 | 0.354 | 0.312 | 0.289 | 0.437 | 0.324
13:0014:00 0.450 | 0.323 | 0.371 | 0.431 | 0.340 | 0.327 | 0.284 | 0.415 | 0.319
14:0015:00 0.474 | 0.353 | 0.353 | 0.470 | 0.352 | 0.369 | 0.311 | 0.408 | 0.350
15:0616:00 0.499 | 0.364 | 0.317 | 0.445 | 0.382 | 0.384 | 0.321 | 0.444 | 0.360
Highest 0.550 | 0.428 | 0.590 | 0.530 | 0.450 | 1.060 | 0.376 | 0.500 | 0.423
Lowest 0.410 | 0.304 | 0.310 | 0.370 | 0.310 | 0.300 | 0.268 | 0.350 | 0.301
Mean 0.457 | 0.353 | 0.365 | 0.448 | 0.368 | 0.360 | 0.311 | 0.423 | 0.350
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3.7.3.6.Relative humidity performance in occupied classrooms

The averagemeasured relative humidity varied from 30% to 70%,and the levels
in the majority of measurement period w ere within the limits of the Chinese
standards (30%-60% for winter heating air) (Table 314). School A exhibited the
highest relative humidity level of over 60%, and Scool B displayed the lowest
level of approximately 30%. The highest mean value recorded was 70.63% in

School A, and the lowest mean value was 36.45% inSchool B.

Table 3.14. Readings of indoor relative humidity of selected classrooms

A B C D E F G H I

8:009:00 68.27 | 37.78 | 60.57 | 58.59 | 39.54 | 4555 | 48.85 | 51.04 | 47.45
9:0010:00 | 69.62 | 41.86 | 63.51 | 60.15 | 45.13 | 4459 | 51.32 | 54.00 | 54.16
10:0611:00 | 68.3 36.01 | 64.42 | 60.91 | 44.43 | 4453 | 41.40 |56.20 | 53.31
11:0012:00 | 70.99 | 39.52 | 61.93 | 63.43 | 4457 | 37.79 | 41.98 | 56.24 | 53.48
12:0013:00 | 71.02 | 36.09 | 50.89 | 58.77 | 38.42 |32.72 | 39.67 | 54.35 | 46.11
13:0014:00 | 72.72 | 32.14 | 48.72 | 57.32 | 36.50 | 42.90 | 43.14 | 53.44 | 43.80
14:0615:00 | 70.89 | 34.81 | 42.19 | 60.57 | 38.47 | 38.41 | 41.75 |52.11 | 46.17
15:0616:00 | 70.72 | 33.58 | 35.86 | 57.3 37.63 | 53.27 | 52.67 | 49.99 | 45.16
Highest 73.9 56 65.4 67.9 51.9 55.4 55.3 62.47 | 62.28
Lowest 65.6 30.4 34.5 45.2 33.5 29.9 34.9 44.07 | 40.2

Mean 70.63 | 36.45 | 52.88 | 58.55 | 40.27 | 41.23 | 45.27 | 54.15 | 48.33

3.7.4. Discussion

The measurement results of PMs and CO: did not meet the related standards.
Additionally , the indoor thermal comfort requirements were not satisfied in most
schools. However, the relative humidity and VOC levels had limited effects on the

IAQ and met the limits established by the Chinese and WHO standards.

3.7.4.1.PM2sand PM 1o

Effects from the outdoor air environment
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In winter, North China normally has the worst ambient air pollution due to the
coal combustion for building heating (section 2.3).Table 315 presents the daily
average ambient PM concentrations recorded at local ambient air quality

monitoring stations during the measurement hours (EPD,2018).Figure 3.5 shows
the comparisons between the daily average ambient PM concentrations and the

requirements set by the NAAQS -2012

Table 3.15. Daily mean PM concentration in measurement periods

Date PMz2sgps 13 O PMwop4 T3¢ O
11th November 2016 71 104
13th November 2016 135 194
14th November 2016 145 227
16th November 2016 53 74
20th November 2016 62 84
25th November 2016 87 112
21stNovember 2016 26 41
28th November 2016 71 105
30th November 2016 133 194
3rd December 2016 110 158
5th December 2016 152 224
8th December 2016 107 172

Source: Source: Ambient Air Quality Online Analysis Platform, provided by the Department of the National
Environment Protection ( https://www.agistudy.cn/ ).

Daily average ambient PM concentrations during measuring

period
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Figure 35. Daily ambient mean PMevek during the measurement period.
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On the measurement period s, the outdoor PM concentrations exceededthe limit
values of the NAAQS -2012(354 T ¢ @r PMzsand 504 T ¢ @r PM10). Because
IAQ is closely related to the outdoor pollutant levels , especially in primary school
buildings that are naturally ventilated, ambient air pollutants can decrease the
IAQ by flowing inside through windows and doors or penetrating building via air

leakagesin the building fabrics.

Effects of building defects
The 1/0O ratios between the indoor PM concentrations measured in unoccupied
classrooms and outdoor PM concentrations were used to reflect the effects of
building defects, such as low airtightness levels. The classrooms were cleaned
before the measuremens. Thus, it was assumed that the indoor sources of PMs,
such as student activities and the resuspension of chalk dust,were eliminated. In
addition, the doors and windows were closed ; therefore, penetrating through
cracks in the building envelope was the only way for indoor PM aggregation to
occur. Figure 3.6 summarises and comparesthe hourly average 1/O ratio s of PM

concentrations in unoccupied classrooms during measurement period.

The lowest average I/O ratios were observed in School Ewith values of 0.41 and
0.56 for PMesand PMuo, respectively, and School A had the highest average 1/0
ratios, with values of 0.83 and 0.82School G ranked in the middle with values of
approximately 0.6 on average. School Eexhibited the best performances which

was expectedsince it has the highest airtightness levelamong the schools shown.
School A was built before 2005 when building airtightness was not considered in
the building design standards . Thus, air leakages andcracks in the building fabrics

can be easily found (Figure 3.7).
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I/O ratio of average PM concentration in unoccupied period
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Figure 36. Averagel/O ratios duringunoccupiegeriods.

Figure 3.7.Air leakagesn studiedbuildings

Figures 3.8to 3.13illustrate the indoor and outdoor PM concentrations in Schools
A, G, and E during the unoccupied period. The trends in both indoor and outdoor

PM concentrations were consistent. The indoor PM concentrations were more
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stable thanthe outdoor PM concentrations. However, both the indoor and outdoor
PM concentrations exhibited similar variations . For example, School G exhibited a
similar increase in PMio and a similar decrease in PMesin both the indoor

and ambient environment. Therefore, in naturally ventilated buildings, the indoor

air pollutant levels can be significantly increasedby the infiltration of PMs.
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Figure 38. Measurement results of PMin School A(unoccupiegeriod).
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Figure 39. Measurement results of Pivin School A(unoccupiegeriod).

Department of Architecture and Built Environment 83



The University of Nottingham

Nl

g8

3

18 == Indoor PM2.5 concentration = === Outdoor PM2.5 concentration

‘O 400

Q

O

w 300

D

)

10200

w 100

O

:O O

w N d 0O WU ANOOODOMONMNTHOLW AN O MONTST 0Ll N O ©
AN MO MO TOOO A NNMNMTITITLOO A NMMI WL O A A N
00 00O 00 00O 00 O 00 O OO O OO OO OO OO0 OO O O O O O O O O O = o «

D B B B B I B I B IR IR I O |

Figure 310. Measurement results of PMin School Qunoccupiederiod).
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Figure 311. Measurement results of Pilin School Qunoccupiegeriod).
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Figure 312 Measurement results of PMin School Hunoccupiegeriod).
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Figure 313. Measurement results of Pilin School Hunoccupiegeriod).
Effects of internal activities
Table 316, Table 317, Figure 3.14and Figure 3.15summarise and illustrate the 1/0O
ratios during the occupied period. Overall, the average values were above 1,
exceptthose for Schools D and I. The highest ratios for PMzsand PMiowere 1.73 in
School B and 2.25 inSchool H, respectively, and the lowest ratios for PM2s and
PMz1owere 0.60 and 0.68 inSchool D.

The ratios above 1 revealed that there were indoor sources that contributed to the
indoor PM concentrations when a classroom was occupied. For example, student
activities such as walking, running, and cleaning the blackboard increase the
resuspension of PMs. The use of chalk also increagsindoor PM levels. Figure 3.16

shows the chalk dust in selected classroons.

Figures 3.17 to 3.34 show the indoor and outdoor PM levels during occupied
periods in all the selected primary schools. The indoor and outdoor PM
concentrations of some schools, such as A, C, G, and,ldisplayed similar trends ..
Taking A as an example, similar decreass in the indoor and outdoor PM
concentrations were observed throughout the measur ement period. Although the
ambient PM concentrations displayed more significant variations in amplitude ,

the overall trends were consistent. In Schools B, E, D, F and H, the indoor and
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outdoor PM concentrations did not coincide , likely because the intensity of indoor

activities differed, and the ambient PM concentrations were unstable.

Table 3.16. Hourly average I/O ratio of PM 25 concentrations in occupied
period
A B C D E F G H |
8:.009:00 | 1.36 |154 |1.09 |073 |098 | 1.02 |1.11 |1.09 |0.80
9:0010:00 | 1.29 |1.44 |099 |051 |1.31 |1.14 |1.03 |1.29 |0.90
10:0611:00 | 1.49 | 222 |0.99 |056 [128 |149 120 |144 |10
11:0612:00 | 1.48 1.08 1.58 | 1.18
Average 135 |1.73 | 1.02 |0.60 |119 |124 |112 |1.27 |091

Table 3.17. Hourly average 1/O ratio of PM 10 concentrations in occupied
A B C D E F G H |
13:0614:00 113 | 139 089 |1.09 | 264 |1.08 |3.40 |1.03
14:0615:.00| 1.50 |1.26 |1.24 |055 |1.17 |198 |1.05 | 218 | 1.04
15:0016:00| 1.49 | 122 |1.28 035 |1.00 |1.71 |1.04 |150 | 1.03
16:0017:00 1.00 152 |1.10 0.95
Average 150 |1.16 | 130 |0.68 |1.09 |203 |1.06 |225 |1.03
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Figure 314. 1/O ratio of PMesin occupied classrooms
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I/O ratio of PM ;,in occupied classrooms

EA EB =EC ED EE =F =G =~ H |

3.5

25

[
T

REE
15:00-16:00 16:00-17:00 Average

Figure 315. I/O ratio of PMw in occupied classrooms

Figure 316. Chalkdustin classrooms
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Figure 317. Measurement results of PMin School A(occupied peric)
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Figure 318. Measurement results of Pivin School A(occupied periods)
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Figure 319. Measurement results of PMin School Boccupied periods)
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Figure 320. Measurement results of Piin School Boccupied periods)
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Figure 321. Measurement results of PMin School Qoccupiegeriods)
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Figure 322. Measurement results of PMin School Qoccupied periods)
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Figure 323. Measurement results of PMin School D(occupied periods)
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Figure 324. Measurement results of Pivin School D(occupied periods)
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Figure 325. Measurement results of PMin School Hoccupied periods)
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Figure 326. Measurement results of Piin School Hoccupied periods)
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Figure 327. Measurement results of PMin School Hoccupied periods)
== Indoor PM10 concentration == Qutdoor PM10 concentration
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Figure 328. Measurement results of PMin School Hoccupied periods)
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Figure 329. Measurement results of PMin School Goccupied periods)
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Figure 330. Measurement results of Pivlin School Goccupied periods)
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Figure 331 Measurement results of PMin School H(occupiegeriods)
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Figure 332 Measurement results of Pivin School Qoccupied periods)
200 == Indoor PM2.5 concentration == Qutdoor PM2.5 concentration
150
100
50
0
N 00O S O ©O NN 0 O ©O N W T O O N 00 § O © N O I O O NN ©
AN AN O < < 1O W O d d AN N O - & 1O WO o d N N O I~ g 1 W
00O 00 00 00 0O 0 0 OO OO O OO O O OO O O O O O O O O O O O O o
L I I I B B I I B R |
Figure 333. Measurement results of PMin School l(occupied periods)
== Indoor PM10 concentration = === Outdoor PM10 concentration
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Figure 334. Measurement results of Piin School l(occupied periods)
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3.7.4.2Indoor air temperature

Air conditioners heat Schools A, B, and Cin winter during school hours, and urban
central heating systems heatSchools D, E, F, G, H, and L Schook A, B, and C have
lower indoor temperature s than the other schools. The indoor temperature is
dynamic and primarily determined by five factors: the effectiveness of theheating
system, heat loss air infiltration, heat gains from indoor heat sources (lighting and
metabolic sources), and solar radiation. The classrooms measuredhad a similar
number of students and the same orientation. The lights were not in use during
the measurement periods. It is reasonable to assume that the indoor air
temperature were mainly influenced by three factors, i.e., the insulation level,
effectiveness of the heating system and airtightness level Figure 3.35indicate sthat
school E displayed the highest average indoor air temperature because it is the
most airtight and has the thickest external insulation . Schooks D and G have
average indoor air temperatures above 18C. Schook F, H, and | performed worse

than D, E, and G but better than A, B, and C.

Indoor air temperature performance in occupied classrooms
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Figure 335. Temperature performance in occupied classrooms.
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3.7.4.3.CO: concentrations

Figure 3.36 shows the CO:levels in selected schoolson an occupied school day.
Clearly, arapid increase in COz levels from 8:30t 9:00 was observed, corresponding
with the half -hour morning reading session at the beginning of a school day, when
CO:2 was exhaled. During the lunch break between 12:0013:0Q the indoor CO:
levels decreased rapidly to approximately 500t700 ppm. Then, the CO:

concentrations increased again after students return ed to their classrooms.

CO, performance in selected classrooms during occupied hours
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Figure 336. CO:z performance in selected classrooms duoicgupiedchours.

3.7.4.4N0Cs

The VOC levels met the recommended value of the CIAQS-2002 The VOC
concentrations ranged from 0.20 mg/m?® to 0.50 mg/me. Figure 3.37 illustrates the

VOC trends during the measurement period. The concentrations of VOC were
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relatively stable, and the amplitude of variations was 0.3 mg/m?3 throughout the

measurement period.

Generally, VOC are emitted from building materials, indoor equipment, and
OE E U x mdéitielsz In this research there were no chemical sources inthe
selected classrooms and no electronic devices, such as printers and computers,
were used in the nine tested classrooms Tang et al. (2016) indicated that occupant
emissions, such as isoprene, methanol, acetone, acetic aciénd skin oil , contribute
to the indoor VOC concentration s. The study further explained that occupant -
emitted VOCs account for 57% of the total concentration of VOCs in a well-
ventilated classroom and that VOCs originating from ambient air generally
account for 35% of the total VOC concentration. Thus, the VOCs in allthe selected

classroomswere mainly from student emissions and ambient air.

VOCs performance in occupied classrooms
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Figure 337. TVCsperformance in occupietassrooms

3.7.4.5 Relative humidity

Figure 3.38 shows the relative humidity levels in the selected classroomsin the
occupied period. The relative humidity in all selected classrooms was between 30%
and 70%. Therefore,during the measurement period, the guideline values of the

CIAQS-2002 were met the majority of the time . Notably, the ambient relative
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humidity on measurement days was within the range required by the Chinese

standard, as shown in Table 3.18.

Relative humidity performance of occupied classrooms
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Figure 338. Relative humidity in theoccupiedtlassroom

Table 3.18. Ambient relative humidity in measured days in 2016

Date 8:00 | 9:00 10:00 | 11:00 | 12:00 | 13:00 | 14:00 | 15:00 | 16:00
11t Nov 99% | 96% 78% 70% 67% 63% 56% 53% 54%
13" Nov 82% | 73% 69% 58% 51% 50% 50% 51% 55%
14" Nov 99% | 97% 84% 72% 69% 63% 38% 31% 26%
16" Nov 76% | 59% 43% 43% 41% 37% 38% 42% 52%
20" Nov 68% | 64% 61% 61% 63%% | 63% 63% 65% 70%
25" Nov 76% | 56% 50% 41% 41% 34% 34% 31% 35%
21t Nov 89% | 88% 95% 96% 80% 79% 76% 84% 75%
28h Nov 72% | 60% 50% 42% 33% 29% 24% 25% 27%
30" Nov 80% | 75% 70% 63% 63% 60% 58% 60% 62%
3d Dec 97% | 93% 66% 59% 59% 52% 51% 49% 51%
5h Dec 98% | 96% 82% 78% 75% 65% 63% 57% 56%
8h Dec 62% | 59% 58% 57% 46% 38% 33% 35% 41%
Source: Ambient Air Quality Online Analysis Platform , provided by the Department of the National

Environment Protection (https://www.aqistudy.cn/ ).

3.7.5. Conclusions of the field measurements

The results of the field measurements indicate that none of the indoor pollution
levels in the primary schools fully satisfied the IAQ standards. The following list

provides suggestions derived from the analysesof the field measurements.
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The current building airtightness requirements are not adequate. The
measurement results indicate that ambient PMs contribute to approximately
50% of the PMs in the classrooms. Thus, the current regulations regarding

building airtightness should be increased.

Retrofits are needed to seal air leakagesin building envelopes. For example,
using gypsum plaster to fill the cracks in building structures such as masonry

concrete and timber frame.

In naturally ventilated school buildings, ahigh airtightness level may cause an
increase in CQ: levels, especially in winter, asstudents always close windows
and doors to keep a reasonable thermal comfort level. In such a situation,
mechanical ventilation with built -in air purifiers or individual purifiers might

be an option. However, as discussedin sections 2.4 and 3.4some air purifiers
are extremely expensive,and they all consume electricity and indirectly have
adverse effects on the ambient air quality. Moreover, some air purifiers
generate ozonewhen in operation . Therefore, air purifiers are not an optimal

option.

Additionally , measures, such as replacement of chalks and blackboards by
projectors and whiteboards with markers, should be taken to remove PMs

generated by occupant activities in the classroom.

In conclusion, improving airtightness level of naturally ventilated school buildings

can reduce the penetration of outdoor air pollutants. However, such a changewill

increase the risk associated with the CO: level. Mechanical ventilation with built -

in air purifiers or individual purifiers might be an option. However, air purifiers

increase building energy consumption and have adverse effects onthe ambient air

quality . Thus, from a long-term perspective, air purifiers are not an optimal

method for tackling air pollution. Therefore, natural ventilation remains the
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primary option for ventilating buildings. However, passive air cleaners should be

installed in natural ventilation systems.
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3.8. Summary

Chapter 3 reviewed the IAQ and the thermal comfort performance in primary
school buildings around the world and in China. The literature review indicated
that the IAQ in schools is a serious concern in many countries.Field measurements
wereperform ed in 9 case studes of primary schools to investigate the severity and
amplitude of indoor air pollution in  classrooms of primary school buildings in
China. The findings suggest that natural ventilation is ineffective in delivering
clean air when ambient air pollution exists. A ir purifiers are not recommended
since they are unaffordable, consume electricity and even produce ozone.
Therefore, a nev ILEV system, which combines natural ventilation and passive
techniques, should be designed tocombat indoor air pollution. In the next chapter,
a literature review of the passive techniquesthat could be used in the ILEV system

is conducted.
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4.1. Introduction

As introduced in sections 1.2, 2.4 and 3.4the current measures applied to mitigate
air pollution have some limitations. Conventional natural ventilation cannot

provide thermal comfort in the indoor environment in areas with unsuitable local

weather conditions. Combinations of conventional natural ventilation and passive

precooling or preheating techniques, such asEAHES, canprovide thermal comfort
but are ineffective in filtering ambient air pollutants. Air purifiers also have some
drawbacks. For example, some air purifiers are not as effective as they claim, and
others with better cleaning abilities are expensive and unaffordable. Moreover, air
purifiers consume electricity and generally cannot reduce CO2 concentration in a
closed space. Thereforejn this study, an ILEV system was designed specifically
for primary school buildings in the cold climate zone of China, which, as indicated

in section 3.7.1, is the zone with the most severdy air-polluted cities in China.

Natural ventilation is the foundation of the new ILEV system since it provides
excellent building energy savings. However, the cold climate zone has large
seasonal temperature differences Specifically, summers are warm to hot, and
winters are cold. Over two -thirds of the year, the conditions are not suitable for
natural ventilation ( Y. Chen et al., 2017).Thus, to overcome the limitations of the
local weather conditions, passive precooling and preheating techniques should be

employed.

Passive techniques have attractedincreased attention because they can reduce
energy consumption and minimise environmental impacts by taking advantage of
natural elements (Roaf et al., 20L3). Passive techniques are strongly dependnt on
the local climate (UNEP, 2009) and the climatic conditions that vary over time .
Thus, different passive techniques might be required in different seasons. There
are three steps designersimplement to select suitable passive techniques (Figure

4.1). First, the characteristics ofthe passive elements related to thedesign target
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are analysed Second,a specific technigue should be selected based oran analysis
of the climatic elements. Third, passive techniques should be appropriately

combined to improve the thermal comfort level and increaseenergy savings.

Design target: ventilation, Input Characteristics of climatic
daylight, thermal comfort, etc. elements
A
Stepl

Determining passive energy
sources

l Step2

Specific available passive

techniques
Achieving ‘ e
ep
Passive A Passive B Passive C

Integrated combination of
passive techniques

Figure 4.1.The processf selecting passive techniques
For the aim of this research the natural ventilation system is combined with a
preheating or precooling energy source to overcome the adverse effects of weather
conditions. Preheating or precooling energy may come in the form of heat
captured from the waste air in a building ; for example, building s with heat
recovery systems can typically preheat or precool incoming fresh air. However,
heat recovery systems areusually part of an HVAC system, and it is impossible to

capture heat from the waste air in a natural ventilation system.

Another preheating and precooling energy source could be the heat absorbed by
heavyweight building materials (thermal mass) or collected by solar panels.
However, solar heat largely depends on the specific weather conditions, and the

fluctuation s in solar radiation can increase the complexity of the natural

Department of Architecture and Built Environment 103



The University of Nottingham

ventilation design. Moreover, solar heat storage and absorption requires very
specific building materials, which could lead to a significant increase in the

building construction cost.

Soil at a given distance below ground surface can provide an effective preheating
and precooling source since it has a more stable temperature thanthe ambient
environment (Hootman , 2013). Thus,EAHESs, which supply air through buried

pipes, have been widely used for many years. Hootman (2013) claimed that
EAHE s are most effective in cold climates areas. Wang et al. (2014evaluated the
performance of EAHESs in northern China , and the results indicated that EAHES
can significantly improve the energy savings potential of a building . Wu (2013)
found that EAHEs can significantly r educe building cooling and heating energy

consumption in the cold climate zone of China.

Thus, in this study, EAHESs are an ideal preheating and precooling technique for

the ILEV system.

The ILEV system should consume little energy, and there is apressure drop when
air is supplied through buried pipes. Therefore, a low energy technology should
be used to offset the pressure drop and move air through the buried pipes. Various
technologies can be used, such as wind catchers and solar chimneys. Wind
catchers normally ventilate a building using wind. Thus, in a windless
environment, a wind catcher normally cannot force the air to ventilate buildings.

In addition, wind catchers increase the complexity of the design of natural

ventilation since wind is th e dominant driven force.

Solar chimneys are comparatively more suitable for the ILEV system. Many
studies (e.g., Maerefat and Haghighi, 2010; Benhammou et al., 2015; Poshtiri et al.,
2011; Yu et al., 2014) have demonstrated that the combination of a solachimney

and EAHEs provides more effective ventilation than EAHEs alone. Therefore, a
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solar chimney, which can enhance the ventilation rate of the designed ILEV system

is the second passive technique that is employed

Given the ambient and indoor air poll ution, a passive air cleana should also be
added to the ILEV system. Currently, many researchers (e.g., Darlington et al.,
2001; Lohr and PearsonMims, 1996; Lohr, 2010; Wood et al., 2003) havehown
that plants can effectively clean the air. The National Aeronautics and Space
Administration (NASA) Clean Air Study has been conductedsince 1989 NASA,
1989 and has focused on investigating the abilities of plants to remove air
pollutants from the indoor air. The study has found that certain types of indoor
plants can naturally clean the air. Thus, plants are used asa passive air cleaner in

the ILEV system.

Thus, based on the analy®s above, the proposed ILEV system consists of four
parts: natural ventilation, EAHES, a solar chimney, and plants. Plants are mainly
used to remove air pollutants from the supplied air. The EAHEs ensure that the
thermal comfort level of the indoor environment s satisfactory. The solar chimney

is responsible for enhancing the ventilation rate of the natural ventilation system.

In the next section, a literature review of these passive techniques is conducted,
covering various aspects of each technique, such as history, development, benéts
and simulation methods. The aim of the literature review is to provide evidence

and support for the ILEV system.
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4.2. Air cleaner: plants

As introduced in Chapter 2, the technologies (e.g., air purification systems) used
to improv e the IAQ are often unaffordable and unreliable. Alternatively, passive
methods, such as theuse of plants, have gained increased recognition. Many
studies have tested the efficiency of plants in removing various air conta minants
(e.g., Darlington et al., 2001; Lohr and Peason-Mims, 1996; Lohr, 2010; Wood et
al., 2003). Plants playa significant role in regulating climate changes. They have a
considerable impact on the global climate and are highly related to the local
weather conditions . Plants canlower temperatures, reduce energy use and remove
air pollutants mainly through two processes: evapotranspiration and
photosynthesis. Evapotranspiration involves the absorption of water from the soil,
ocean,or waterbodies and the subsequentreleaseof the water as vapour into the
air through stomata, which increases the air humidity and decrease the air
temperature. This processis part of the water cycle and influences the thermal
comfort level of the air, especially in dry climate region s. Photosynthesis is a
process used by plants to convert light energy into chemical energy and
simultaneously release oxygen. Eachyear, 100-115 thousand million metric tons of
carbon is converted into biomass by photosynthesis (Field et al., 1998). The
atmospheric oxygen levels are maintained at asteady level by photosynthesis, and

the energy necessary for life on Earth is provided (Bryant and Frigaard, 2006).

The atmospheric CO2 concentration has rapidly increased from 280 ppm to more
than 380 ppm since the industrial revolution ; moreover, this concentration is
predicted to reach 700 ppm to 1000 ppm by the end of th e century (Team, 2018).
However, Berkeley Lab (2016) found that the CC: levels in the atmosphere have
stabilized in recent years because plantsare removing more carbon from the air
than in the past. The Conversation (2014) stated thatland plants absorb

approximately 25% of the carbon emissions produced by human activities. Milcu
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et al. (2012) indicated that plantscanremove much more CO:from the atmosphere
than was previously believed . By absorbing COz, plants emit oxygen. Jing (1998)
stated that plants play a significant role in human life by maintaining atmosphere
oxygen levels and that the oxygen production level of some plants is greater than
the CO: absorption level. In addition to stabilizing the oxygen level and reducing
the atmospheric CO:z level, plants also affect indoor CO: levels. Tarran et al. (2007)
indicated that among 55 city offices, rooms with three or more potted plants had
10% lower CO: concentrations in an air-conditioned building and 25% lower
concentrations in a non-air-conditioned building. Pegas et al. (2012) found that
classrooms with plants in Aveiro, Portugal , had lower indoor CO 2 concentrations

than did classroomswithout plants.

Plants canalso directly clean atmosphere by intercepting PMs (Beckett et al., 2000;
Freer-Smith et al., 2004). Chen et al. (2014) claimethat some garden plants have
the ability to remove PMs from the air and significantly improve the urban
environmental quality. At the local scale the inner portion s of forest patchesin
urban areas exhibited significantly reduced concentrations of PMs compared to
those nearforest edges (Cavanagh et al., 2009). McDonald et al. (2007) claimed that
in the West Midlands area of the UK, 110 tons of PMwo was removed per year by
increasing the total tree cover from 3.7% to 16.5%. In Glasgow, the PMuo
concentration was reduced by 2%, accounting for almost 4 tons per year, by
increasing the tree cover from 3.6% to 8%. Nowak et al. (2013) statedhat trees
remove 4.7 to 64.5 tons of PMs annually in Syracuse and Atlanta. In the Greater
London area, almost 852- 2121 tons of PMois annually removed by the urban tree
canopy (Tallis et al., 2011). In theUnited States, urban trees removeapproximately

214900 tonsof PM1o per year (Nowak et al., 2006).

Trees can alsoindirectly reduce PM concentrations. For example, trees can alter

the air temperature, emit VOCs and influence building energy consumption (e.qg.,
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cooling the air temperature to reduce cooling energy consumption, shading
building s and reducing solar heat gains), as well as subsequently affect the
emissions from power stations (Heisler, 1986; Nowak and Crane, 2002; Beckett et
al., 1998). Thus, plantsboth directly and indirectly make great contributions in the

cleaning of the ambient air.

In addition to removing PMs, plants also make a significant contribution to

reducing chemical air pollutants, such as VOCs, ozone, NQ, and SO« Tarran et al.
(2007) performed laboratory studies and found that the VOC load was
significantly reduced by plants. Papinchak et al. (2009) stated that chambers
containing snake plants, spider plants and golden pothos had higher ozone
depletion rates than chambers without plants. Rogers et al. (1977 found that

plants have ahigh capacity for the uptake of nitrogen dioxide.

Therefore, based on the benefitsnoted above, indoor plants have become a design
factor that influences energy savings and IAQ . Table 4.1 liss some indoor plants

that can reduce indoor air pollution.

Table 4.1. Plants and their target air pollutants

Name of plant Target air pollutant s
Adiantum Absorbs radiation from computer and printer
Aloe "EQw?UDPI OEOwietresaively Ox 2 wbi |
Rubber tree Can be helpful in eliminating harmful substanc es
Asparagus Can kill viruses and bacteria
Ivy Absorbs formaldehyde
Cacti Best in reducing radiation
Chlorophytum Filters air
Clivia Keeps air fresh in winter
Monstera Improves air quality at night
Pachira Absorbs smoke well
Kimberley queen fern Formaldehyde, TVOCs
Chinese evergreen TVOCs, formaldehyde

Source: NASA (1989)
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As previously discussed, plants contribute to removing indoor air pollutants, such
as PMs, VOCs and COz. Many studies, especially those conducted in chambers,
have shown that plants can clean air. Wolverton et al. (1989) indicated that plants
have the capability to remove contaminants from the air based on a laboratory
study in a small and sealed chamber. Wood et al. (2003) investigated the
effectiveness of plantsin removing benzene and hexane in a small sealed space
and found that the concentration s of benzene and hexanewere reduced by 80%

and 70%, respectively.

However, many studies have claimed that the laboratory results are not adequate
evidence for concluding that the use of plants indoors can result in significant
reductions in indoor air pollutant levels. Dingle et al. (2000)performed a field
study in office buildings in Perth , Australia, to investigate the effectiveness of
plants in removing formaldehyde. The results show ed ? © change in the
formaldehyde concentrations with the addition of 5 or 10 plants in the room and

O000a wEQuwhhvo wUl EVEUDPOOwWPOwi OUOEOGEIT T aEIl
Another field experiment was conducted by the Association of Landscape
Contractors of America (ALCA) and Healthy Buildings International (HBI) on two
similar floors of an office building in Arlington, VA, USA (HBI , 1992). The study
mainly concluded that no reduction sin pollutant concentrations w erefound in the

rooms with plants. However, this study did not report the number of plants  used
during the investigation. Wood et al . (2006) conducted a similar field study in

Sydney, Australia. The study found that VOC concentrations in rooms with plants

were randomly higher or lower than those in rooms without plants.

Therefore, conflicting conclusions were provided by different studies. On one
hand, the reductions in pollutant concentration s by plants in chamber studies
suggestthat plants are capable of removing air contaminants. On the other hand,

field studies have indicated that plants are not efficient in cleaning air in practical
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settings. Two potential reasons for these difference in various studies are as

follows .

Firstly, most chamber studies were performed with many plants in a small

space.Chambers can create aelatively stable environment for the plants. To
observe the same effect in a real spaceseveral times as many houseplants as
required in the chamber may need to be included in the study . Installing one
or two plants for a large space will not make a significant difference in terms
of air quality.

The second reason for the difference betweenthe laboratory and field studies

is that air pollutants in real buildings are constantly emitted by building

materials and human activities. In some cases, it could be possible that
materials produce air pollutants faster than plants remove them. Human

activit ies alsoconstantly affect the pollutant level sinside, and there may be not
enough time for plants to completely absorbthese pollutants. In the lab studies,
the pollutants were only introduced once, and the air was then monitored to
observe the reductions in pollutant concentration s. Therefore, laboratory

studies and field measurements are very different cases.

Girman et al. (2009) claimed that in field studies, the results are difficult to use to
evaluate the effectiveness of plants in removing air pollutants because the methods
used are not extremely accurate and few field studies consider the effectsof the

ventilation system, indoor air pollutant sources, and human activities.

However, somereal field studies found that plants can reduceinside air pollutant
levels. Pegas et al(2012) comparedthe IAQ in classrooms with plants and without
in Aveiro, Portugal. Six plants were installed in a classroom of 52.5m?, and the
study found that plants decreased the CO: concentration from 2004 ppm to 1121
ppm. Moreover, the total average VOC concentration in the classrooms without

plants during periods of school hours was approximately 4 times higher than the
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average concentration in classrooms with plants. Tarran et al. (2007) concluded
that potted plants are very effective in reducing VOC levels in the real world.
Moreover, potted plants can reduce the CO: levels in air-conditioned buildings
and naturally ventilated buil dings by approximately 10% and 25%, respectively.
In a study by Meattle (2009) over 1200 potted plants were installed in an office
building with approximately 4600m2floor area. The study mainly found that the
incidence of eye irritation , respiratory system, headache, lung impairment and
asthma issues was reduced by 52%, 3%, 24%, 12%, and 9%, respectively, in the
building with plants compared to the levels in other buildings. Thus, plants can
clean ar in practical settings. The questions that must be considered are related to
the species of plantsthat should be used for passive pollutant removal and how

many of plants are needed to effectively clean the air.

However, the process of removing air poll utants, such asvia the absorption of CO:2
and releaseof Oz2during photosynthesis, is very complicated and affected by many
environmental factors, such asthe temperature, COz concentration, and light
intensity. Different species of plants have different r equirements for the rate of
photosynthesis, and it is difficult to determine how many plants must be
introduced in a certain space for CQ: removal and O: release.Moreover, studies
have shown that certain plants can remove VOCs, but the pollutant removal
results in these studies were expressedas percentagerather than asthe mass of

pollutant removed per unit time by a single plant (Girman et al ., 2009).

In Chapter 3, the measurement results in primary s chool buildings showed that
the primary air pollutants are PM 25 and PM1o and that inside PM concentrations
are affected by the ambient PM levels, the building airtightness and internal
activities, such aswriting with chalk . The IAQ is also influenced by increases in

CO:z concentrations during period of increased activity .
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Alow level of airtightness can be improved by sealing gaps and cracksin building s,
and chalk can be replacedwith markers. High level s of CO:z can be reduced by
improving the ventilation rate. Therefore, in the new ILEV system, plants are
mainly used to remove PM, rather than COz, VOCs, and other chemical air

pollutants.
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4.3. Natural ventilation

4.3.1. Benefits and limitations of natural ventilation

Natural ventilation is attractive because it provides fresh air and an energy
efficient building environment. Such ventilation can be driven by awind pressure
difference, a temperature difference or both factors. Well-designed naturally
ventilated buildin gs continuously provide fresh air inside and reduce the
abundance of stale air through designed openings, and building s with natural
ventilation consume less energy thanthose with different ventilation systems
(Liddament, 1996). Studies have shown that occupants in naturally ventilated
buildings have larger acceptable thermal comfort ranges than those in
mechanically ventilated buildings (Humphreys and Nicol , 2000). In general,
mechanical ventilation provides limited but constant conditions, and natural
ventilation offers a broader range of conditions that closely reflect the outdoor

weather pattern (de Dear and Brager, 2002).

However, natural ventilation sys tems also have limitations. For example, such
systems are variable anddepend on the outside weather environment. Moreover,
wind and buoyancy forces are generally difficult to control. Therefore, natural

ventilation systems only work when specific natural drivers are available.
Additionally , in some extreme climate conditions, natural ventilation strateg ies
cannot provide adequate fresh air and thermal comfort (Atkinson, 2009). In urban
environment s, natural ventilation is also less effective than in rural environments
due to reduced wind velocity, urban heat island effects, pollution, and noise
(Ghiaus et al., 2006). For example, Kukadia and Palmer (1998) statedthat
pollutants levels in a naturally ventilated building in Birmingham were generally
more severe than those in a mechanically ventilated building, and the
concentrations were closely related to daily external variations but at lower levels.

Collignan et al. (2001)stated that it is difficult to naturally ventilat e buildings on
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ambient pollution days and prevent the transfer of outdoor air pollutants inside

buildings.

However, these limitations do not mean that natural ventilation system s are not
reliable. If properly designed, anatural ventilation system can provi de a high air -
change rateand consume little energy. Therefore, determining how to provide the

required airflow rate is a critical issue inthe early building design stages.

4.3.2. Research models used to simulate natural ventilation performance

In general, using acceptable natural ventilation strategies can createa comfortable
indoor environment. | n past decades, manytypes of modelling approaches have
been commonly used to predict building ventilation performance . The leading
research methods canbe classified into four types of models: analytical and

empirical models, multizone models, zonal models, and CFD models.

Analytical and empirical models are based onsimple numerical analysis methods
and are commonly used to predict the air flow rate and air velocity distribution

under steady state conditions. In the prediction process,the air inside a building
is assumed to be a non-viscous fluid controlled by the Bernoulli equation. In
addition, the viscous loss of pressureat the air inlet can be estimated with the
establishment of the relationship between volume tric air flow rate and pressure
differences. Generally, this method is suitable for simple buildings (Li and

Delsante, 2001; Li, 2000).

Multizone models are based on the Bernoulli equation and useagrid to divide the

building into many parts ; the parts communicate with each other through doors,

windows, and leakages pathways (Orme, 1996). Over the last 20 years, many

multizone models have been developed (Li et al., 2000). Feustel and Rayner

Hooson (1990) developed a software program called COMIS 3.0 in the IEA Annex

23 project. Li and Peterson (1990) extended and appliedt D OO D1 O1 Wdimple U wphu]
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pressure difference formula in a multi-cell infiltration and exfiltration (MIX.0)
model. Multi zone models can predict the volumetric air flow rate of an entire
building ; however, they cannot provide temperature performance and air flow

distribution information inside the building .

Zonal models are far more complicated and accurate than multizone models. Such
models divide aroom into several areas,and the parametersin each areaare equal,
such as the temperature and concentration of pollutants. The temperature
performance and air flow distribution are investigated using mass and energy
conservation equations. Additionally, several zonal models have been used to
predict ventilation performance. For example, Inard et al. (1998) investigated the
energy consumption and thermal comfort in dwelling cells using a zonal model
approach. Wurtz et al. (1999)conducted a study of two- and three-dimensional
natural and mixed convection simulation s using modular zonal models of

buildings.

CFD models have becomeimportant tools in ventilation research. These models
are mainly used to assesghe IAQ and thermal comfort levels, which are not easy
to investigate with other methods (Chen, 2009). CFD simulations have successfully
predicted the indoor air performance in many cases (Emmerich, 1997; Zhaj 2006).
CFD methods also have other advantages, such as low labaur costs, minimal
equipment requirement s and informative resul ts (Jiang et al., 2004). Generally,
three methods can be used for CFD predictions: direct numerical simulation s
(DNSs), large eddy simulation s (LESs) and Reynolds-averaged Navier-Stokes
(RANS) equation simulation s with turbulence models. Zhai et al. (2007)reviewed
the popular turbulence models that can be used to predict the indoor air
performance and claimed that the performance of models was not always
consistent for different flows . Additionally, the v2f-dav and RNG O w Nmodgls;

which are RANS modes, displayed better performance than other models. Yuan
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(2007) conducted a study of the effects of building shape modification s on wind
pressure differences for the crossventilation of a low -rise building. The paper
compared three turbulence models: the standard O w NRNG, and SSTmodels. The

results indicated that the standard O w Mhad@lwas stable.

4.3.3. Types of natural ventilation

4.3.3.1.Natural ventilation with single -sided opening s

In a single-sided natural ventilation system, i.e., for a case with only one opening
on a single wall (left part of Figure 4.2), air moves in and out of the room through
the same opening, and the main driver is wind turbulence. A relatively low

ventilation rate is typically generated. CIBSE Guide B (2005) advises that the
maximum depth for this case be no over two times the floor -to-ceiling height
(D<2H). For the casewith two openings (right part of Figure 4.2), the ventilation
rate is relatively high and can beenhanced by increasing thedistance between the
two openings in the vertical direction. CIBSE Guide B (2005) recormends a depth
of approximately 2.5 times the floor-to-ceiling height for single-sided double

opening ventilation (D<2.5H).
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Figure 42. Singlesided ventilation strategiggIBSE Guide2005)
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4.3.3.2 Natural ventilation with cross openings

In cross natural ventilation strategies, two or more openings are located on
opposite walls, as shown in Figure 4.3. The induced force is typically the wind
(CIBSE Guide B 2009. The fresh air, which is heavy, comes into the room through
the low-level openings, and the waste air, which is warm, light and contains some
pollutants, is exhausted via the high-level openings. The time required for the air
to move acrossspaceshould be less than the time needed for the air to rise to the
height of the outlet. CIBSE Guide B (2005) recommends that the effectivelepth for

crossventilation is no more than five times the floor -to-ceiling height .
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Figure 4.3.Cross ventilation strategies

Source: CIBSE Guide B (2005) (left) Building Bulletin 101 (2006) (right)

4 .3.3.3.Stack natural ventilation

Stack ventilation, as shown in Figure 4.4, is atype of ventilation strategy that use
a driving force to promote outflow through corridors or adjacent spaces into a
stack. Then, fresh air is introduced into the room through low -level openings. The
driv ing forces aretypically buoyancy forces induced by the density difference of
the air between the indoor and outdoor environments (Khoukhia and Al -Magbali,
2011). In thedesign of this type of ventilation strategy, Building Bulletin 101 (2006)

advises that users should specify the height from the floor to the mid dle-height of
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alow -level opening, as well as the height of the stack. The areasof the stack outlet
and back wall vent should also be specified, and then the inlet area can be obtained
by calculations. In CIBSE Guide B, the recommended depth for this ventilation
strategy is five times the height from floor to ceiling. In high -rise or large non-
domestic buildings, this stack ventilation is commonly positioned at the centre

column of abuilding , such asin stairway and elevator shafts.
| (=
H=height t

v D=depth

Figure 4 4. Stack ventilation

Source: Building Bulletin 101 (2016)

4.3.3.4Wind -driven natural ventilation

The physical principles of wind -driven ventilation are similar to th ose of stack
ventilation, but the main driver is wind rather than buoyancy. According to the
recommendation of the CIBSE (2007) two main factors affect the distribution of

pressures on the surfaces ofa building :

?wind speed and direction relative to the building: the local wind speed is

affected by the type of terrain surrounding the building »

?shape of the building: this provides the opportunity for the architectural form

and detailing to enhance the potential for wind -driven ventilation ?
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Dalgliesh and Schriever (1968) stated U1 EtBewditribution of pressures and
suction levels acrossa building largely depends on how it disturbs the air flow ? 6
As Figure 4.5 shows that the wind velocity increases from the low to high levels.
In addition, CIBSE (2007) suggeststhat air normally flows from high surface
pressure areas to lowpressure areas, am positive pressures always exist along
building surfaces facing the wind . Moreover, the leeward surfaces will experience

suctions effects.

Wind direction

Wind pressure on building surfaces

and velocity

Figure 45. Distribution of wind pressures (+) and suction$ (

Source:Dalgliesh and Schriever (1968)

4.3.4. Selection of natural ventilation types

As introduced in section 4.3.3, single-sided natural ventilation and natural cross
ventilation mainly rely on wind effects to generate a relatively low ventilation
rates, and the recommended depth of a building plan is relatively small compared
with that for stack ventilation. Thus, for school buildings that require high

ventilation rate s, these two natural ventilation strategie s are not recommended.

Natural stack ventilation is driven by density differences between the indoor air
and outdoor air. The outdoor air is drawn across the building and then is expelled
through a high-level opening in a vertical channel, such as anatrium, stairwell, or

chimney. Natural stack ventilation is stable becauseit minimi ses the effects of
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wind and generatesrelatively high ventilation rate s (Stabat et al., 2012). Moreover,
natural stack ventilation can be combined with passive techniques, such assolar
chimneys, which can further enhance the ventilation rate . Thus, in this study,

natural stack ventilation is used in the ILEV system.

Department of Architecture and Built Environment 120



The University of Nottingham

4.4. EHEAs

EAHESs have considerable potential due to their relatively low operating costsand
excellent energy conservation efficiency. Air is supplied through buried pipes , and
the temperature of the ground below a certain depth is essentially constant;
therefore, during the supply process, ambient air temperature fluctuations are
negligible. Coupled with a building ventilation system, EAHEsS can provide

preheated air in winter or pre cooled air in summer. Pipe loops are usually buried
horizontally in the ground . As a natural material, deep soil, which acts asboth a
source and sink, is readily available in most places around the world. Thus, this
method is sustainable and equivalent to using a renewable energy source. EAHES
release no toxic emissions and are thus not detrimental to the environment.
Compared with ground source heat pumps (GSHPs), EAHEs do not require a
refrigerant, such aswater for cooling the air. Additionally, EAHESs have a long

lifespan and require little maintenance.

4.4.1. The historical development of EAHE s

The earliest application of EAHE s was likely the nests built by ants (Figure 4.6)
(Lobeck, 1939).Such nests are typically built above underground sources of water
or in wet soil. In addition, one large nest provides shelter for millions of ants, and
the ants require fresh air in the nest and must remove the excessheat. Ant nests
consist of underground branched networks of passagesand chambers. Surficial
chambers are connected to lower chambers by verticalpassageswith branching

lateral passages The chambers are the main spaces for the ant activities,and the
vertical passagesact as ventilation stacks. In the lowest level of an ant nest, the air
temperature is decreasedby the underground water and then the air flows to the
chambers via vertical passages Therefore, due to stack effects, theair in the

chambersis expelled, and fresh, cold air rises. Based on this processthe ant nest
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maintain s a steady temperature. Generally, the inside temperature of a nest is
approximately 25-28°C. Notably, in winter , the inside temperature remains at
approximately 20°C,even when the outside temperature is negative. The numbers
of passagesand chambers depend on the size of thenest, and in some cases, one
passagemay service severalchambers. Moreover, several passagescan act as one

large stack for one large chamber.

Figure 46. Ant nest and convection principles
Source: Wu (2013)
Five million years ago, buildings in the Middle East adopted EAHES to provide
cool air (Figure 4.7). The Persiansdesigned a passive cooling system using wind
catchers and EAHEs (Valipour and Oshrien , 2012; EI-Shorbagy, 2010). Innatural
conditions, EAHEs can significantly increasethe thermal comfort of buildings in
the Middle East. Fresh airis supplied via underground tube s, and the waste air is

expelled by stack effects.

e Wind Tower

Cooled Basement

Access Shalft

Figure 47. EAHE and Windcatcher
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Source: Wu (2013)
In 1877, one office building established by Hain and Alberts (1991) (Cited by Wu,
2013)was equipped with EAHES to provide precooled air and preheated air for
occupants, and this building may be the earliest design example in Europe (Figure
4.8). Many clay pipes, including one main pipe and other branch pipes, were
buried below the building . In addition, fans or blowers were used to transfer air
inside through the underground clay pipes. After the building was constructed, a

patent was obtained for their design.

Figure 48. Office building equipped EAHE
Source: Wu (2013)
In 1973, due to the energy crisis,increased attention was given to research on
EAHEs and their application. France, Germany, and Greece began studying
EAHEs in the 1960s, and remarkable achievements have been accomplished
regarding the efficiency, modelling and energy savings of EAHE s (Wu, 2013).The
implementation of EAHE s in western developed countries has becomerelatively
common since the mid -1990s After the 1990s EAHES have been slowly adopted
in North America. In recent years, India, Romania and other developing countries

have made significant progressin application s of EAHE s (Wu, 2013.
4.4.2. Benefits of EAHES

EAHESs provide promising passive actions due to their great energy savings

potential , ability to maintain thermal comfort, and excellentindoor environment
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performance. In 1994, Mihalakakou et al. (1994) claimed that EAHES have great
potential for reducing the building heating load in Dublin in winter. Santamouris
et al. (1996) concluded that EAHES @n reduce the indoor air temperature by 33
to 103 and provide 28% to 60% of the cooling loads for greenhouseson summer
days. Chel and Tiwari (2009) found that EAHEs can provide a thermally
comfortable indoor environment in winter and summer . Moreover, the energy
savings potential of a building with EAHES is two times that of a building without
EAHEs. Al-Ajmi et al. (2006) stated that EAHEs @n reduce the energy demand of
a typical house by over 30% in the peak summer season in Kuwait. Gidado and
Amhed (2008) claimed that EAHEs provided a thermally comfortable indoor
environment by consuming less energy in Nigeria. Tiwari et al. (2006) conducted
experimental work on a greenhouse with an EAHE to validate a thermal model in
New Delhi. The measurement results showed that the air temperature of the
greenhouse increasel by 83 in winter and decreased by 43 in summer. Ascione
et al. (2016)analysed a case study of anet zero energy building in Palermo , south
Italy. They evaluated the benefits related to the EAHES regarding the reduction of
the energy consumption and also the decreasesin CO: emissions in the
Mediterranean climate. The study concluded that on average, a primary energy
reduction of 24-38% could be achievedannually . Stahl and Eng (2002 stated that
EAHESs can provide 1200 kWh heating energy for buildings, equal to a 10% energy

savings compared with buildings not equipped with EAHES in Sweden.

Thus, based onthe discussion above, EAHEs can supply air with a thermally
comfortable temperature and achieve significant energy savings by supplying air

with atemperature considerably different than that of ambient air.

4.4.3. Influential factors on the efficiency of EAHE

Various factors influence the efficiency of EAHES, such asthe local climate, soil

temperature, pipe materials, heating and cooling loads. Pfafferott (2003) studied

Department of Architecture and Built Environment 124



The University of Nottingham

three Central European office buildings equipped with EAHES to characterise
their efficiency . The study found that the performance of EAHEs was dependent
on project-specific criteria. Notably, different projects have different climate
backgrounds and design goals. Santamouriset al. (1996) investigated the factors
that influenced the performance of EAHESs installed in greenhouses. The study
mainly found that increasng the pipe length, decreasing the pipe diameter,
increasing the buried depth and decreasing the air velocity inside the pipes
significantly improve d the thermal perform ance ofthe EAHEs. Wagner et al. (2000)
indicated that increasing the pipe length and buried depth had positive effects on
the performance of EAHESs. Bojic et al. (1997)performed a study to evaluate the
performance of EAHEs in winter and summer , and found that in winter , the
efficiency of EAHES decreasead at noon and increased at other times. In summer at
noon, the cooling capacity of EAHEs was higher than that during other periods
throughout the day . Kumar et al. (2003) developed a numerical model to predict
the energy conservation potential and passive thermal performance of buildings.
This model assessed the efficiency of EAHES by incorporating the effects of the
ground temperature gradient, surface conditions, moisture content and various
design aspects d the EAHESs. The study stated that increasing the pipe length and
decreasingthe airflow velocity enhancedthe performance of the EAHESs. Bansalet
al. (2010) studied the effects of air velocity on the thermal performance of EAHEs.
They concluded that the velocity of the air inside the pipes greatly affected the
performance of the EAHEs. Stahl and Eng (2002) studied the effects othe pipe
material on th e performance of EAHESs and found that the relative humidity of the
air at the outlet of concrete pipe could be maintained at 100% throughout the year
and that the relative humidity at the outlet of a plastic pipe reached 100% in
summer. Thus, plastic pipes displayed better performance in avoiding

condensation.
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The literature review above indicates that various factors can affect the
performance of EAHES. In practice, factors such asthe pipe length, buried depth,
local weather conditions, air flow velocity , heating and cooling loads, and pipe

material should be consideredin the design of EAHES.

4.4.4. Types of EAHE

There are two general types of EAHES: open-loop EAHE s (Figure 4.9) and closed
loop EAHE s (Figure 4.10) (Florides and Kalogirou , 2007).

Open-loop EAHE

In an open-loop system, ambient air is directly supplied to target buildings

through buried pipes to meet the heating or cooling requirements; then, the waste
air is expelled through outlets. The air can be driven by natural forces when
coupled with natural ventilation or by mechanical devices such as fans or blower s.
The soil is used as a medium todirectly heat or cool the supplied air according to
the seasoral weather. The pipe material used should be extraordinarily durable
and heat sensitive. In some cases, the opettoop EAHEs are combined with other

operating systems, such as aircondition ers, mechanical ventilation, and heat

recovery systems.

Figure 49. OpenloopEAHE

Source:Bisoniya et al. (2014)
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In general, open-loop EAHESs have higher heating and cooling capacities than
closed-loop systems. Moreover, open-loop EAHES can avoid the circulation of
contaminants throughout the system. Moreover, open-loop EAHEs are very
flexible and can be easily and inexpensively applied to fit various building
geometries and structural conditions; therefore, the installation costs and
maintenance requirements are lower than those of other systems. Openloop
EAHEs can be combined with natural drivers, such as buoyancy from the
temperature difference between the inside and outside air temperatures or
pressure differences due to the wind . However, open-loop EAHEs have some
disadvantages.; notably, they have more potential problems than conventional
systems becausethey transport outside air pollutants directly into buildings if

there is no filter or fresh air system installed. Therefore, in extremely polluted
outside air conditions, open-loop EAHES are not suitable for supplying cooled or

heated air in buildings.

Closed loop EAHE

In closed-loop EAHES, air is circulated throughout building zones and buried

pipes. Thus, a closed-loop system can alsobe called aninternal circulation system.
The building and system are isolated from the outside. The ambient air can only
penetrate a building via air leakages pathways. Circulated air is driven by
mechanical devices such as fans and blowers. In some casesgJosed-loop EAHES
can also be coupled with other operating systems, such as air condition ers,

mechanical ventilation, and heat recovery systens.
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Figure 410. ClosedoopEAHE

Source: Bisoniya et al. (2014)

In general, closedloop EAHES are not preferred over open-loop EAHES because
they lower the heat exchange efficiency and often fail to meet the fresh air
requirements of buildings. Additionally, indoor air contaminants, such asPMs,
VOCs, and CO, can becontinuously re circulated and never be transported outside.
Therefore, closed-loop EAHEs can only provide changesin the air temperature.
Additionally , they are not asflexible as open-loop EAHES due to the contact and
surface area limitations of circulated air and buried pipes. Consequently, the
heating or cooling capacity can decrease in the long term. Moreover, the
maintenance cost are higher than those of conventional heating and cooling

systems and open-loop EAHESs.

Other EAHESs

Open-loop and closed-loop EAHES do not represent all types of EAHES. A number
of exchangerscannot be simply categorised basedonly on the loop configuration

and connection scheme In some casesppen- and closed-loop of EAHES can be
employed at the same time. In addition, loop configurations can differ, and the
pipes can be buried in parallel or vertically. In addition, the heating and cooling
medium can vary during different phases. One famous heat exchanger isthe pond

or lake loop exchanger (Figure 411)
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It is counter-intuitive to think that a pond capped with winter ice can serve as an
adequate geothermal heat source for a building during the heating season. Pong
and lakes absorb heat in spring, summer, and autumn. In addition, they release
much of this heat in winter. Ponds or lakes normally include closedloops of pipes
or tubes, and the pipes or tubes are weighted to prevent floating. The advantages
of pond and lake loop systems include a high heat exchange efficiency,low costs
and low maintenance requirements. However, such systems have nherent
disadvantages. First, a pond or lake is required for the loop exchangers, and the
water requires treatment if circulated. In addition, the water cannot be directly
used because of potential problemsrelated to heat exchanger fouling and pump
suction issues Additionally, pond and lake loop systems cannot be coupled with

natural conditions ; thus they require considerable electricity consumption .

Figure 411. Pond or lake loop system

Source: Aztech Geo, (n.d.)

4.4.5. Simulation model development of EAHE

In Sweden, Claessonand Dunand (1983) conducted the earliest study of the
extraction of heat from the ground in modern history. They analysed a steady state
heat extraction model from a number of perspectives based onan entire cooling
and heating system. Specifically, they considered the categories of pipes,quantity
of pipes, configurations of pipes, effects of the ground surface temperature and the

temperature distribution along the pipes. Equations with different boundary
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conditions were employed to assessthe performance of the heat exchangers.
Additionally , the process of heat exchange was modelled by element
superposition. Various processes can be isolated by superposition,and this
approach provided avaluable and complex understanding of the heat extraction

process.

In the mid-1980s, Oak Ridge National Laboratory (ORNL) developed a model
suitable for EAHE calculations (Mei, 1986). ThreeEAHE models were produced
according to the energy balance. One model incorporated a radially symmetrical
temperature profile and considered the effect of frozen soil. Another model was
based on a three-dimensional ground temperature distribution , which was
influenced by heat transfer between the ground surface and ambient air. The final
model evaluated the effects of ground heat transfer and thermal interference. A
finite difference model based on a partial differential equation was usedto obtain
the solutions. The ORNL model divided the heat exchanger and surrounding soil
into several segments along the Xaxis and Y-axis according to the heat balance
equation and linear source. The soil thermal characteristics, durability of pipes or
tubes, changesin soil temperatur e and backfill materials were considered in the
calculation process. Moreover, to simplify the required equations, some
assumptions were made, for example, the model assumed that the soil was
homogeneous. The research theories from Mei and Emerson (1985) rad the
experimental data from Hughes (1985) indicated that the ORNL model provides
predications with high level accuracy and that the movement of moisture and
frozen soil had little influence on the performance of EAHESs. Therefore, the ORNL

model has become a design tool for EAHES.

Lee and Strand (2006) developeda module to simulate earth pipes in the Energy-
Plus program. There are three solution managers in Energy-Plus: the surface heat

balance manager, the air heat balance manager and the building swtems
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simulation manager. The earth pipe module is implemented as part of the air heat
balance manager. In addition, the authors made several assumptionsto simplify
the simulation process. For example, they assumed that the pipe surface
temperature is uniform in the axial direction, the soil surrounding the pipe is
homogeneous and has a constant thermal conductivity, and the pipe has a uniform
cross-sectiond area in the axial direction. The research mainly evaluated the effects
of the pipe diameter, pipe length, volume tric ventilation rate inside the pipes and

the depth of the buried pipes on the performance of the EAHES.

In addition to mathematic models and the simulation program Energy-Plus, other
CFD models are commonly used to predict the performance of EAHEs. CFD
simulation sare time -saving and cost-effective methods, compared with traditional
wind tunnel test s (Douglas, 2011).In addition, the accuracy of CFD simulations
has been verified. Thakur and Sharma (2015) stated that a consistent agreement
can be achievedbetween CFD simulation results and experimental data. Wu et al.
(2007) established a CB model to evaluate the $ ' $ perfaxmance in South
China. The study found that CFD simulations can provide reliable data for
designers. Amanowicz and Wojtkowiak (2018) suggested that CFD models can be

helpful in the design and optimization of EAHES.

Thus, common simulation models for EAHEs include mathematical models,
software simulation model s (programs such asEnergy-Plus), and CFD simulation
models. Mathematic models have a long history and have beenwidely used . CFD
models are more convenient and provide a time-saving and cost-effective method

compared to other models.
4.4.6. EAHE application in China

In China, the application of EAHEs began with underground space design for

public buildings. Sincethe 1960s academic researchers in Chinahave investigated
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tunnel win ds in underground spaces, such as in theCivil Air Défense Project. Mou
(1982) studiedthe relation between tunnel wind sand the heat exchange efficiency.
An earth-to-air steady state heat exchange model was developed based on a
constant heatfluid and semi-infinite object heat transfer. Song and Zhu (2009)
from Tsinghua University developed a calculation model for EAHES by coupl ing
a three-dimensional unsteady solid model and a one-dimensional fluid heat
transfer model. Zhang (1981) from the Beijing Institute of Architectural Design
Company analysed the cooling potential of EAHES, introduced the concept of the
heat transfer thickness and replaced the surface temperature with the soll

temperature.

Some researchers have investigated the design parameters of EAHEs using
numerical models verified with experimental data (Wu et al., 2006; Xia and Zhou,
2006).Previous studies found that the efficiency of heat transfer increaseswith the
burial depth and the length of the pipes. Moreover, the larger the diameter of
buried pipes is, the larger the heat transfer. Wu et al. (2007) investigated EAHES
on the campus of South China University of Technology. A system with EAHES
was built to meet the laboratory cooling demand , and data were collected during
the summer period. The dimensions of pipes were 60 meters in length, and 200
mm in diameter, and the volumetric air flow rate was 1000m3. In addition, the
pipes were buried at a depth of 3.75m. The findings indicated that in the summer,
the outlet air temperature was maintained at approximately 23.8C to 29.5C when

the ambient air temperature ranged from 27.3C to 37°C.

In other studies, underground tunnel wind s were regarded as the heat source for
heat pumps in the cold climate zone in China (Li et al., 2003; Gao and Lj 2010).
These studiesfound that underground tunnel wind s can significantly improve the
performance of air-source heat pumps in winter and reduce energy consumption

due to defrosting. Researchers from Chongqing University established an
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underground tunnel wind ventilation system based on a theoretical analysis,
numerical model and experiment al measurements. The vertical tubeswere buried
at a depth of 23m, and the inner diameter of the tubes was 80mm. Measurements
were recorded from July to August 2008. The data showed that the largest
temperature difference of the air between the inlet and outlet of the tubes was
9.31°C. Therefore, they concluded that the systemreached a steady stateand was
highly efficient when intermittently operated. Liu (2001) built an underground

tunnel wind theoretical model based on experimental work at South China
University. Dynamic simulation s were combined with a building information

model, weather data and tunnel wind parameters to develop a software package
for predicting the effectiveness ofunderground tunnel wind ventilation system s.
The research found that the predictions were very accurate and could be used to

in the initial design stage.

Although some projects have reduced building energy consumption using

underground tunnel wind ventilation system s. However, in most cases such
systems have been establishewnly in buildings with underground air -raid shelter
spaces.For buildings have no underground spaces,the underground tunnel wind

ventilation system s cannot be used and may not meet the building requirements.
Therefore, EAHEs provide a new option for these buildings. Directly u sing the soll
as a source for cooling or heating air is an efficient way to passively improve the

thermal comfort inside a room.
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4.5. Solar chimney

Traditional natural ventilation system s are easily affected by weather conditions.
In some casespecause ofthe small pressure difference, the volumetric air flow rate
is relatively low and cannot meet the corresponding ventilation standard s.
Consequently, solar chimneys have drawn increased attention for passive solar
house design due totheir benefits associated with building ventilation and health
improvement s. These chimneys are natural ventilation devices that can provide
buoyancy for airflow susing solar radiation and therefore accelerate the process of
transferring waste air outside and fresh air inside. Solar chimneys increase the air
exchange rate, remove indoor air pollutants and ensure that the IAQ is satisfactory.
In this process, solar energy is converted to kinetic energy, which drives the

airflow s.

Solar energy is the most important renewable energy worldwide because it is
affordable, inexhaustible and clean; therefore, it will have substantial long-term
benefits for human development. Moreover, renewable energies such as solar can
reduce the reliance of society on fossil fuels, enhance sustainability , decrease
environmental pollution and lower the costs of energy consumption. In real
application s, solar energy utilisation can be categorisedinto two groups, namely:
active solar and passive solar, based on the power supply . Solar chimneys are
commonly used as a form of passive design.Specifically, these chimneys collect
and absorb the energy from solar radiation and increases he buoyancy of heated
air. There are no extra power supplies, and environmental pollut ants are not
produced during the process. Solar chimneys are popular in caseswhere cross
ventilation or stack ventilation may not be sufficient, or the designers do not want
to use mechanical ventilation. Therefore, based on how they work, solar chimneys
are typically constructed facing the sun and are painted black with matted surfaces.

Moreover, solar chimneys are generally insulated from occupied spaces, so they
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cannot transfer heat to the inside of aroom and only provide ventilation services.
Overall, in places where ecofriendly devices are needed, solar chimneys can offer
significant help in removing waste air from a room or building without consuming

any fossil fuel energy.

4.5.1. The history and development of solar chimney

In the 1950s French engineer Felix Trombe made the Trombe wallfamous after he
built homes with Trombe walls in the French Pyrenees. Thus, Trombe walls should
be considered the first successful application of solar chimneys. The structure of

the Trombe wall is shown in Figure 4.12.

Figure 412. Trombe wall

Source:HVAC Variety (2018)

The heavy wall behind the pane of glass is used to absorb and store heat during
the daytime, and the single-glazed surface insulates the wall from the external
conditions. In winter, the vent on the top of the pane of glass should be closed,and
the heavy wall absorbs and stores heat during the daytime and releases the heat
into the space during the cold night. During the summer, the vent on the top of the

glass canbe opened to the outside, and an overhang above the wall prevents
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overheating from the summer sun. The vent allows air inside in the narrow space
to rise quickly and flow out of the wall; in this way , asolar chimney is created for

cooling the building.

In recent decades, extensivestudies on solar chimney s have been performed. A
number of studies based on experimental measurements and numerical models
have provided solutions for solar chimney design (Zalewski et al.,1997; Jie et al.,
2007; Briga Sa et al., 2017)n addition, several types of solar chimneys have been
developed, such as the Trombe wall structure, roof -mounted vertical solar
chimney, wall-roof structure and solar chimney with wind catchers or a wind
tower. Solar chimneys have been widely used in passive house design in many

countri es andhave becomea critical feature of solar houses.

4.5.2. Benefits of solar chimney

As a passive method that promote s natural ventilation, the potential benefits of
solar chimneys are extensive Barozz et al. (1992) conducted numerical and
experimental studiesto evaluate the performance of a passive building equipped
with a solar chimney in Nigeria. The building tested covers an area of 19.25m?,
and the roof actsas a solar chimneyto generate air flow through the hollow spaces
in the building and provide cooling services. The paper mainly found that as
expected, the solar chimney caused a pressure drop inthe internal spaces and
fresh air flowed inside the building at a higher speedthan before the chimney was
installed. Bansalet al. (1993) developed asteady state mathematical model of a
solar chimney that was used to promote stack ventilation. The researchfindings
showed that high air flow rates can be obtained by solar chimney effects if the
system is properly designed. Another study by Bansal et al. (1994) assessed the
performance of a solar chimney coupled with a wind tower in a natural ly
ventilated building. The research results indicated that the solar chimney

integrated with a wind tower can significantly improve the ventilation
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performance when the ambient air moves at a slow speed. Ong (2003) proposed a
simple mathematical model of a solar chimney in Malaysia and concluded that the
solar chimney made a significant contribut ion to the natural ventilation system.
Afonso and Oliveria (2000) compared a conventional chimney and a solar chimney
in Porto, Portugal. The conventional chimney has no glass panels and was built
entirely of brick. Additionally, parts such asthe walls, ceilings and slab were made
of concrete with external insulation. The performances of these two types of
chimneys in a small building of 12 m? was evaluated. The paper concluded that
the average ventilation efficiency was improved by 10% to 22%with the solar

chimney based on climatic data from Portugal.

Thus, previous studies verified that solar chimneys can improve the ventilation
rate in naturally ventilated buildings (Bansal et al., 1993; Chen et al., 2003; Spencer,
2001). However, in the design of a solar chimney, various factors, such asthe
dimensions and type of solar chimney, should be considered since they have

significant effects on performance.

4.5.3. Influential factors on the performance of solar chimney

4.5.3.1. Effects ofdimensions of the solar chimney

The height and width ( distance between theglazed panel and heat collection wall)
of asolar chimney are two main dimensional factors that affect the ventilation rate

of the chimney. The effects of height and width on the performance of solar
chimneys have been extensively analysed using small-scale and full-scalemodels.
Spencer et al. (2000) imestigated the effects ofthe width -to-height ratio of a solar
chimney using a small-scale model built based onan electrolysis salt experiment.
The study suggested that the airflow rate in the chimney can be increased by
improving the width and height. However, when the ratio of the width to height

is over 0.5,the air flow rate stabilises,and reverse air flow can be observedat the
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outlet of the chimney. Duan (2009) also usedan electrolysis salt experiment to
show that increasing the size ofthe inlet opening can reduce the reserved air flow.
Additionally, the optimum width -to-height ratios of a Trombe wall and roof -
mounted vertical solar chimney were 0.08 and 0.5 respectively. Jing (2005)
investigated the relationship between the width and height of a vertical solar
chimney using a gas simulation method with a heating source in an experimental

small-scalemodel. The researchconcluded that the optimum width -to-height ratio

was 0.5 forthe roof mounted vertical solar chimney.

In addition to experimental and simulation models, theoretical models have been
used to investigate the relationship between the width and height of solar
chimneys. Bansal et al. (1993) developed asteady state mathematical model of a
solar chimney that was used to promote stack ventilation. The method used was
based on theoretical analysis and considered openings of different size with

varying values of the discharge coefficients. The findings showed that the
volumetric airflow rate can be improved until the width to height ratio increased
to a certain value. Moreover, Equation 4.5.3.1 which describe the relationship

between the dimensions of the solar chimney and volume tric air flow rate, was

proposed:
=CGY o[2gH (Ti-Ta)]°%/ [ (1+! /! )T4°5(Equation 4.5.3.1)

Where s the volumetric air flow rate , Cu is discharge coefficient (0.57) 4 wdD U wU T 1
air density, Ai is the inlet areas Ao is the outlet areas H is the height of the solar
chimney, Ta is the ambient air temperature, and Ti is the indoor air temperature.

Studies conducted by Aboulnaga (1998) and Bansal et al. (1994) validated the
accuracy of equation 4.5.3.1 usingenergy-balance methods. However, Chen et al.

(2003) foundthat the volumetric air flow rate s obtained by Bansal et al. (1993 ere
overestimated due to the underestimation of the pressure drop inside the solar

chimney.
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Previously, no studies have investigated the optimal relationship between the
width and height of a solar chimney or optimal chimney design. The most
common result obtained from previous studies is that increasing the width -to-
height ratio of a solar chimney can enhance the ventilation rate inside the chimney

until a certain threshold is reached.

4.5.3.2. Effects of the structure type of solar chimney

There are three common types ofsolar chimneys: Trombe wall s, inclined roof solar
chimneys, and vertical roof-mounted solar chimneys. Different types of solar
chimneys have different suitability based on various conditions, such as the
building location, cost, wind speed, and direction. Trombe wall s can beincluded
in the external fabric of a building and provide passive cooling or hea ting without

occupying the inner building space. However,reverse air flows are more common

in these casedglue to the large pressure loss inside the chimney (Su et al., 2005).

Vertical roof -mounted solar chimney s normally exhibit better performance than
Trombe walls because they havelarge pressure difference and small pressure loss
(Su et al, 2005). Many studies .g., Barozzi et al., 1992; Bansal et al., 1993; Ong and
Chow, 2003) have been conducted to evaluate the effectiveness of vertical solar
chimneysand identif ied the most important influential factors. A numerical study
was performed by Wang and Li (2004) to investigate the mass flow rate,
temperature field and velocity field in a vertical solar chimney under steady state
condition s. A large number of simulation s was used to guide the construction
design of the solar chimney and the results showed that the optimum width -to-
height ratio was 0.5 for the vertical roof -mounted solar chimney. Afonso and
Oliveria (2000) compared a conventional vertical chimney and a vertical solar
chimney in Porto, Portugal. The conventional chimney had no glass panels and
was completely built with brick. The performance of eachtype of chimney was

evaluated in a small building of 12 m?, and a thermal model was developed for
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simulating solar chimneys. The paper concluded that the average ventilation
efficiency was improved by 10% to 22% by installing the vertical solar chimney
based onclimatic data from Portugal. In addition, the solar chimney perform ed

better in warm months than in cold months.

Inclined roof solar chimney s are the most effective among the three types of solar
chimney s because theyprovide a more stable velocity field inside the chimney and
a higher volumetric flow rate (Harris and Helwiq ,2007). The mosimportant factor
that influences inclined roof solar chimney sis the inclination angle (Su et al, 2005).
Mathur et al. (2006a) found that the optimum absorber inclination varie d from 40
degrees to 60 degreesdepending on latitude. Bassiouny and Korah (2009)
indicated that the optimum air flow rate was achieved when the chimney
inclination angle was between 45 degrees and 70 degrees. Harris and Helwig (2007)
claimed that for a south-facing chimney, an inclination angle of 67.5° from

horizontal was optimum for the studied location.

Many studies have investigated the performance of three types of solar chimneys
and the corresponding influential factors, such as the optimal width -to-height
ratio and inclination angle. However, these findings were obtained based on
specific background conditions. Until today, no researchhasgiven optimal design

guidelines for solar chimney.

4.5.4. Simulation model development of solar chimney

Mathematical models based on the energy balance equationare commonly used
for predicting the performance of solar chimney s. Such models evaluate the
effectiveness of solar chimneys by analysing the processesof heat transfer between
the heat collection walls and glazing panel. Ong (2003) proposed a one
dimensional steady state mathematical model based on the energy balance

equation to analyse the temperature and velocity distribution sinside a chimney.
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Afonso and Oliveria (2000) developed a onedimensional unsteady state
mathematical model to analyse the air temperature and air flow velocity inside a
chimney. Bansal et al. (1993) developed a similar mathematical model for a solar
chimney. The calculation results indicated that the numerical predictions of the

mathematical model were in good agreement with the experimental data.

Compared with mathematic al models, CFD simulations are among the most
popular methods used to predict the performance of solar chimney s because they
provide detailed description s of the air temperature field distribution and air flow
velocity distribution. Yedder and Bilgen (1991) conducted CFD simulations o f the
air temperature distribution field and air flow velocity inside  achimney based on
two -dimensional laminar flow. In addition, the functional relationship between
the Nu-number and Ra-number was given. Rodrigues et al. (2000) explored the air
flow velocity and air temperature using a ktQmodel for two-dimensional
turbulent flow. The effects of the Nu-number and Gr-number on the ventila tion
performance of asolar chimney were analysed. Bacharoudiset al. (2007) compared
the simulation results for six types of turbulence models and concluded that the
kt Omodel provide d the best prediction of the performance of the solar chimney.
Wang (2003) simulated solar chimney performance using the standard kt Qmodel
and RNG ki Omodel for different types of solar chimney s. The study suggested
that the standard kit Omodel combined with the non-equilibrium wall function

method is recommended for three-dimensional simulation s.

Currently, mathematic al models and CFD simulation s are the two main methods
of predicating the solar chimney performance. However, both methods have some
drawbacks. For example, mathematical models based on the energy balance
equations typically ignore the thermal resistance of the glazing panel and heat
collection wall. In addition, CFD simulation results highly depend on model

selection (Su et al., 2005).

Department of Architecture and Built Environment 141



The University of Nottingham

4.5.5. Solar chimney development in China

In China, solar chimneys have been widely used in traditional buildings. For

example, the courtyard houses in Beijing, traditional houses in Xinjiang and
Mongolian yurt s, use stack effectsfor natural ventilation and smoke discharge.
Thus, to some extent, these buildings have already employed the solar chimney
design concept Clearly, traditional Chinese societies knew about the characteristic

benefits of this types of flow pattern.

Some studies of solar chimneys have been recently conducted in China. Most
studies used numerical methods to simulate the performance of solar chimney
devices. In addition, experimental methods were employed to verify the

simulation results. Zhao (2004) conducted a numerical analysis of a solar chimney
natural ventilation systems. The temperatur e and velocity field swere investigated
under various conditions. The relationships between volumetric air flow rate and

height and opening size of the solar chimney were analysed. Based on the
numerical modelling results, the volumetric airflow rate wasfound to be relatively

small when the airflow velocity inside the chimney was small; in this case,awind

blower or heat collection plate can be employed to increasethe ventilation rate.
Yang and Shi (2005) expored a simplified mathematic al model of a solar
ventilation wall based on the heat balance method and heat transfer theory. The
study simulated the ventilation performance to determine the effects of the wall
dimensions and local climate. The research conclusionsindicated that increasing
the width and height of the solar ventilation wall improve d the ventilation rate.
Moreover, increasein the solar radiation and ambient air temperature had positive
effects on the performance of solar chimney. Wang (2003) analysed the
characteristics of a Trombe wall using experimental simulation methods. The

results indicated that the volume tric air flow rate could be increasedby increasing

the height of the solar chimney and intensity of solar radiation . Moreover, in most
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cases the optimum width -to-height ratio of solar chimney was 0.5 and this
number was influenced by the sizes and positions of the air outlets and inlets. Jing
(2005) performed a study of a solar chimney equipped with a one-sided vertical
heat collection plate. The study concluded that there are optimum structur al
dimensions for solar chimney design. The best width -to-height ratio was 0.5for a
solar chimney 2 m high, 1 m long and 400 mm to 1200mm wide . The air flow rate
did not considerably change when the width -to-height ratio was greater than 0.5
Dai and Wang (200) studied the pressure, air temperature and velocity in a solar
chimney ventilation system. A numerical analysis and CFD kt Qmodel simulation s
were performed. Xu et al. (2010) studied a hybrid ventilation system in a school
classroom with a solar chimney based on experimental measurements and
software simulation s. The authors focused on the effects of heat sources inside the
room, the opening positions of the mechanical supply devices, the airflow velocity
and ambient solar radiation levels on ventilation performance. The hybrid
ventilation system was recommended for school design cases and mechanical air
supply devices were recommended for usedin extreme weather conditions. Zhang
et al. (2012) canbined solar chimney and Trombe wall equations using heat
transfer theory. In addition, atype of composite solar chimney ventilation system
was designed. An assessment ofthe ventilation performances indicated that the
dimensions of the solar chimney influenced the ventilation performance. Jinget al.
(2013) analysed the indoor thermal environment under different levels of solar
radiation using numerical software and found that as the intensity of solar
radiation increased, the air flow velocity continuously incr easal and indoor
thermal comfort improved. However, the magnitude of the air temperature
increasedecreasal after a certain time. Liu et al. (2014)analysed the characteristics
of the air temperature and velocity distribution s using numerical simulation
methods for the solar chimneys of various heights. The research outcomes

suggested that changes near theabsorbing wall were more obvious and those in
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other areas had large effects on the discharge coefficient of heat transfer. The
discharge coefficient of heat transfer improved asthe height of the solar chimney

increased. However, the magnitude of the increasedecreasedwith time.

Generally, many studies of solar chimneys have beenconducted in China, and the
corresponding characteristics and influential factors have been fully investigated .
Some of these studies were performed on the basis of theoretical analysis and
mathematical models; others employed CFD simulations to predict the

performance of solar chimneys. The methods and structures of these studies are
similar to those of other studies worldwide . Therefore, they have reference value

for this Ph.D. work.
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4.6. Summary

In Chapter 4, literature reviews of 4 passive techniques that can potentially
simultaneously to reduce energy consumption and increaselAQ were performed.
The histories, benefits, development and influential factors of these techniques
were critically reviewed . Plants, which act as passivecleaners, are mainly used to
solve pollution problems related to the supplied air. EAHES can provide preheated
or precooled fresh air supplies,and solar chimneys can enhane air circulation and

the ventilation rate.

In the next chapter, a hypothesis for a potential ventilation system will be
proposed. The position and function of each passive technique in this system will
be introduced in detail. The innovative conceptsin this ventilation system will be

further specified. In addition, the applicability of the system will be evaluated in

the context of the relevant assessment standards.
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5.1. Introduction

(OQwUI EOPOOwWt 8 A Ow Wit Cuf infRIFIOE WU 0w 0T © w@E U U L
Y1 OUPOEUI Ew EUD O EBEH w @idaGivu" @0 mi2y YR GFEuw 6 ' . w
Ul gUPUI O1 OUUGWS YEOWANM IVEWEaAa wbOEET gU@UIT wY
EOUMON wpPOU/ YW PUPOEDMEG&OWOUUUDET WEDU WX
x EU0OamGELODA) wUOUUET Ud w( OEOOU wU QBUE TuiEau (EU E
UUPOEwW@Ww' OP1 YI UOWUET OOOUWI EYI wOPUUGuw U0
Pl PEl wBDUw Ew Ul T pBEGEOE OIOF®W Q@D Qulxuld EFE Wa w
EOCOUPHIBWGWHW ET T UE®UWHATUWD i DT UUw O0Ow Ul OOYI w
OEQawx UEOPEWUET OO00OUw@UI i T Uwl0OwUl EUDPOOWt 6
DOl PIYI Bu OwUI EVEDOT WEDPUwWx OOOU U E O Uil &4 O D Uku £
EEPUPOOE OO Ow aDRBiEEI0 Buil B® W UMdBERO Wi D Ow E OO L
OEUUUEOOGawYI OU P GEW% ECRIOFEW @ didiv kB0 w x UUD I
EOOUUOT wi 61 BEEDEBOEWL EUI wUT 1 WEUPOEDAI wi O
T EWHEYI UUT wi i1 1T EOCUwWOOwWUT 1 wEGEDP]I OUWEDPUWBUEC
371 U1 EAEROWBOOE0EOwW YI 006D E UbO@IwWIRIVEDO @ UUI
EUl BuBm@D U1 E EADGQGuOBRY I DOWE W EPE OO0 A w IwhU Wi xU 1 Wb
Pl EUI T UwE OO ERE®ODUWwD O F deib Bkl D OEUwbOEC
U1 1 will UA00E QuE O OE w PBOWWP U0 Gw Bt E&Ea @ OEDI OU
x OO0 U PIGKEM OUw O EIVEIW U O w @Y 11 WE Guddl EOOT UUT UL
I OOPUUPEEOOGawi i 11 EUDYI BwnOUwl REOxOI Ows ' ¢
Ul UT wEPUwWUOOwWUIT E U B v 1 YA 0paduirE0EET ud U ubRRuOud<UAaX
i POWPWITEAUCT PBWE DVWS BB Bl U U w HEGWOWWI wE -d M WEUE B«

EUI wOOUwWEOwW Ox UDICE e ® 0B 60w O0WwUT awEOOUU

s A ~

(5
EUPOEDOT w il adlip aimd 00 ub @ Wiuil ©FE wow UT OUOE w E

Department of Architecture and Built Environment 147



The University of Nottingham

Ul Ell WIPEOWUOWET YI OOx wEOwWHOUIT T UE U0 T8 wudaCEUd O w
U

Ui 1 UOE OurH @BOOU U @m0 QAT a 6

Department of Architecture and Built Environment 148



The University of Nottingham

5.2. Research hypothesis
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Figure 5.1.Design schemef the ILEV system
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5.3. Key points of the ILEV system

Standardised primary school buildings

The ILEV system is specifically designed for primary school buildings located in
the cold climate zone of China. China has a specific regulationfor the design and
construction of primary educational buildings : the Code for Design of School
(GB500992011). To comply with the regulation, all school buildings in China have
similar features, such as the number of students allowed per classroom, the total
number of floors allowed for a building , the building orientation, the size and
positioning of windows, and material specifications. Furthermore, the Public
Building Energy Saving s Standard (GB501892015) is used to regulate the energy
efficiency design. This standard specifies the required thermal insulation
performance of building elements. Therefore, school buildings should also have

similar energy performance levels.

Operation of the EAHES

Normally , EAHES are used to provide preheated air in winter or precooled air in

summer (Fan B in Figure 5.1). In transition seasons, ambient air might be directly
supplied to the sunspace becausethe air temperature is within the thermal comfort
range (Fan A in Figure 5.1). Moreover, the EAHES in this study are not only used
to regulate the incoming air temperature during occupied period s but also to
maintain the inside air temperature of the sunspace within a comfortable range for
plants to survive and grow during unoccupi ed periods; therefore, the operation of
the EAHES largely depends on the ambient climate conditions. This topic will be

discussed further in the following chapters.

The temperature inside of the sunspace

In the ILEV system, plants are placed inside the sunspace which provides an area

for the plants to live and grow. The plants also work as filter s and clean the air.
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The air temperature inside the sunspace should be maintained at a range that

meets the requirements for plant growth .
Fansare used to supply air

A pressure drop exists in the EAHEs when the air is supplied by stack effects
(Christophe et al., 2012).In addition, the heat exchange efficiency can be reduced
if the wind is directly blowing into the buried pipes. Thus, to simplify the

operation process and ensure the fluidity of the ILEV system, air at the inlet of the
buried pipes is supplied by a small fan (Fan B in Figure 5.1). After heat exchange
with the soll, the air temperature at the outlet of the buried pipes is identical to the

temperature of the undisturbed soil. Then, air is supplied at a given rate to the
indoor space to meet the ventilation requirement of the Chinese standard. In

transition seasons when the ambient air temperatures are within a comfortable
range, air can be directly supplied to the sunspace by Fan A (Figure 5.1). Fan C
(Figure 5.1) is used to supply air from the sunspace to the classroom when the
pressure difference between the solar chimney and sunspace cannotichieve stack

ventilation.

Photosynthesis is not considered

The plants might reduce the CO:2 concentration and improve the oxygen level by
photosynthesis. However, since the priority air pollutants are PM 2s5and PMio and
the primary reason for the high CO: levels in classrooms is an inadequate
ventilation rate (discussed in section 3.5), the photosynthesis rate and the changes
in the concentrations of COz and oxygen in the sunspace are not quantified in this

research.

Evaluating st andard for the ILEV system

Both the international building regulations , such as standards from the UK and

WHO, and the Chinese designstandards are used to evaluate the performance of
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the ILEV system. The local standards are more related to the local weather
conditions and the requirements of thermal comfort of occupants. The
international standards are used to assess the ILEV system from an international

perspective.

huy +-2 per person is chosen for the design of the ILEV system

The requirements for the ventilation rate in classrooms vary in different building

regulations in China. For example, the School Building Design Regulation-2011
(SBDR201]) sets a value of 2.5 ACH as the minimum air exchange rate. The
CIAQS-2002 recommends a minimum ventilation rate of 30 ms3h per person,
which is equal to 8.33litres per second per person, to ensure that the indoor space
has an adequate fresh air supply rate.However, CIBSE Guide A (section 8.4.1.2)
UUEUI U wdfiedh diniLrolighly equivalent to an increase of600 ppm of COx,
which, when added to the normal outdoor CO 2 concentration of 400 ppm, results
in an internal CO: concentration of 1000 x x O? 6 w 2 'Handu®ak

Fundamentals 2009 also suggest that 10 L/s per person is likely to provide

acceptable|AQ according to the engineering experience and field studies. Based
on the CIAQS-2002standard of 1000 ppm as the minimum requirement for IAQ,

10+ 3-per person is chosen for the ventilation design of the ILEV system.
Opening area of A2

Plants give off COz when they breathe at night. Thus, during the early morning

hours, the indoor CO 2 concentrations might be in a high level inside the sunspace
Therefore, the fans (Fan B or Fan A) should be in operation before the start of
school hours (e.g. half hour in advance). The aggregated CQ can be removed

timely through the opening area of A2.

The sunspace is positioned below surface ground
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Currently, the SBDR2011 requires teaching classrooms in primary school
buildings to have over two hours of full sunshine through windows during the
winter solstice day. Moreover, the Chinese Building Daylight Design Sta ndard
(GB500332013) also has mandatory requirementsfor daylight performance inside
classrooms. Thus, thesunspace in the proposed system (Figure 5.1) is positioned
below the surface ground to reduce the shading effects on the daylight

performance of the adjoined classrooms.
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5.4. Research methods

As introduced in section 1.5, Chapter 1, the selection of a research methodology
largely depends on the type of research (Benz and Newman, 1998). Figure 5.2
shows the theoretical foundation for the research methodology and the specific
research methods used in this research. It has been noted that both the qualitative
and the quantitative approach were used in this research because this study
involves differen t types of research. For example, a quantitative approach (DTM
analysis, CFD simulations, experimental studies, GBSWARE+REVIT model) was
mainly used to determine the thermal performance and the IAQ of the ILEV
system (Chapter 9). A qualitative method (description, observation and case study)
was mainly used to identify the current air pollution levels in China (Chapters 2
and 3), the factors that influence the IAQ (Chapters 2 and 3), the current measures
taken to combat air pollution (Chapter 2), and the pa ssive methods involved in the

ILEV system (Chapters 4, 5 and 6)

Selection of research
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Figure 5.2.The teoretical foundation of the research methodology and the selection of
research methods
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Figure 5.3 presents a correlation of the research methods used in this work. A
typical case study of primary school building is selected to explore the
performance of the new system. The features of this typical building represent
those of primary school buildings in the cold climate zone of China. The ILEV
system and the typical building form a coupled model that provide s thermal

comfort and clean air under various ambient conditions.

The research methods in this work involve the DTM, CFD and experimental
measurements (Figure 52). The DTM of building s considers the external and
internal thermal conditions over a given period or throughout the calendar year.
Spaced-averaged values of indoor air temperatures and velocities are estimated
with the model . The CFD simulation generatesthe internal air flow distribution

fields and provide s specific values of indoor air temperatures and velocities in a
representative snap-shot in time. Input data for the CFD simulations can be
generated by DTM. Thus, DTM and CFD simulations are often used in

combination.

Experimental methods are used to explore the abilities of plants to remove air
pollutants (PM 25 and PM1o) since no simulation methods are available to predict

the performance of plant cleaning activities.
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DTM not only provide s average valuesof various indoor air parameters but also
output s detailed values of building energy consumption. Revit models can
generate material take-off sheetsthat can be used to estimateincremental costs of
material inputs. Therefore, the combination of the energy consumption
information from DTM and the costs of material input sfrom Revit models can be
used to determine the payback period. Thus, a comparison between current
primary school buildings and redesigned primary school building s can be
performed . Specifically, based on the energy consumption and materials costdata
from the take-off sheets, thepayback period of th e new ventilation system can be

quantified (Figure 5.4).

DTM Revit models
l Qutput l Output
Energy consumption Materials consumption
l Output
Payback period

Figure 54. Diagram of payback period quantification

5.4.1. A case study school building in the cold climate zone of China

Case studies typically provide an in-depth understanding of research objectives
since a detailed and holistic analysis can beperformed . Therefore, a typical school
building is selected in this study to explore the performance of the ILEV system,
with the aim of improving 1AQ and thermal comfort w hile consuming less energy.
As noted in section 5.3, primary school buildings in China are designed according
to the requirements of the local educational department and building regulations,

such as theSBDR2011and PBESS2015(Table 5.1)
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Table 5.1.Relevant policies and regulations for school building design

Policies and regulations General requirements
SBDR-2011 Orientation ; Dimension of classrooms, Number of students;
Number of floors
PBESS2015 Construction specifications; Energy-saving levels; U-value of

building fabrics; Glazing type

_ Equipment, such as computer, projector, printer; Type of
Educational department | r5oms, such as lab rooms and classrooms; Number of students;
Campus size

Based on these statutory requirements, typical primary school building s in the

cold climate zone should have the following features .

1) The maximum number of floors is 4.

2) The maximum number of students per classroom is 45.

3) Classrooms must have southward orientation .

4) The hallway should be located on the north side of the classroom.

5) The average floor area for a primary student is 1.35m>2

6) The maximum height and minimum height of a classroom are 3.6 m and 3 m,
respectively.

7) The minimum air exchangerate for a classroomin a primary school is 2.5 ACH .

8) The minimum airtightness levels for a primary school building is 6.

9) The heating set point for the indoor air temperature is 16°C.

10) The cooling set point for the indoor air temperature is 22°C.

11) The maximum U -values of the roof, wall s, window and door are 0.45 W/m 2K,
0.5W/ m2K, 3.0W/ m2K, and 2.0W/ m?K, respectively.

12) The daily average indoor concentrations of PM2zsand CO:2 should be less than
7545 1 ¥ &énd 1000ppm, respectively, based on the requirements of the CIAQS-
2002.

Figure 5.5 illustrates a typical floor plan and section plan for a primary school
building in the cold climate zone of China. The number of floors is 4, and all

classrooms have thesamewidth, length, and height. There are 45 studentsin each
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classroom. Figure 56 shows a typical south-facing facade of the primary school
building. Based onthe requirement of the SBDR2011, the window s are all facing

south, and the glazing area is 20% of the floor area of a classroom.

— | |
J Classroom (45 students)
|U\U| |U|U| |U|U\ |ﬁ\ﬁ| HII] Hﬂ] Hlﬂ Hm
|tj\tj| |tj|tj| |U|tj\ |tj\tj| I I
wivivivlvivipeie Classroom (45 students)

:ﬁ%‘|||||| HH HH HH HH

IUU: IOIGI IDIU\ Ig]j: I I
T

L Classroom (45 students)
Classroom

- -
| |

l‘ Classroom (45 students)

Figure 55. Floor planning and section planning of a typical primary school building in
the Cold Climate Zone of China.
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Figure 56. A typical faade for a primary school building the cold climate zone of
China

In this study, the typical building selected provides a reallife context and was
constructed based on the latest versions ofthe SBDR2011and the PBESS2015
The building is considered a representative primary school building in the cold

climate zone of China based on the design, year of construction, and material

specifications.

Therefore, an existing four -story building with 6 classrooms per floor constructed
in 2015 for elementary education use is selected as a typical case studyf a primary
school building (Figure 5.7). The building is located in the eastcentral part of
3 EDbz EOwEthoital uoldBlihiteuEhere are 24 classroomsn the building, and

1080 studentsattend the school.
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Figure 57. Street view of the selected typical primary school building.
Figure 5.8 and Figure 5.9 show the first-floor plan and section plan of one unit of
the primary school building. Six units are arranged in a line, and each unit has four
classrooms. The dimensions ofeachclassroom are 9.6m in length, 7.6 m in width
and 3.6m in height. In addition, all classrooms face south. The thermal insulation
performance of the building fabrics meets the requirements of the PBESS2015
(Table 52. Material specifications for building fabrics in the case study of the

primary school building).
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Figure 58. First-floor planning of the selected primary school buildifigaf areas for
teaching2328.2n2in total).
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Table 5.2. Specifications of building fabric s of the selected primary school
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5.4.2. Coupled model for the case study of the primary school building with the
ILEV system

To test the ILEV system, it is incorporated into the selected primary school
building with the goals ofimprov ing IAQ and thermal performance (the coupled
model proposed is shown in Figure 5.10). Figures5.11 and 5.12 describe the section
and floor plans of the ILEV system in the case study building . Each unit of the
classrooms is serviced by one sunspace and one solar chimney. Therefore, 6
sunspaces and 6 solar chimneysare built in total. Detailed information and

parameters regarding the coupled model will be presented in Chapter 7.

Vertical airflow channel

Solar chimney

Buried pipes

Figure 510. The integrated lovenergy ventilation system installed in the typical
primary school building
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Figure 511. Section planning of thE.EV system installed in thease study of the
primary school building
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Figure 512. Floor planning of théLEV system installed in thease study of therimary
school building

5.4.3. Mathematics model establishment

A mathematical model (see details in Chapter 7) of the ILEV system should be
established prior to system validation (Chapter 8). The diagram in Figure 5.13
shows the processused to establish the mathematical model of the ILEV system.
Mathematical equations for each passive technique are presented, and the
principles behind these techniques are introduced. Additionally, t he factors that
influence the design parameters of each technigue will be analysed. Then, the
mathematical model of the ILEV system will be built based on the mathematic al

equations for each passive technique.

Mathematiccalculationsfor
each passive technique

Length, width, Materials, Height, width,

air velocity, number of solar heat

pipe’s plants, solar gains,
materials heat gains. materials
|
Output Output l Output
EAHE system Sunspace with plants Solar chimney
¢ Qutput
Casestudyprimary _[Input Coupled mathematic model for the

integrated low-energy ventilation
system

school building

Figure 513. Mathematic model establishmdat the ILEV system
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5.4.4. Computer -based modelling

Numerical techniques based onsimulation tools can be used to predict the thermal
performance of buildings prior to construction. Designers consider specific choices
(e.g.,the ventilation strategy, building configuration, and material specification s)
for buildings based on the simulation results. Currently, DTM and CFD
simulations are used in combination to overcome the individual deficiencies of

each approach(Spentzou, 2015; Somarathne, 2003).

DTM involves building thermal modelling analysis considering the external and
internal thermal conditions over a given period or throughout the calendar year.
During the simulati on process, it is assumed that the air is well mixed within

spaces. Thus, the spatially -averaged values of indoor air properties (e.g.,
temperature, humidity, and CO 2 concentration), heating and cooling loads, and
internal heat gains based on different variables and time steps can beobtained.
DTM data arenormally considered sufficiently detailed and closeto the real values
becausehourly weath er data (e.g, temperature, wind speed, humidity and solar

radiation data), internal heat gains (e.g.,gains from people, light, and equipment),
operational conditions (HVAC system s) and building element specifications are
considered in the simulations. Ho wever, DTM cannot predict the specific airflow

distribution (temperature and velocity fields) in a given space.

CFD simulations usually provide a steady stateanalysis of detailed flow within a
space of a building. The indoor air flow distribution fields are predicted, and
specific values of air properties, such as temperature and velocity, are obtained.
CFD simulations can be used to asseswentilation performance for both wind -
driven and buoyancy -driven air flows. During the simulation process, it is
assumed that the conditions in the model are constant, and the simulation

provides predictions for a representative snap-shot in time. Input boundary
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information, such as heat gains and average temperatures, can be obtained by

DTM and input into CFD software.

Currently, there are many software packages for conducting DTM and CFD
simulation s (e.g.,Energy-Plus, Design-Builder, IESVE, FLUENT and PHOENICs).
For this study, the selection standards for the DTM and CFD simulation tools are

reliability , accessibility and training available .

5.4.4.1DTM analyses of thermal performances

The DTM simulate s the thermal performance within a space by considering the
thermal exchange between internal and external conditions for a given building .
Currently, many DTM tools are internationally available. Table 53 provides a
subjective evaluation of 10 popular simulation tools based on the selection
standards employed in this study, and the results indicate that IESVE isthe most

suitable tool for this study.

Table 5.3. Selection of a simulation tool

Reliability | Accessibility | Training available
HEED a bs X
Energy 10 a X X
Design-Builder a X a
eQuest a x x
DOE-2 a x x
Green Building Studio a X x
IESVE a a a
Energy-Plus a a x
Energy-Plus with the Sketch up Plugin a a x

In addition to the subjective evaluation in Table 5.3, published studies also have
found that IESVE offers high accuracy and interoperability. For example, Attia et
al. (2009)compared ten software packagesand found that IESVE performs best
due to its usability, graphi cal visualisation and interface management Good
agreementwas observed between the IESVE simulation results and experimental

data (Hamza, 2008 Chinnayeluka, 2011). Attia and De Herde (2011) stated that
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IESVE isable of making estimations and predictions of building performance at a
reasonable level of accuracy In addition, IESVE has been tested and verified by
both the CIBSE and ASHRAE.In the past decades, IESVE was selected as the most
favourable simulation tool to evaluate building pe rformance (Chinnayeluka, 2011).

Therefore, the software package IESVE (IESVE, 2017) is selected for this work.

In IESVE, a threedimensional model of the selected primary school building
should be built based on CAD construction drawings. In addition, the following
detailed information must beinput into the model : the building configuration and
orientation, local weather conditions, construction specifications, system
operation conditions, building operation conditions, and internal heat gains. The
DTM provide s hourly data regarding the average indoor air temperature, airflow
rates, CQ: levels and heat gains throughout a calendar year. The flow diagram in
Figure 5.14 illustrates the thermal simulations of the ILEV system. Notably, the
local weather data will be input into the model, and the air temperature and air
humidity in the sunspacecan becalculated. Then, these datawill be further used
asinput s to model classrooms and the solar chimney.The air propert y values for
classrooms andthe solar chimney can becopied into Excel, and hourly data will

be summarised to obtain the boundary conditions for CFD simulations.

Local weather data

l Input

Air at the soil’s undisturbed
temperature is supplied by a |
fan

\—D Sunspace —» Classrooms —p Solar chimney

Input
Qutput i Output $
Average air
Average air Average air temperature

temperature relative in solar

DTM simulation

Average air Average air in classrooms humidity in chimney
temperature relative classrooms
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predicted percentage dissatisfied

Input

Figure 514. Working process of tHeTM simulations for thelLEV system.
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5.4.4.2Computational Fluid Dynamics (CFD)

CFD models can provide detailed flow pattern sin the various spaces of a building

by calculating the air temperatures, velocity, and pressure distributions at
numerous locations. CFD methods can save time and reduce costcompared with

wind tunnel testing (Douglas, 2011) and real-scalefield experiments (Montazeri et
al., 2013). Moreover, CFD simulation results generally exhibit good agreement
with experimental data ( Cook et al., 2003. Currently, there are many commercial

CFD software packages available, including CFX, PHOENICS, and FLUENT
(Norton et al., 2007). In IESVE, a CFD analysis tookalled MICROFLO can be used
to perform CFD simulations (Figure 5.15). It was verified that MICROFLO can

deliver CFD simulation results to a high level of accuracy which are sim ilar to

other CFD software packages, such as ANSYS Fluent and StaCCM (Li, 2015).
Considering the software available and training skills required, MICROFLO in

IESVE is used to evaluate the ventilation performance of the ILEV system in this

work. MICROFLO is specifically designed to model internal and external airflow s
and heat transfer in and around buildings . Moreover, the three-dimensional model

of the primary school building created for DTM can be directly used in the CFD
simulations with MICROFLO.
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Figure 515. MICROFLO in IESVE.

The working process in MICROFLO involves three steps First, the user must input
the boundary information obtained from the DTM simulations . The dataprocessor
then solves the three-dimensional RANS equations, and the MICROFLO Viewer
allows users tovisualise the simulation results. The quality of the CFD simulation
results largely depends on the pre-processng stage because the building
configuration, construction materials, boundary conditions, and calculation
iterations are input in this step. Furthermore, a satisfactory computational mesh is
important for high -accuracy CFD modelling (Cook, 1998) thus, investigations of
independent mesh solutions are considered in this study to reduce the errors in
the simulation output. The aim of the mesh study is to determine the optimal
number of cells in X-, Y-, and Z- directions so that further mesh improvement swill

not lead to significant changes within an acceptable simulation period (Cook, 1998).
545 . $Rx1 UDOI OUEOQWUUUEa wOOwx OE&UUZz wWEEDPODPUDI

As introduced in section 4.2, plants are effective in removing air pollutants, such

as PM and CO.. However, there are no simulation methods that can predict the
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ability of plants to clean ar. Most previous studies (Pegas et al., 2012; Tarran et al.,
2007;Elkiey and Ormarod , 1980) wereconducted based onexperimental analyses
(e.g., field studies or laboratory studies). Therefore, in this study, experimental
work will be conducted to verify the capabilities of plants to remove air pollutants.

A sunspace with plants inside should be built, and air will be supplied from one
side of the sunspace andexpelled from the other side. This processensuresthat air
moves past as many plants as possible. The PM concentrations will be
simultaneously measured at the inlet and outlet of the sunspace. In addition, the
I/O ratios will be used to analyse the trends of the inside PM concentrations.
Detailed information regarding the experimental study of the capabilities of plants

to remove PMs will be presented in Chapter 8.

5.4.6. Simulations for energy consumption

The case studyof the school building introduced in section 5.4.1 is heated by the
Urban Central Heating System in winter and cooled by air conditioners in summer.
In spring and autumn, t here is no active system to provide ventilation service.
Thus, in total, 2 scenarios (scenari® 1 and 2) were created toinvestigate the energy
consumption in primary school buildings (Table 54). Scenario lrepresents the
current primary school building energy consumption in the cold climate zone of

China. Scenario 2was used to evaluate the energy performance of the ILEV system.

Table 5.4. Scenarios for simulations of building energy consumption

Scenario 1 Scenario2
Heating service Urban Central Heating System (Energy source: coal) ILEV system
Cooling service Air conditioning (Electricity)

Energy consumption in primary school building can be quantified with simulation
software packagessuch as IESVE and EnergyPlus. However, in China, the most
commonly used software to quantify energy consumption is GBSWARE (2016)
becauseit directly considersthe Chineseenergy saving standards. GBSWARE was

developed by Tsinghua University and Shenzhen SWARE Technology in 2000.
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The software provides holistic solutions for modelling, predicting and verifying

building performance throughout a building life cycle. GBSWARE was certified

by the Ministry of Housing and Urban -1 UUEOQuw #1 YI OOx Ol OUw O w
Republic of China (MOHURD) in 2005 (GBSWARE, 2016). Therefore, GBSWARE

is used to quantify the energy consumption of primary school buildings.
5.4.7. Revit model for estimating the payback period

To install the ILEV system, the initial floor plan of the studied building must be
redesigned. The addition of the solar chimney, sunspace,and EAHE swill increase
material consumption and may result in high initial costs. To facilitate the cost
benefit analysis, Revit models of the current building and redesigned building
with the ILEV system will be created to generate material takeoff sheets. These
sheetsgive the quantity of each material input per unit volume (i ), which can be
then converted to material weight s (E L Then, a comparison between the current
building and redesigned building is able to be performed. According to the
GBSWARE energy consumption results and the material consumption
information from the take-off sheets, the payback period of the ILEV system can

be calculated. The payback time is estimated according to the following equati on.
Payback time = Additional Cost / Annual Fuel Saving s

It should be noted that only material related costs are considered. Other cost, such
as labour and transportation costs, are not considered becausethese costs are
affected by various practical factors and are not appropriate for this Ph.D. project

based on the project objectives and time and resource limitations.
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5.5. Summary

This chapter summarises the limitations and drawbacks of the conventional

methods of mitigating the indoor environmental issuesin classrooms of primary

school buildings , and a new ILEV system is proposed. The ILEV system include s
four main passive techniques: solar chimneys, natural ventilation, EAHE s, and
sunspaces with plant s. The system is specifically designed for standardised
primary school buildings in the cold climate zone of China. Plants act as a part of
the ventilation system to reduce air pollutant levels. EAHES preheat and precool
the fresh air and act as temperature regulators for the sunspace to ensurethat the
air temperature is suitable for plant growth. The solar chimneys are used to

improve the efficiency of natural ventilation (stack effects).

To validate the effectiveness of the system, research methods are proposed

involving the following steps.

First, an existing four -story primary school building in the cold climate zone
of China constructed in 2015 based on the latestbuilding design regulations

was selected as a representative case study building.

Second, numerical models of all passive techniques are developed, and a
coupled mathematical model of the ILEV system is built to guide the redesign
of the studied building.

Third, a test of the ILEV system is conducted based onexperiments, DTM and
CFD simulations. Experimental studies are performed to investigate the
abilities of plants to reduce air pollutant levels . Numerical data are collected
from the experimental measurements, and the analysed results are presented
as Excel graphs. CED and DTM simulations provide a complete numerical
description of the ventilation performance. A dditionally, the air temperature

distribution and air flow velocity are presented as numerical figure s.
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Fourth, the energy consumption of the case study building is predicted using
GBSWARE.In total, 2 scenarios were created toinvestigate the primary school
E U D O E enériylbgnsumption. Scenario 1 represents the current primary
school building energy consumption in the cold climate zone of China.
Scenario 2 was used to evaluate the energy performance of the ILEV system.
Finally , Revit models are used to obtain the material consumption information
for the current primary school building and redesigned bu ilding equipped
with the new ILEV system. The payback period is estimated based on the

material costs and annual energy savings.

Chapter 6 will review the numerical equations for each selected passive technique
and the factors that influence the design parameters for these techniques will be
analysed. Then, a mathematical model of the ILEV system is built to guide the

redesign of the case study building (Chapter 7).

Department of Architecture and Built Environment 174



The University of Nottingham

"TEx 0] (But$o,w 3L (- " ( wDesu2
/] 22(5%w3$" -(048%

Introduction

Earth to air heat exchanger
Natural ventilation

Solar chimney

Sunspace with plants
Summary

A

Chapter 6
Mathematic principles of each
passive technique

The content of Chapter 6

Department of Architecture and Built Environment 175



The University of Nottingham

6.1. Introduction

Chapter 4 reviewed the features of each passive technique and Chapter 5
presented the research hypothesis This chapter discusses the mathematical
principles behind these techniques and the effects of influential factors on the
design parameters of each technique. The follow ing list summarises the critical

points of this chapter.

The thermal characteristicsof soilandthe EEUUT z UwUOEDUUUEET EwU]
identified, and the mathematical formula s of EAHE s are established.

The mathematical formulations of natural ventilation strateg ies are
determined, and the influences of buoyancy effects and wind effects are
identified .

The factorsthat have significant effectson the efficiency of the solar chimney,

such as solar radiation, the height to width ratio of the airflow channel, the

glaze type and the inlet dimensions of the solar chimney, are identified .

The factors that affect the ability of plants to adsorb PMs are identified, and

the quantity of PMs adsorbed by plants is determined based on published

studies.

This chapter aims to provide a holistic methodology regarding the design
parameters of each passive techniqueto establish a coupled mathematical

foundation for the ILEV system.
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6.2. EAHES

6.2.1. Thermal characteristics of the soil

Soil acts as a heating or cooling source for EAHEs. The thermophysical
characteristics of the soil are important factors that determine the soil heat
exchangeefficiency. Therefore, it is essentialto identify the thermal parameters of

the soil before installing EAHES..

There are two main mechanisms of heat transfer within the soil: conduction and

radiation. Conduction occurs between solids, such as soil and sdi at different
depths. Radiation occurs when dry and porous soil is directly exposed to the
ambient environment at high air temperature s. In many cases,the heat transfer of
EAHE sis mainly affected by the soil type and the soil moisture content; therefore,
the thermal conductivity ( M) and specific heat (C) of the soil are the two main
factors considered during the heat transfer process. Boseet al. (1985)provide d an
empirical equation for the thermal conductivity of soils with different densit ies

and humidit ies.

U wé wy 8 K K kg wip@&AG0)Z 2 NLOY Ay (6.24F1)
Wi T Ul weawbUwUT 1 wotheBdl (korky) andOudBid udI0lw Gihédoid U D U a
(kg/m3). However, in most cases, the thermal conductivity of the soil does not
remain in a steady state due to moisture content variations; moreover, the soil
density frequently changeswith the season and ambient climate changes. The

ASHRAE standard 55 summarisessome thermal conductivit ies for several types

of soil (Table 6.1)

Table 6.1. The thermal conductivit ies of different soils

Type of soil Density (kg/m?) Thermal conductivity
(W/(mK ))
Heavy weight clay (moisture content 15%) 1925 1.41.9
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Heavy weight clay (moisture content 5%) 1925 1.01.4
Light weight clay (moisture content 15%) 1285 0.7-1.0
Light weight clay (moisture content 5%) 1285 0.50.9
Heavy weight sand ( moisture content 15%) 1925 2.8-3.8
Heavy weight sand (moisture content 5%) 1925 2.1-:2.3
Light weight sand (moisture content 15%) 1285 1.02.1
Light weight sand (moisture content 5%) 1285 0.91.9
Granite 2650 2.33.7

limestone 24002800 2.43.8

Sandstone 25702730 2.1-3.5

Wet shale 1424

Dry shale 1.02.1

Source: ASHRAE standard 55.

6.2.2. The undisturbed temperature of the Earth

The $ EUUT zUwUI Ox1 UEOUU]l wbPUwWEI I T EUl EWEaAwWYEU
surface evaporation, the ambient air temperature, the flow of underground water

and the heat from the core of the Earth. However, at a certain depth, the soil
temperature remains stable, and the effectsof solar radiation, surface evaporation,

and the ambient air temperature are negligible. This temperature is called the

EEUUT ZUwUOGEDPUUUUES EWDIl @ UIWlBEE®WI0&® w Eiticau0 1 O x
parameter for EAHEsS. Assuming that the thermal conductivity of homogeneous

soil is constant and there is no heating source within the soil, Carslaw and Jaeger

(2011)proposed the following one-dimensional transient heat transfer equation::
" H T MO 0 — _ QY (6.2.2.1)

where } is the soil density in unit of kg/m3, Cps is the soil specific heatin unit of
JIkgK , tis the time (days), z is the depth below the surface(m) and M wD U wUOT T wUOT |

conductivity of the soil (W/mK).

When z = 0, thefollowing equation can describethe temperature of the soil based

on the ground surface temperature (Krarti et al., 1995) (equation 6.2.2.2)
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Q — 80 0'Y "YY 0 06.2.2.2)

where CE (convective energy) isthe convection between the surrounding ground
environment and the ground surface, SR is solar radiation, LR is long-wave

radiation, LE is the latent heat flux of evaporation.
Equation 6.2.2.3 describa the CE:
600 Q Y "Y(6.2.2.3)

where Tais the ground surface temperature (K), T is the soil temperature (K), and

"Q is the conductivity coefficient of the soil (W/mK).
Equation 6.2.2.4gives the expression of Q

Q ™ pgoO e (6.2.2.4)
where u is the ground surface wind velocity (m/s).

Equation 6.2.2.5 shows the formula for the ground surface temperature based on

combining equation 6.2.2.3 and equation 6.2.2.4
Y'Y 6 Ag®o o (6.2.2.5)
where Am is the amplitude of the ambient air temperature (K).
Equation 6.2.2.6 shows the calculation of SR:
32 A 3(6.2.2.6)

where b is the capacity ofabsorption and radiation (J/kgK) and S is the local solar

radiation (W).
Equation 6.2.2.7 shows the calculation of LR:

, 2 R Y2(6.2.2.7)
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wi 1 Udisuh® long-wave emissivity and | 1 uab &€mpirical coefficient related to
the relative humidity of the soil, surface air relative humidity , and ambient air

temperature (Clark and Allen, 1978).
Equation 6.2.2.8 shows the calculation of LE:
, % &0 0 0 (6.2.2.8)

where F(u) represents the ground surface air velocity and F(u) = 0.0168Ru. Pa is
the real saturated vapor pressure at the ground surface (Pa). P is the saturated

vapor pressure at the ground surface (Pa), which is expressedasfollows :
0 ®Yocgoea@ Y oma(6.2.2.9)
where a=103Pa/k and b=609Pa.
Equation 6.2.210gives the simplified form of equation 6.2.2.8 (Penman, 1963)

, % ip@E Y @ i &SY @ (6.2.2.10)

where rais the relative humidity of air at the ground surface and b is aninfluential

coefficient related to the surrounding ground environment and humidity (for
saturated soil, b=1; for wet soil, hb=0.6-0.8;and for the dry soil, h=0.40.5). Equation
6.2.2.11 shovs the calculation of the temperature of the Earth based on the

combination of equation 6.2.2.2 and the equation 6.2.2.10

Q — p MipPHQ Y Y (6.2.2.11)

When U H5, — 1, and combined with equation 6.2.2.11 the soil temperature

at a certain depth and time can beexpressed by equation 6.2.2.1ZMihalakakou et

al., 1997)

40 Y & Q  Ai 60 —a& (6.2.2.12)
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To simplify the calculation process, T. is equal to the average soil surface

temperature (°C) and Asis the changing amplitude of soil surface temperature ( °C).
Equation 6.2.2.13 describs the thermal diffusivity of the soil:
& _F o (6.2.2.13)

wi 1 Ul uihe W 6 Bt@eymaluconductivity (W/mK) and <%Cps is the volumetric

specific heat capacity ofthe soil (KJ/m3K).

6.2.3. The mathematic model of EAHE

The basic heat transfer equations have been used to develop a onelimensional
steady state model of EAHESs. Designers should consider the input parameters
according to the conditioning demand s of spaces such asthe airflow rate in
kg/s( ), supplied air temperature (Tin) and intended outlet air temperature (T ou).
The dimensional parameters of an EAHE include the length of the buried pipe (D),

diameter of the pipe (L) and quantity of paralleled pipes (Np).

The following assumptions simplif y the estimation process of the onedimensional

equation for the EAHES.

The ground surface temperature is equal to the ambient air temperature,
which is also equal to the inlet air temperature.

The airflow in EAHE sis a Newtonian fluid flow and is incompressible.

The soil thermal properties are constant, and at a certain depth, the
undisturbed soil temperature is the same asthe local annual average air

temperature.

The thermal resistance of the pipe used can beconsidered negligible since the
thickness of the pipe is small. Therefore, the temperature at the surface of the pipe

is uniform and equaltothe EEUUT z UwUOE P U U U Udik8ldylBroR x | UE U U
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The method employed to calculate the rate of heat transfer of EAHE s is called the

N-number transfer unit (NTU) method (Bisoniya, 2015). N represents the

effectiveness of EAHES. Heat transfer between air and the pipe surface, the pipe
surface and the surrounding soil, and in the opposite directions occurs by
conduction. Therefore, according to the heat transfer equatiors, the total heat
exchanged with the buried pipes (heat released and absorbed)is expressed as
follows :
1 # Y Y (6.2.3.1)

where Qnis the total heat transferred (kg/s), Cair is the specific heat of air (J/kgK),
Tout is the outlet air temperature of the pipe (K), and Tin represents the air

temperature at the inlet of the buried pipes (K).

The heat transferbetween the air and the pipe surfacesis in the form of convection ;

therefore, equation 6.2.3.2reflects the total heat emitted or absorbed by the air:
1 E 8YY6.2.3.2)

where hair represents the heat move coefficient by hot air movement in unit of
W/m2 K, A means the internal surface area of the pipes M2AOQwW EOEw ! 3 w b L
logarithmic average temperature difference. This temperature difference can be

described by equation 6.2.3.3

Yo 4 Y FI1'Y Y ¥TY Y (6.2.3.3)

By combining equations 6.2.3.1 hrough 6.2.3.3, the outlet air temperature of the
pipes can be obtained | B x OO OUPEOOaw EVUw Ew i UOEUDOOuW
temperature and inlet air temperature by remov ing Qn.

4 Y Y Y Q 7 (6.2.3.4)
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It is assumed that Teut is equal to the annual average ambient air temperature at

locations where EAHE s are installed .
The NTU is a non-dimensional group (equation 6.2.3.5).
.45 E! # (6.2.3.5)
Equation 6.2.3.6 describes theeffectiveness ofthe EAHE s ().
R p A (6.2.3.6)

The NTU is a dimensionless group that influences the effectiveness of EAHES and

Ois a function of the NTU. Figure 6.1 shows the variations in EAHA effectiveness.

=
N
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=
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N b

The effectiveness of EAHES ()

o

NTU

Figure 6.1.The effectiveness of EARES a function ofheNTU
Source: Bisoniya(2015
An increasein the NTU has a positive effect on the effectiveness of EAHEs (Figure
6.1). However, the maximum effectivenessof EAHE sinfinite ly approaches1. Thus,
the air temperature at the outlet of the pipesis equaltothe EEUUT z UwUOEDUU

temperature.

The key parametersthat influence the NTU value are the coefficient of convective

heat transfer (har), the inner surface area ofthe buried pipe s (A) and the airflow
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rate in kg/s ( ). The inner surface area of the buried pipes, as described by

equation 6.2.3.7,is a function of x P x tligmeter D and length.
I A$ (6.2.3.7)

Equation 6.2.3.8 shows the calculation of the convective heat transfer coefficient

inside the pipe:
E . 0T0(6.2.3.8)
where K meansthe thermal conductivity of air (W/m K).

Equation 6.2.3.9 shows the calculation of the NTU based on the combination of

equations 6.2.3.56.2.3.7and 6.2.3.8
.45 . 0“0 # (6.2.3.9)

where Nu is the Nusselt number, which is determined by the Reynolds number
(Re), Prandtl number (Pr) and friction factor of the pipes (f) (De Paepe and Janssens

2003).Equation 6.2.3.10 representsN. for airflow in pipes with sleek inner surfaces.

If Re< 2300, then. o® 6.2.3.10)
If 2300V Re <5010° and 0.5< P, < 10, then . "TY'Y prnontp
LT 8
P& -1 p (6.2.3.11)

Equation 6.2.3.12 represents he friction factor of pipes with smooth internal

surface.

£ ptd IC pHT (6.2.3.12)

The Reynolds number is related to the average air velocity and the diameter of the

buried pipes, as described in equation 6.2.3.13

2 "0 O /uar (6.2.3.13)
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where vais the flow speed of air in the pipes (m/s), D is the diameter of the pipes

(m), and Uar is air dynamic viscosity in kg/m s.
Equation 6.2.3.14 represents the calculation of thePrandtl number:
0 6 70 (6.2.3.14)

where Car is the air specific heat in unit of J/kg K and K is the air thermal

conductivity in the unit of W/m K.

Equation 6.2.3.15can be used tocalculate the pressure drop of an EAHE:
YD ASmO Tc (6.2.3.15)

If Re< 2300, f can be expresseds /&£ ¢ #2 (6.2.3.16)

If Re" 2300, f can be expressed as

£ p&d IC pHT (6.2.3.17)

where L is the length of the buried pipes, D is the x D x Higmdter, and va is the

airflow speed in the pipes.

Equation 6.2.3.15indicates that the pressure drop of EAHEs can only be affected
by the length of the pipes (L). The air velocity and the diameter of the pipes have
indirect effects on the pressure drop. An increasein the diameter of the pipesand
decreasein the air velocity will reduce the pressure drop. Conflicts exist among
these parameters regarding the maximisation of the effectiveness of EAHES.
Therefore, in practice, designers should simultaneously optimise the pipe length,

air velocity , and pipe diameter.

Since the air properties (Carr, K, and X) are defined in a specific local context, only

the diameter of the buried pipes influences the Reynolds number. The length of

the pipes (L) is afreelance parameter that influences the NTU once Nu has been
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known . Moreover, the NTU linearly varies with the pipe length. Wu (2013)
claimed that for a specific diameter of pipes, long pipes with slow airflow speeds
have high efficiency. Therefore, in practice, EAHES usually contain several pipes
to achieve arelatively slow airflow speed. IEA Annex 28 (1999) suggested that the
pipes in EAHE s should have a distance ofat least 1 metre between them. Zeng
(2012) found that for soil located 1 metre from the surface of the buried pipes, the
temperature changes are usually smaller than 0.06°C after operation for over 48

hours. Thus, when two pipes are separated byl metre, the co-effectsare negligible.

The relative humidity is an other crucial parameter for the design of EAHESs.
Conservation equations or psychometric charts canbe used toestimate therelative
humidity of the air at the outlet of buried pipes based on the characteristics of the
ambient air. Typically , condensation will occur in summer when EAHE s cool the
air. Thus, engineers need to take neasures to remove the condensedwater and

decrease therelative humidity .
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6.3. Natural ventilation

6.3.1. Natural ventilation due to buoyancy effects (stack)

Air temperature difference s between indoor air and ambient air usually cause
buoyancy-driven ventilation. Air at different temperature s has different air
densities. Figure 6.2 shows that warm air is lighter than the cold air. Lighter air is
likely to escape from high opening s, and colder air will be driven inside through
low openings. Therefore, the effectiveness of buoyancy-driven natural ventilation
depends on the temperature difference between the inside air and outside air and

the height differences between high and low openings.

Warm air exhausted

extermal

Neutral pressure level

| — Stack

outlet

Fresh air intake — |

Datum

Figure 62. Buoyancy effect ohe natural ventilation system.

(Drawn by theauthor)
Equation 6.3.1.1describesbuoyancy-driven ventilation (GIBSE Guide A, 2006:

Yo ¢ E " "  (63.1.1)
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wi 1 U1 imthe puessure difference (Pa), m is the ambient air density (kg/m 3),

is the indoor air density (kg/m?3), g is gravitational acceleration (9.81m/s), and

hinet IS the height of the inlet above the datum (m).

Equation 6.3.1.2provides the difference in the air density .
Mmoo ” Y — — (6.3.1.2)

Additionally , the equation 6.3.1.3 gives thepressure difference.

v

Yo » CE — — (6.3.1.3)

Equation 6.3.1.4is used to estimate the pressure differencesconsidering the height

difference between the inlet and outlet:
Y0 m C4 E E opr4 p¥4  (6.3.1.9

where the hz is the height of the outlet of the stack above the datum (m), h: is the
height of the inlet of the stack above the datum (m), Tt is the internal air

temperature (K), and Text is the external air temperature (K).

The airflow rate through openings is another signific ant factor to consider in the
design of buoyancy-driven ventilation systems. This value is a function of the

opening areas and pressure differences asexpressed by equation 6.3.1.5
Qs =room volume x air exchange rate/3600(6.3.1.5

where Qs is the airflow rate through an opening (m?/s) and the room volume is a
product of the room width, length and the height (ms3). Building design criteria

usually provide the requirements for air exchange rates.

However, when considering Qs as a function of opening areas and pressure

differences, Qs takes the form of equation 6.3.1.6:

Y, 8
1 # 2 " (6.3.1.6)
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where Cu is the discharge coefficient (experimental: 0.61) | P is the pressure

difference across the opening area (Pa)Aert is the effective opening area of a
structure (m?), and Z is the density of air. Equation 6.3.1.7descaibes the airflow

rate by combining equations 6.3.1.5and 6.3.1.6
1 # | ¢fm m CE E 4 4 74 (63.1.7)

where” is air density inside the stack in unit of kg/m?, g is the gravitational

accelerationof 9.81m/s, h is the height of the opening above the datum (m), Tint IS
the internal air temperature (K) , Tex is the external air temperature (K), Aer is the
effective opening area of the structure (m?), hnpi is the height of the neutral pressure
level above the datum (m), and Cu is the discharge coefficient (experimental: 0.61)
A neutral pressure level (NPL) indicates that the outside pressure equals the
internal air pressure. Moreover, to ensure the effectiveness of stack ventilation,the
NPL is usually established above the roof of buildings. The transformation of

equation (6.3.1.7)represents the calculation of the opening size of the air inlet.
! 1¥T# — m CE E 4 4 T4 (6.3.1.9

In stack ventilation , openings for airflow inside buildings are usually connectedin
series(indicated in Figure 6. 2), and air flow sthrough A 1to Az, and then to the NPL.
Equation 6.3.1.9 describesthe relationship between the effective opening and a

single inlet opening .
px ! px ! px ! Eplf! (6.3.1.9
Assumed ! ! E! (6.3.1.10)
Equation 6.3.1.10can be used tocalculate the sizes of A1, Az, and An.

The size of the outlet areas is a function of the total airflow rate and the height

difference between the NPL and the stack outlet, as shown in equation 6.3.1.11:
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! 1 T c¢Im m CEE E 4 4 T4 (6.3.1.11)

where Quta is the total airflow rate through the stack (m?3s) and h is the height of

the stack outlet above the datum.

Multiple methods canbe used toidentify the indoor air temperature, such as using
heat transfer equations or software simulations. Parameters such asthe U-values
of building fabrics, solar heat gains, internal heat gains, infiltration rate, and
ventilation rate should be input in both equation-based calculations and software
simulation s. Currently, software simulation sare more popular for predicating the
hourly room air temperature under specific outside weather conditions. For the
outdoor air temperature, designers usually statistically obtain the value from

weather data.

6.3.2. Natural ventilation due to wind effects

Wind is created due to the pressure differences inthe atmosphere. It always causes a
positive pressure on the windward side and a negative pressure on the leeward side
of buildings (Figure 6.3). To maintain a balance betweenthe indoor air pressure and
outdoor air pressure, ambient air usually flows inside through windward openings
and leaves the building through leeward openings. Several parameters, such as the
building dimensions, wind direction, wind speed and even the landscape around

buildings, affect the pressure differences caused by wind.

Department of Architecture and Built Environment 190



The University of Nottingham

—~——Leeward side /: ——Windward side

I
NN

——|eeward side - ¥ ——Windward side

——Leeward side - |, ———Windward side
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Figure 6.3.Natural ventilation due to wind effects (CIBSE AM 10)

Equation 6.3.2.1 gives the expression of the wind pressure at the height of a point on

a building surface:
0 pIc @ # (6.3.2.1)

where U is the wind speed at the height of the opening or a reference point on the

building (m/s), 6 is the pressure coefficient and” is the air density (kg/m3).
Equation 6.3.2.2 gives the expression of the pressure difference caused by wind.
o 0 0 (6.3.2.2)

Equation 6.3.2.2can also beexpressed in the form of equation 6.3.2.3

)

Yo 0 — 0 @ — M TIc# # (6.3.2.3)

where Y0 is the pressure difference which is caused by wind (Pa), 0  is the standard
atmosphere pressure (Pa),” is air density under the standard atmosphere pressure
(Kg/m?3), U is the wind speed (m/s), 6 is pressure coefficient at inlet, and 6 is
the pressure coefficient at outlet. The value of 6 isaffected by several factors, such as
the wind direction, building shape, and orientation, surrounding buildings,

vegetation and terrain features.
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Equation 6.3.2.4 provides an expression of airflow rate caused by wind effects
1 ! # ¢YOo Im B (6.3.2.4)

where 1l is the air flow rate due to wind effects (m3/s),0 is the effective opening
area (m?), 6 is the discharge coefficient (experimental: 0.61), YO is the pressure

difference, and ” is the air density (kg/m3).
Equation 6.3.2.5 describes the airflow rate generated by wind effects.
1 L# MO # # 8 (6.3.2.5)

Equation 6.3.2.5 can be transformed into an expression of the effective opening area,

as shown in equation 6.3.2.6 (assuming A=A2=An)
! 1 T# MO # # & (6.3.2.6)

Single openings, A1, A2 and An can be calculated inthe sameway as equation 6.3.1.9

and 6.3.1.10.

6.3.3. Natural ventilation due to the effects of the combination of buoyancy and

wind

There are two types of natural ventilation driven by the combination of wind and
buoyancy. In the first type, The NPL is in the middle of openings (Figure 6.4), and in
the second type, the NPL is above the openings (Figure 6.5)

NPL is in the middle of openings
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Indoor Buoyancy effect

Wind effect _

Outdoor

S A A A N
A A

Figure 64. Natural ventilationis driven by the combination of wind and buoyancy
(Wang 2003).

Assuming the inside air temperature is higher than the outdoor air temperature

(Tint >Text), the NPL creates three scenarios

1) E Prear> Puwina (Figure 6.4,a), and buoyancy is the main driv ing force to naturally
ventilate the building ; thus, QC Qneat.

2) E PhealC Puwind, (Figure 6.4, b),and buoyancy and wind have similar effects onthe
natural ventilation ; thus, QC QneatC Qwind .

3) E Pheat < Pwind, (Figure 6.4, c),and wind is the main driving forces to naturally
ventilate the building ; thus, QC Quind.

Therefore, the air flow rate depends on the largest driving force when the NPL is in

the middle of openings.

The NPL is located away from openings (stack)
In natural ventilation driven by buoyancy (Figure 6. 5), the NPL is typically between
the inlet openings and outlet openings. In this case, the total pressure difference
should be the linear superposition of the buoyancy pressure differences and wind

pressure differences (Equation 6.3.3.1):

0 =20 =0 (6.3.3.1)

As a result, the total air flow rate is as follows:
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1 =2 1 1 (6.3.3.2)
Wind
Window
Neutral pressure level Room Neutral pressure level
Buoyancy
Qutdoor

Figure 65. The NPLis located away from openiagstackYWang 2003).
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6.4. Solar chimney

A solar chimney canimprove OEUUUEOQuwYI OUPOEUDPOOWEa WEE x UL
chimney heats a column of air, and the air then rises, pulling fresh air inside the
building. The effectiveness of solar chimney is mainly related to its dimensions,
such as the width of the channel, the size of the outlet areas, and the local weather

conditions.

6.4.1. The average air temperature and volume tric airflow rate inside a solar

chimney

According to the energy balance equations, the air temperature and volumetric
airflow rate in a chimney are function s of the solar heat gain and ambient air
temperature (Figure 6.6). Equation 6.4.1.1 givesthe energy absorbed per unit area

of the heat-collecting plate (Duan, 2009:

1o O¥0 QY Y YUY Y (6.4.1.)
where| is the efficiency of the solar heat-collecting plate, tis the transmission
coefficient of glass, "Y0 is the average solar radiation (W/m?), Q is the U-value of
the glass (W/mK), "Y is the temperature of the solar plate (°C), “Y is the
temperature of the stack fluid (°C), Y is the coefficient of heat lossin the unit of

W/m2K, and "Y meansthe average ambient air temperature (°C).

Air Flow
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i bt ".//
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N

Figure 66. The \ertical solar chimney heat transfer process
Source:Duan (2009)
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6.4.2. Solar radiation calculation

9 Direct solar radiation
In direct solar radiation, the solar rays hit the collector plate at the angle of 90 .
Assuming the angle of inclination of the plate is —-the direct solar radiation on the

plate () ) can be obtained byequation 6.4.2.%

) ) ATED ) 0 ATHEpG.4.2.1)
where ‘O is the direct solar radiation on the plate of the collector (W/m?), (s the
incidence angle, Ois a constant value of solar radiation (W/m 2) (1367W/n? from
the World Meteorological Organi sation (WMO)), 0 is the coefficient of
atmospheric transmittance, and | is the mass ofthe atmosphere.
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Figure 6.7. The ptal solar heat gaifor a solar chimney
Source: Jing (2005)
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where (' Bukhe solar heat gain from direct penetration (W/m2)uE OO WU lu 1 w
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6.4.3. The dimensions of asolar chimney

The height and width (gap between the glass and heatabsorbing wall) are the two
key factors that significantly influence the effectiveness ofa solar chimney (Figure
6.8). Spenceret al. (2000) suggesed that the airflow rate in a chimney increases
with the width and height. However, when the ratio of the width to height is
greater than 0.5, the airflow rate becomes stable, and the reverse airflow occurs at
the outlet of the chimney. Duan (2009) found that increasing the size ofthe inlet
can mitigate this reverse airflow and that the optimum ratio for a roof-mounted
vertical solar chimney was 0.5. Jing (2005) investigated a vertical solar chimney
and the results showed that the optimum ratio of the width to height was 0.5.
Wang and Li (2004) concluded that the mass airflow rate inside a chimney

increases with the width of the solar chimney and that the optimum width to
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height ratio for a roof-mounted vertical solar chimney was much larger than that
for aTrombe wall (0.5 to 0.1). Wang (2003) investigated the optimum ratio of width
to height for aroof-mounted vertical solar chimney and a Trombe wall with results
indicating that the best ratios for the Trombe wall solar chimney and the roof-

mounted vertical solar chimney were 0.15 and 0.5 respectively.

CROSS SECTION
1 N TOP VIEW

_ Back wall

A

VA 4

CAVITY  LENGTH
WIDTH

HEIGHT

Left side wall Glazing

J//

Right side wall

/ [/

& |INLET

Figure 68. The dimensions and properties of solar chimney
Source: Spenceret al. (2000)
Yan (2008)investigated the performance of a roof-mounted vertical solar chimney
in a four -storey primary schoolteaching building in the cold climate zone of China.
The study found that the | owest effective height for a roof -mounted vertical solar
chimney shared by four classrooms was 5 metres. Gontikaki et al. (2010)claimed
that for a five-storey building, extend ing the solar chimney by at least one storey
could improve the airflow rate at the top floor of the building. Ding et al. (2005)
recommended extending the solar chimney by at least two storeies to ensure a

sufficient airflow rate at the top floor of a prototype eight-storey office building.

6.4.4. The back wall of a solar chimney

The temperature fluctuations in the adjacent spacesincreaseasthe solar heat gains
in the solar chimney increase (Kumar et al., 1994) Afonso and Oliveira (2000)

found that airflow rates inside solar chimneys decreased by 60%due to heat
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transfer from the solar chimney to adjacent spaces. Gan (1998) reported that 40%
of solar heat gains in a solar chimney was transferred to adjacent spaces via non
insulated back walls. Therefore, it is imperative to add insulation to the back walls

and prevent extensive heat lossesfrom the solar chimney.

Lee and Strand (2009) found thatairflow rates inside a chimney can be increased
by 42-57%when the absorptivity increasesfrom 0.25 to 1for the back wall. Harris
and Helwig (2007) suggested that airflow rates can be increased by 10%y using
back walls covered with low-e coatings. Wang (2003) advisel that the inner

surfaces ofback walls should be black since the absorptivity of canreach 0.95.

6.4.5. The glaze type of solar chimney

Gan and Riffat (1998 and Harris and Helwig (2007) recommended that double
glazing and triple glazing should be used to maximise the ventilation rate in
winter. Gan (1998) also claimed that double glazing in a Trombe wall system can
increase the induced airflow rate by 17%, conpared to a Trombe wall with single

glazing. The main reasonfor employing double or triple glazing is becausethese
glazescan decreasethe conductive heat lossand increasethe heat gainsfrom solar

radiation simultaneously .

6.4.6. The inlet size of the solar chimney

The inlet of the solar chimney is the inlet at which air flow s into the channels of
the solar chimney from a room space Studies have found that the inlet size of a
solar chimney has a small influence on the effectiveness of the solar chimney
compared to the width to height ratio (Wang and Li, 2004; Yan 2008). Jing (2005)
concluded that the inlet size of a solar chimney should be designed based on the
entire ventilation system rather than solely on th e solar chimney itself. Duan (2009)

noted that the ideal inlet size for a solar chimney should be equal to the inlet size
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of the room when a roof-mounted vertical solar chimney has an optimum width

to height ratio.

6.4.7. The effects of wind and solar radiation

The intensity of solar radiation is one of the most determining factors in the
performance of a solar chimney (Wang, 2003; Yan 2008; Gan 1998). Chen et al
(2003) found that a threefold increase in solar radiation can lead to a 38%
improvement in the airflow rate in a solar chimney. Mathur et al. (2006b) reported
that the performance of a solar chimney has a positive linear relationship with the

intensity of solar radiation.

Wind is another important climatic parameter since it ca n have positive or
negative effects on the performance ofasolar chimney. Mathur et al. (200&) found
that the wind effects contributed to 23% of modelling errors (the difference
between model predictions and experimental measurements). Therefore, in

practice, designers should take measures toeliminate or reduce wind effects.
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6.5. Sunspace with plants

6.5.1. The factors that influence plant adsorption of PMs

Plants are efficient in adsorbing PMs (Beckettet al., 2000;Zhang et al., 2014). The
adsorption capacities of plants are mainly affected by their leaf function and leaf
structure, such asthe leaf surface texture, hair density, oil content, moisture level
and surface area. Many studieshave shown that plants adsorb PMs in three ways
(Chai et al., 2002; Prustyet al., 2005; Tiwary et al., 2009). The first way is retention.
Plants reduce the airflow velocity and PMs settle on the surfaces of leaves. The
guantity that settles on the surfaces of leavesis basedon the airflow velocity and
PM concentration in the ambient air. However, PMs adsorbed by retention can
return to the air easily if the airflow speed increasesand deteriorate the stable
surrounding environment (Prusty et al., 2005). Therefore, retention is a passive
and unsteady way of adsorbing PMs and is eadly affected by the surrounding

conditions.

The second way is attachment based on the rough leaf epidermis and cuticle
characteristics.PMs arefixed to the leaf surfaces by attachment which is relatively
stable, and it is difficult for the wind to blow away the PM. Chai et al. (2002) found
that leaves with groove structure s and dense cilia have better abilities to capture
PMs than leaves with smooth surfaces or tumour structures. See beet al. (2012)
found that leaf properties, such as the hair density and wax cover, have positive
effectson capturing PMs. Beckettet al. (2000 indicated that needle-leaved plants
with more complicated leaf structure s, and broad-leaved plants with high

densities of cilia have high efficiency in adsorbing PMs.

The third way for plants to adsorb PMs is adhesion by the leaf exudates.Adhesion
is the most stable way of capturing PMs and fixing them to the surfaces of leaves.

Guo et al. (2007) statel that plants such as Pinus tabuliformis are efficient in
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capturing PMssincethey regularly emit exudates. FreerSmith et al. (2005) claimed
that plants that can capture PMs with exudates play a vital role in shaping the
urban natural environment. Wang and Li (2006) reported that the adsorption

capacity of plants with leaf exudates is two times th at of plants that do not emit

exudates.

The leaf structure and surface characteristics determine the abilities of plants to

adsorb PMs. However, there is a limiting boundary regarding the quantification

of the PMs adsorbed by plants (Gao et al, 2007). Wang and Li (2006) statd that on

clear and breeze days (wind velocity between 3.45.4m/s), the adsorption capacity

of Euonymus japonicaseached a maximum after 15 days. Qiu et al. (2008) found

that typically , the PMs captured by plants cannotincrease after 20 days in a natural

state. Liu et al. (2013 obtained a similar conclusion after 24 days. Popeet al. (1999)

indicated that the adsorption capacities of plants are different basedon the species

of plant and the surrounding environmental ¢ onditions.

6.5.2. PMs adsorbed by plants
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6.6. Summary

Chapter 6 review ed the mathematical principles behind each passive technique
and analysed the factors that influence the design parameters of thesetechniques.

The following list provides the critical points for the design of ILEV system.
EAHE system,

The NTU method can be used to estimate the effectiveness of the EAHE and
determine the length and width of the pipes to reach an expected air
temperature.

Pipes in the EAHESs should be separately placed, and the distance between
pipes should be at least1 meter.

Soil located 1 mete from the buried pipes usually displays a temperature
change smaller than 0.06C, even when EAHESs run for over 48 hours. Thus,
when two pipes are located at a distance of at least 1 metrethe co-effects are

negligible.
Natural ventilation system

The critical factor that affects the air exchange rate is the pressure difference
between the indoor air and outdoor air. The bigger the pressure difference is,
the higher the air exchange rate. Pressure differences are causedby

temperature differences in buoyancy-driven ventilation .
Solar chimney,

The height and width are the two critical factors that significantly influence
the effectiveness ofa solar chimney. Past studies found that 0.5 is an optimum
ratio of the width to height for a vertical roof -mounted solar chimney (Duan,

2009; Wang, 2003; Spencer et aR000and Jing, 2005)
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Insulations should be added to the back walls of a solar chimney to decrease
the heat loss and retain more solar heat within the chimney.

Double glazing or triple glazing is better for a solar chimney to decreasethe
conductive heat loss and increase the solar heat gain simultaneously.

The inlet of a solar chimney has asmall influence on the effectiveness of the
solar chimney. Published studies found that the ideal inlet size is equal to the
size of the inlet of the room when a roof-mounted solar chimney has an

optimum width to height ratio.
Plants,

The leaf function and leaf structure are the two main factors that influence the

plant adsorption of PMs.
The adsorption capacities of plants differ based on the species of plant and the

surrounding environmental conditions .

The points above canbe used to create amathematical foundation for the IELV
system. Chapter 7 will build the mathematic al model of the ILEV system based on

the output s of Chapter 6.
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Leaf surface areas calculation and identification of the number of plants
Size and materials specification of the sunspace

The specifications of the EAHEs

Vertical airflow channel

The dimensions of the solar chimney

Summary

A

Chapter 7
The spedfication of the ILEV
system

The content of Chapter 7
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7.1. Introduction
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7.2. Leaf surface area calculation and the identification of the

number of plants

Zhou et al. (2009) stated that the adsorption capacity of Epipremnum aureuns

0.2069g per day per square metre of leaf surface areas, and Epipremnum aureunms

common in flower market in North China. Moreover, the number of leaves of
Epipremnum aureuncan easily be counted, and the totalsurface areasof leaves can

be determined without professional botany equipment. Therefore, this study
selectedEpipremnum aureunto remove PMs in the sunspace.

SEEOI wA 6 vwWUIOWEVIPWET 1 w/ , wE OOE 10QuPU H 08 Gl ul b
UUUEawUET ODOGEBDBOE®DB (b Wi Eubx EFIW w B TUWIUI uEau UEOUU
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EDOI OUPOOUwWOI el wh OY OBD@BBOUDEUDPOOw#UKEWUO
21T EOEIOOOWP OEPEOQwW&OYI UOOI OUWEUPOUWUIT 1 w4 UEE
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Table 7.1. The averagePM concentrations ® O w3 E b g4E1O®)CE b U

Months 2015 2016 2017
PMz2s PM1o PMz2s PMa1o PMzs PMa1o
Jan 102 168 114 179 105 156
Feb 80 139 84 137 82 122
Mar 70 143 68 141 62 104
Apr 58 117 65 151 49 103
May 51 105 41 105 48 103
Jun 51 104 39 88 43 86
Jul 45 89 40 77 35 79
Aug 43 90 33 61 29 55
Sept 49 99 59 94 37 75
Oct 28 149 54 82 54 89
Nov 71 113 84 119 62 96
Dec 113 202 105 151 90 130
Daily Average 63 127 66 115 58 100
Daily Highest on average 278 302 249 298 198 272
Daily lowest on average 22 58 28 50 25 44

Source: Urban ambient air quality platform of Environment Protection Department of Shandong Provincial

Government, http://58.56.98.78:8801/AirDeploy.Web/AirQuality/MapMain.aspx
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Table 7.1 showsthat the highest average daily concentration of PMiowas 302ug/m?

over the past three years Thus, 302 ug/m? can be used asa guideline value to

determine the number of plants needed. Zhou et al. (2009)conducted the study in

a clean andbreezed indoor environment (air movement speed was between 3.4

m/s and 5.4 m/s), and the adsorption process was relatively stable. Therefore,
assuming the leaves captured PMs at a constant speed(Y 8 | (f 'KE Ahe total

PMs fixed in eight school hours per surface areaof the leaveswas68966ug (0.2069

| 1000000 24! 8= 68,966uQ).

The following calculations indicate the amount of air required in the four

classrooms

Fresh air requirement (10 I/s/person) O number of occupants (45 students and 1
teacher) O number of classrooms (4) O 36000 school hours (8) = 52,992m3
31 1 wOEAEM@mNwWE EOWET wi UUPOEWI EWEU Wi OOOO6PUG
Ah@y Y& Wil wpEOOUDPET UDPOT wUT 1T wb ®YWHI GrtdHBE UT woi

Next, the total surface area ofthe leaves of Epipremnum aureuncan be

determined as follows .

16,003584 06 68,966 =232.05m?2.
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Many methods, such asthe graticulation method and regression equations, can be
used to estimate the surface area of leaves. Someevices, such as portable leaf area
metres, canalso directly measure the surface area ofleaves(Xu et al., 2002. In this
study, due to resourcelimitations , only scanners and drawing software, including
Photoshop and AutoCAD, were used to quantify the leaf surface area(Appendix
II). The scanners scanneda single leaf and imported the scanned picture into
Photoshop and AutoCAD. Then , Auto CAD can directly provide the surface areas

of leaves (Figure 7.2).

Due to the financial resource limitations , 20 potted plants were bought from the
local market as studied samples. The 20 potted plants had similar height s, crown
diameters and ages. The samples of leaves were collected randomly from the
bottom, middle and top of eachpotted plant (labelled A, B, C, D, E, F, G, HJl,) 4
and T). Figure 7.1 showsthe dimensions of one of the plants. Theheight and crown

diameter ranged from 1.8-2.0m and 0.6-0.8 m respectively.

Figure 7.1.An example of the 20 potted plants
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Table 7.2 summarises the number of leaves on each plant. The maximum number
of leaveswas 160for plant H. Leaves falling and growing aretwo natural processes
that occur simultaneously. Within a specified period, it is assumed that the
number of leaves and the led surface areais constant. Therefore, the number of

plants required in the sunspacecan bedetermined based on Table 7.2.

Table 7.2. Thequantity of leaves on selected plant

A B C D E F G H | J
159 152 147 159 145 141 142 160 148 153
Total number of leaves
k L M N (@) P Q | S T
148 152 151 158 155 154 144 158 158 159
£ |
Y"{’/“\ ‘
4 />\\ ‘
=/ ¢ 4 !
/” 7 A N
/// 2 //\ /\/\\.
// A /\/
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——*{J' ; / & 7 4 g // / 4 ) S
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l A ///1 \}\: /

Figure 7.2.Leaf sirfface area calculationAppendix Il scanned pictures tdaves from
plant A)

According to the empirical principles of the sampling survey, for a subject with a
population lessthan 1000, thesmallest number of viable samplesshould be at least
30% of the total population (Shao, 2012 Therefore, for the selected 20 plants, 50
leaves from each plant were collected as samples.Then, the overall leaf surface

areawas estimated based on thesesamples (Appendix Il 1). Table 73 summarises

the average leaf surface areadata for each plant.
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