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Foreward

The New Zealand Ministry of Education’s approach to addressing ventilation in schools, in response to the COVID-
19 pandemic has been informed by evidence supporting good natural ventilation where possible.

In November 2021, the Ministry, in collaboration with the National Institute of Water and Atmospheric Research
(NIWA) carried out a ventilation study, which confirmed that an efficient way of achieving good ventilation and
reducing the transmission risk of COVID-19 is by opening doors and windows (natural ventilation).

In March 2022, the Ministry’s ventilation programme team in collaboration with research institutes carried out
the next phase of targeted studies. These studies include experimental research conducted at Epuni school in an
unoccupied test classroom and two literature review studies. These two literature reviews support this body of
literature through summarising the current research on the topics of natural ventilation during winter months and
the performance of air cleaners for COVID-19 mitigation.

The findings from these studies have informed our approach on managing ventilation improvements in schools.

This document is freely available for download from the Ministry’s ventilation guidance page.

Sam Fowler

Associate Deputy Secretary - Property Delivery
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Executive Summary

The COVID-19 pandemic has highlighted the importance of ventilation as a transmission mitigation
strategy. However, there is a widely-held concern that a drop in outdoor temperatures during
wintertime may impact thermal comfort in the context of naturally ventilated classrooms. This is a
concern which has not been widely investigated by peer-reviewed empirical studies. The aim of this
paper is to review the available literature on the impact of natural ventilation during winter on thermal
comfort. Using the replicable search processes of a systematic literature review adopted from medical
research practice, 142 articles were retrieved from four search databases (Science direct, Scopus,
PubMed, and Google Scholar). Analysis of these 142 articles revealed that most studies have
particularly focused on the assessment of ventilation conditions, especially in non-naturally ventilated
spaces, and that there were only 5 articles that empirically investigated the impact of natural
ventilation on thermal comfort during winter in sufficient detail. This shows a significant gap within
the body of literature, meaning that the findings from this study can only be treated as tentative, with
further research required. The key findings from these 5 articles were that:

e Natural ventilation is most effective in winter due to buoyancy driven air flow, but when the
outdoor temperature equals the indoor temperature, there is no natural draught pressure
due to temperature difference, only wind will move air. High ceilings are also required for
effective buoyancy driven air flow.

e Partly opening windows in classrooms can achieve adequate air flow on cold days above 12
oC and maintain acceptable temperature levels depending on space usage, but opening
windows only during lunch breaks is an ineffective strategy for wintertime ventilation.

e At temperatures below 12 °C, a ventilation strategy with opening and closing of windows or
limiting the number of open windows should be established, and this strategy should be
complemented by the installation of CO, meters to manage the strategy.

e Wintertime ventilation can be improved through clerestory windows in classrooms with high
ceilings to aid removal of hot air, due to the stack effect, while still maintaining adequate
indoor thermal comfort conditions.

e In cold climates and in the presence of a COVID-19 super-spreader, combined interventions
(natural ventilation, masks, and HEPA filtration) is a highly effective strategy.

e At temperatures above 12 °C, windows should be completely opened if the risk situation is
high.

e A temperature of +3 °C around the optimum minimum comfort temperature levels (+18 °C)
may still be tolerable to children, because children generally prefer conditions to be a few
degrees cooler due to their higher metabolic rate and activity levels over the course of a school
day.

e There is a significant literature gap around survey based thermal comfort investigation in
naturally ventilated classrooms during winter months in a comparable climate to New
Zealand.
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1.0 Introduction

With people spending approximately 90% of their time indoors and children spending around 20% of
this time in school, it is difficult to understate the importance of indoor air quality in classrooms.
Considering the COVID-19 pandemic and additional viral contaminants this importance is magnified
with the central route of transmission being airborne. 90% of New Zealand classrooms are naturally
ventilated by opening windows and doors (Mclntosh, 2011). Natural ventilation is the optimal way of
reducing the transmission risk of COVID-19, when considering capital and operating cost and occupant
comfort (Bhagat et al.,, 2020; Longley et al., 2022; Melgar et al., 2021a). A drop in outdoor
temperatures of up to 14 °C during the winter adds complexity to the reliance on natural ventilation
due to the implications on thermal comfort and increase in energy usage (Melgar et al., 2021b;
Navaratnam et al., 2022; NIWA, 2022; Rencken et al., 2021; Stabile et al., 2017). Defining exactly how
colder outdoor temperatures impact the performance of natural ventilation in classrooms is vital to
recommend measures to maintain adequate indoor air quality and thermal comfort.

Current guidance from the US Centers for Disease Control and Prevention recommends for classrooms
to bring in as much fresh air as possible. If temperatures get too cold, heating should be increased
(Centers for Disease Control and Prevention, 2021). The UK Chartered Institution of Building Services
Engineers (CIBSE) suggest that windows shall be open more than is usual, classrooms shall be purged
for 15 minutes before classes begin and that in cold temperatures, clerestory window usage should
be prioritised. Partial opening of windows can help maintain thermal comfort (CIBSE, 2021). Health
and Safety Executive UK echoes some of these statements through by suggesting that partially
opening windows and doors can still provide adequate ventilation of 5-6+ ACH, during winter (Te
Mahau, 2022). They further recommend that opening clerestory windows can mitigate draughts. HSE
recommends relaxing dress codes, increasing heating and regularly purging the room (Health and
Safety Executive, 2022). The World Health Organisation provides the specific recommendation of
10L/s/person (Organization, 2021). After referencing the World Health Organisation, Australia’s
government recommends that air flow should be optimised in schools through opening windows and
doors (Australian Health Protection Principal Committee, 2021). The Canadian Government guidance
suggests moving as much outdoor air into the space as is possible during winter season (Government
of Canada, 2021). They elaborated upon this by stating that doing this intermittently will have minimal
impact on indoor air temperature and further recommended regular purging of the indoor air
(Government of Canada, 2021). Though these guidelines encourage natural ventilation, they lack
detail on the adequate indoor air temperature for classroom and how to balance this with ventilation.

ASHRAE suggests that classroom environments should be approximately 22°C (ASHRAE Epidemic Task
Force, 2020). CIBSE suggests that school classrooms should not exceed 21°C (The Chartered Institution
of Building Services Engineers, 2015). As a minimum standard, the National Education Union of the UK
states that classroom should not be below a temperature of 18°C (National Education Union, 2019).
For the USA, the Regional Education Laboratory suggests that classrooms should be kept between
20°C - 24°C during winter months and 23°C - 26°C during summer months (Regional Educational
Laboratory Program, 2018). These sentiments are echoed by the National Joint Council of Canada
which suggests that comfortable indoor temperatures are between 20°C - 26°C (National Joint Council,
2011). These recommendations are generally based on findings from workplaces. In New Zealand, the
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Ministry of Education sets out in the Designing Quality Learning Spaces requirements a temperature
of 19°C (+/- 1°C) for learning spaces (MoE, 2021). As natural ventilated classrooms differ in
performance due to design, climate and occupant behaviour, there is no globally accepted guidance
for temperature regulation or protocol for naturally ventilated schools (Kapoor et al., 2021). This
means that guidance for naturally ventilated classrooms needs to be undertaken through a context-

specific lens.
Minimum Average Maximum
classroom classroom classroom
temperature temperature temperature

ASHRAE 22°C

CIBSE 21°C

National Education Union of the UK 18 °C

Regional Education Laboratory USA 20 °C (winter) 24 °C (winter)

23 °C (summer) 26 °C (summer)
National Joint Council of Canada 20°C 26 °C
Ministry of Education NZ 18 °C 19°C 20°C

Mitigation of COVID-19 transmission is one of the most pressing issues globally. Though large strides
in knowledge have been made in the last two years, there are still many unknowns regarding best
practice for risk reduction measures in schools. When proven measures such as increased levels of
natural ventilation clash with thermal comfort goals during winter months, new techniques are
necessary to deal with these new issues. In order to address these issues, a thorough understanding
of the elements at play and how they interact is crucial.

There is a general concern that during cold days and especially when there are sustained low
temperatures during winter months, opening windows and doors to achieve adequate ventilation for
reduction of infection risk will negatively impact the thermal comfort inside classrooms. Though this
concern is undoubtably valid the question of whether a balance between natural ventilation
performance in winter and thermal comfort is yet to be well established. Therefore the aim of this
paper was to systematically review the available literature on the impact of winter temperature on
the effectiveness of natural ventilation in classrooms and propose measures that can be taken to
improve such performance. This informed the following two research questions:

e What is the impact of natural ventilation during winter on thermal comfort?

o  What is the impact of winter temperatures on the effectiveness of natural ventilation?
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2.0 Literature Review Methodology

The methodology for the selection of publications follows a process outlined in fig. 1.

Scope delimiting

®

Identification of alternative terminology

|Y|

Defining the database, search rules and screening criteria

&

Database search

Literature screening

Figure 1. Literature review process

|p|

This provides a systematic literature review process which can be recreated. Mendeley was the
reference database software used for this study.

2.1 Inclusion Criteria

The central purpose of this literature review is to investigate the impact that winter conditions, such
as temperature, humidity and wind, have on the effectiveness of natural ventilation in New Zealand
classrooms. In addition to how this relates to the airborne transmission of COVID-19 and mitigation
measures. Therefore, this review will focus on:

e School classrooms. However, other relevant spaces such as education spaces, university
spaces and office spaces will be considered.

e Theimpact of low outdoor temperature on indoor thermal comfort during natural ventilation.

e The comfort and behavioural consequences of these effects. Such as uncomfortable thermal
conditions or changes to window opening behaviour.

e The impact this has on COVID-19 transmission within classrooms.

e Findings which can be applied to the New Zealand classroom context.

2.2 Identification of Alternative Terminology and Creation of a
Search Phrase

Following the scope delimiting process, a matrix of alternative terminology was created. Due to the
limitations of certain database search functions, a maximum of 8 Boolean functions was adhered to.
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Displacement Classroom Cold Performance
ventilation

This matrix was then translated into a search phrase of:

(‘Natural ventilation’ OR ‘Displacement ventilation’) AND (School OR Classroom) AND (Temperature
OR Cold) AND (Effectiveness OR Performance) AND Covid-19

Though this search phrase was used for the initial search other keywords that were generally used
were:

Displacement Classroom Cold Performance Sars-cov-2
ventilation

Cross-ventilation Study room Winter Efficacy Virus
Ventilation School room Heating season Value Aerosol
Buoyancy driven flow Teaching space Low Review Transmission
Convection University Weather

2.3 Defining the Literature Database, Search Rules and
Screening Criteria

The databases that were used were, PubMed, Scopus, Science Direct, and a general search on Google.
These databases were chosen based upon their science, architecture, engineering, and disease
transmission coverage. In terms of search rules, both peer reviewed, and grey literature were
considered on an individual basis. This is due to the fast-evolving and urgent nature of this area of
research. Any information from grey literature was treated with the appropriate level of caution.
Further limitations include only papers available in English. Though the year of publishing was not a
limitation, priority was placed upon papers from 2020 onwards, due to the relevance to the COVID-19
pandemic.

2.4 Database Search

The database search was conducted during the months of February 2022 and March 2022, using the
search phrase established above. From the initial search using the primary search phrase, 4,010
sources were found (see fig.1).

These searches included duplicates which were removed when identified throughout the screening
process. These results were initially screened by their title to establish relevance, this resulted in 174
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relevant papers. These papers were then screened through their abstract, this resulted in 113 relevant
papers. From these 113 papers, 70 were deemed relevant after a full text reading.

2.5 Final Screening

From the final 70 papers, a second search process was conducted through the original sources
reference lists. These papers were screened through their title and then a reading of their full text.

This resulted in 72 additional papers (see fig.2).

Title Analysis
Full Text Analysis

Title Analysis
Abstract Analysis
Full Text Analysis

Figure 2. Figure sourcing diagram
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2.6 Literature Analysis

A range of literature has been explored in order to give a comprehensive review on the impact of
winter temperature and wind on the effectiveness of natural ventilation. This section shows an
overview of the literature based upon the literature type, geographical distribution and publishing
date. Types of measurements will also be discussed.

The types of literature found ranged from experiments, simulations, guidance and reviews. A few
studies used a combination of real-world experimentation and computer, or mathematical simulation
and one article was also determined to be relevant to the subject. 53% of the literature reviewed was
an experimental study with reviews being the second most common, followed by simulations and
guidance respectively (see fig. 3).

Literature Type Distribution

1%

m Experiment ® Simulation = Experiment and simulation = Guidance = Review m Other

Figure 3. Literature Type Distribution

Geographical distribution was analysed on a continental basis. Most of the relevant studies were of
European origin, followed by studies based in Asia and North America respectively (see fig. 4). 7% of
the studies were not based in or had a focus on a particular geographical region. Rather, they took an
international approach, these studies being either literature reviews or guidance documents.

New Zealand has a complex climate ranging from warm subtropical to sever alpine conditions (NIWA,
2022). This is reflected through six distinct climate zones used within the New Zealand Building Code
(Ministry of Business Innovation & Employment, 2021). This range of climactic conditions means that
certain geographical studies may be relevant to certain parts of New Zealand during certain seasons.
The geographical distribution appears to reflect the climactic conditions relevant to the review topic
of the impact of New Zealand winter conditions on natural ventilation. Where New Zealand’s climate
is comparable to parts of western Europe.
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Geographical Distribution

Q

m Europe = Asia = North America = South America = Australasia = Not specified

Figure 4. Geographical Distribution

The study’s relevance to the COVID-19 pandemic is reflected in the distribution of publishing dates
with 81% of the literature having been published after December 2019 (see fig. 5). Some studies prior
to December 2019 were still relevant and COVID-19 relevance can be inferred.

Publishing Date Distribution

m 2022 ®=2021 =2020 =2019 and before
Figure 5. Date of Publishing Distribution
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The purpose of the literature is reflected within the distribution of investigated building typologies,
with over half of the literature directly investigating school classrooms (see fig. 6). For the rest of the
literature approximately 30% investigates indoor spaces of buildings in general with the rest being
made up of university classrooms, offices, hospitals, transport, gymnasiums and residential spaces.

Building Typology Distribution

m School Classroom m University Classroom = School and University
Office Building = Hospital = Transport
B Gymnasium ¥ Residential ® General

Figure 6. Building Typology Distribution

Overall, the literature found within this systematic process provides a comprehensive representation
of the current knowledge and shall inform balanced conclusions.

2.6.1 Literature Ranking

The final body of literature was then reviewed and ranked on a scale of 1 to 5. The purpose of this
ranking is to further define the relevance and quality of each study.

Within the ranking scale a ‘5’ is used to represent an empirical study that is closely related to the
research questions and provides clear results. A ‘4’ is used to represent an empirical study that isn’t as
closely related to the research questions or reviews that directly address the research questions. A ‘3’
is used to represent other literature that has a direct relationship with the research questions. A 2" is
used to represent literature that has an indirect relationship to the research questions and a ‘1’ is used
to represent guidance documents and grey literature.
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3.0 Literature Review

These sections present discussion around the two questions related to naturally ventilated
classroom performance during winter months.

3.1  The impact of natural ventilation during winter on thermal
comfort?

From the 142 papers reviewed, only 5 papers empirically investigated the impact of natural ventilation
on thermal comfort during winter in sufficient detail.

In Spain, Alonso et al., (2021) analysed the effects of the COVID-19 pandemic on thermal comfort and
CO,, in winter. They carried out in situ measurements of air temperature, relative humidity, and CO,
concentration before and during the pandemic, in two primary school classrooms. The mean outdoor
temperatures were 7 °C, while indoor temperatures ranged betwee 17 °C - 24 °C, with an average
temperature differential of 8 °C. With the openable areas representing 30.6% percent of the south
classroom’s envelope and 22.7% of the north classroom’s envelope. The study found a reduction of
400 ppm when the schools were naturally ventilated during all teaching hours, and that over 60% of
hours had thermal discomfort conditions (greater than 25.5 oC and less than 18.5 -C). However, their
findings were limited to an approximation of thermal models and the authors noted that “further
analysis in terms of mean radiant and operative temperature should be conducted to represent
thorough thermal comfort evaluation”.

In Cyprus, Heracleous & Michael, (2020) evaluated the impact of natural ventilation on the indoor
thermal environment in both winter and summer. The mean operative temperatures during winter
varied from 19 °C to 21.7 °C, while the outdoor temperatures varied from 8.5 °C to a peak of 18.7 °C,
with a mean diurnal fluctuation of 5.7 °C, with the area of openable windows ranging from 1.75 - 4.75
m?Z. The study found that for the winter period, students felt neutral or slightly cool, with mean wind
chill values of — 0.07 and a percentage of dissatisfied students of approximately 30% - the classrooms
remained within the comfort zone when heating was used. They concluded that indoor thermal
comfort conditions were significantly improved through cross-ventilation strategies using both the
main openings and the clerestory windows aided the removal of stale air whilst limiting draughts at
the occupant level.

In Switzerland, Vassella et al., (2021) carried out an intervention study to verify whether indoor air
quality requirements can be achieved by following reasonable ventilation regimes that are also
suitable for countries with cold winters. In 100 primary and secondary classrooms, they measured CO;
levels in classrooms without any ventilation intervention and compared the effectiveness of natural
ventilation during breaks, in the heating season. Their rationale for performing ventilation exclusively
during breaks was to avoid discomfort from cold drafts, and they assumed that in Swiss classrooms,
ventilation is often inadequate, particularly in winter because of discomfort due to low outdoor
temperatures. They hypothesised that ventilating during breaks in the cold season solves the comfort
problem. Outdoor temperatures were below 15 °C with a median temperature of 3.1 °C, and indoor
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temperature was around 22 °C, with the openable window areas ranging from 1.2 — 13.8 m2 with a
median of 5.8m2. The study found that fully opening the windows for 10—15 min every hour reduced
the average CO2 concentrations to the values that would be obtained if the windows were kept
constantly open, whilst maintaining the indoor temperature of the classroom at appropriate levels.
They concluded that though the average CO2 levels were reduced from 1600 ppm (control group) to
1097 ppm (intermittent window opening), spontaneous natural window ventilation in countries with
cold winters could lead to high CO2 levels, and that whenever possible further measures such as
intermediate ventilation during class in conjunction with wearing masks should be applied. No
distinction was made between secondary and primary schools within this study, presenting a limitation
by not acknowledging contextual differences between the two typologies.

Another study in Spain, by Miranda et al., (2022) examined how COVID-19 ventilation measures
interfere with the thermal comfort of occupants depending on their clothing and the type of activity
carried out in a higher education examination centre. The average indoor temperatures ranged was
around 21 <C and data was grouped according to whether the average external temperature was up
to 6 °C, between 6 and 12 °C or above 12 °C, with openable window areas ranging from 0.68m2 —
3.85m2. The study found that when the windows were open and at outdoor temperatures above 12
°C, the CO2 concentration levels were very close to 500 ppm and comfortable thermal conditions were
achieved. A significant influence on thermal comfort was observed when implementing natural
ventilation when exterior temperatures were below 6 °C. But in the range between 6 and 12 °C, factors
such as occupancy determined the comfort/discomfort conditions. The authors recommended at
temperatures above 12 °C, windows should be completely opened if the risk situation is high, because
thermal comfort will not be significantly compromised. When external temperatures drop below 12
°C, a ventilation strategy with opening and closing of windows or limiting the number of open windows
should be established, and that this strategy should be complemented by the installation of CO2
meters to manage the strategy. However, the findings of this study are limited to a predictive
assessment of thermal comfort, and not actual perceptions of the occupants, e.g. by using
guestionnaires. This study was carried out in a university environment, though this bears similarities
to school classrooms, findings of thermal comfort will likely differ for younger students as university
students do not remain in the same room for the entire as is common in primary schools.

On the range wintertime temperature acceptability, Jiang et al., (2020) developed a thermal comfort
assessment model emulating different ventilation conditions in primary and secondary schools in
China. They found that the comfortable temperature range for 90% of the pupils was 13 - 18 °C with
an average CLO of 1.5. This temperature comfort range is significantly lower than many comfort
models. This may be explained through the low daytime outdoor temperature of -2.4 °C, leading to
potential climactic adaptation, or the high CLO value. These results suggest that low outdoor
temperatures and high CLO values in naturally ventilated classrooms can lead to a wide range of
acceptable thermal conditions, far below recommended ranges for classrooms.

Besides the real-world experiments appraised above, Villers et al.,, (2021a) simulated a 160 m3
classroom model containing one infectious individual to explore the effect of interventions (natural
ventilation, face masks, HEPA filtration, and their combinations) on the concentration of virus particles
and calculated the cumulative dose absorbed by exposed occupants. For winter, they simulated an
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outdoor temperature of 5°C and indoor temperature of 22°C. They found that “the most effective
single intervention was natural ventilation through the full opening of six windows all day during the
winter, and that partly opening two windows all day or fully opening six windows at the end of each
class was effective as well”. They stated that opening windows only during lunch breaks should not be
recommended because it was the least effective intervention. Their experiment also found natural
ventilation to be most effective in winter and that the fresh air flow rate for single-sided natural
ventilation is proportional to the difference between outdoor and indoor temperature. However, they
stated that when outdoor temperatures are too extreme, there is too much noise or the outdoor air is
too polluted, natural ventilation is inadvisable, and this prompted their investigation of alternative
strategies (such as the particulate air filtration devices) to reduce virion concentration. Hence, they
concluded that combined interventions (natural ventilation, masks, and HEPA filtration) were highly
effective in the presence of a COVID-19 super-spreader.

Thermal comfort is a subjective assessment by which people consider themselves to be satisfied with
their thermal environment. Studies (Cheng & Brown, 2020; R. De Dear et al., 2015) indicate that
children may be more sensitive to higher temperatures than adults and that they generally prefer
conditions to be a few degrees cooler due to their higher metabolic rate and activity levels over the
course of a school day. This is an important consideration due to the adult teacher likely to have the
most behavioural impact on the thermal conditions of the space, such as window opening. In reality,
what feels comfortable is not just related to air temperature, but also to relative humidity, surrounding
radiant temperatures, air movement, occupant activity levels and clothing worn. ‘Comfort’ inside
naturally ventilated buildings will adapt accordingly to the experience of external temperature.

For example, a study by Yao et. al., (2010) found that occupants of naturally ventilated spaces were
less thermally sensitive than those occupying air conditioned spaces. This finding was supported by a
further study Lau et. al., (2019) showing that people in naturally ventilated buildings tend to have a
wider range of thermal acceptability than predicted in a PMV model. Furthermore, the personal
thermal comfort parameters such as clothing, operation of fans and intake of hot beverages were
observed to be taken advantage of in a naturally conditioned environment indicating towards
behavioural adaptation as a thermal sensitivity mitigator (Yao et al., 2010). The impact of cold outdoor
temperatures also helps people to adapt to colder indoor temperatures (Cao et al., 2011). In the survey
carried out by Heracleous & Michael, (2020) and despite the fact that the classrooms had temperatures
lower than the adaptive comfort minimum level of 18 °C, the majority of students showed high
tolerance and felt comfortable during winter. De Dear & Brager (1998) support these findings through
suggesting that a much wider range of thermal acceptability is achieved in naturally ventilated
buildings due to psychological adaptation in the form of shifting expectations.

Given the variation in New Zealand’s climate, thermal comfort zone will generally change from one
geographical location to the other according to the local climate of the area, built environments and
subjects. Also, occupancy heat gains and solar heat can significantly contribute to temperature goals
in heating seasons. Despite this adaptivity, measures to reduce the impact of thermal non-uniformity
and draughts from displacement ventilation in classrooms requires careful consideration. Most studies
carried out so far in this field have particularly focused on the assessment of ventilation conditions,
especially in non-naturally ventilated spaces, and this review has shown that there are limited studies
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that take into account thermal comfort conditions for teachers and students, during natural ventilation
in winter.

3.2 What is the impact of winter on the effectiveness of natural
displacement ventilation?

From the 142 papers reviewed, only 13 papers effectively discuss the impact winter conditions have
on the performance of natural ventilation.

During the winter season in New Zealand the mean radiant temperature drops well below the range
of human thermal comfort, leading to a disparity between the outdoor temperature and indoor
classroom temperature (Melgar et al., 2021b; Navaratnam et al., 2022; Rencken et al., 2021; Stabile et
al., 2017). Due to the relationship between air temperature, air density and buoyancy, warmer air will
rise above cooler air (Fan et al., 2022). When natural ventilation is used within classroom during winter,
it leads to a thermally non-uniform environment, which has implications for thermal comfort. This is
due to heat convection known as the stack effect and air flow. However, this non-uniformity can
improve natural ventilation capacity through buoyancy driven air flow. A simulation study by
Henriques et. al. concluded that for a particular ventilation scenario in a small waiting room that
natural ventilation was approximately twice as effective in winter as it is in summer (Henriques et al.,
2022). A sentiment which was reflected within Villers et. al. study which concluded that natural
ventilation in winter was more effective than in summer, with six windows opening having a 1.8 fold
decrease in cumulative dose in summer and a 2.1 fold decrease in winter, though a high ceiling is
required to aid this thermal buoyancy driven flow (2021b). This study corroborated an analytical
approach of air changes per hour being proportional to temperature difference (Henriques et al.,
2022). This ‘displacement ventilation’ typically produces a laminar flow, meaning that it follows a
smooth path with little mixing, though this can be heavily influenced by wind conditions (Lipinski et
al., 2020).

Humans contribute to this temperature difference through emitted body heat and the temperature of
exhaled air and aerosols. These warm air plumes can significantly affect the movement of air in rooms,
and is more pronounced when people and air movement is limited and when the ambient temperature
is low (He et al., 2021; Rencken et al., 2021).

Cross ventilation is seen as being a crucial design element for schools in the wake of the COVID-19
pandemic (Saeed et al., 2021). However cross-ventilation can present its own issues. Though it can
provide the impression of ventilation, it can carry contaminants horizontally (Rencken et al., 2021).
Vertical displacement ventilation can provide a better solution for COVID-19 mitigation. Though
natural displacement ventilation can be more effective in winter it can cause major heat loss. As
natural displacement ventilation is making use of warmer air rising to maintain adequate air flow. This
heat loss can subsequently decrease the effectiveness of thermal displacement driven natural
ventilation due to the decrease in temperature differential (Zivelonghi & Lai, 2021). This heat loss has
consequences in terms of thermal comfort and energy demands (Melgar et al., 2021b).
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In the wake of the COVID-19 pandemic thermal displacement offers effective strategies for the

reduction of exposure risk through the removal of warm, SARS-CoV-2 aerosol-containing air travelling

from breathing height to the ceiling height of a room (Bhagat et al., 2020). Though a balance must be

found between the effectiveness of displacement ventilation for indoor air quality and viral exposure

risk, thermal comfort and heating demands.

Summarily, this review has provided indications that:

Natural ventilation is most effective in winter due to buoyancy driven air flow, but when the
outdoor temperature equals the indoor temperature, natural ventilation there is no natural
draught pressure due to temperature difference, only wind will move air. High ceilings are also
required for effective buoyancy driven air flow.

Partly opening windows in classrooms can achieve adequate air flow on cold days above 12 °C
and maintain acceptable temperature levels depending on space usage, but opening windows
only during lunch breaks is an ineffective strategy for wintertime ventilation.

At temperatures below 12 °C, a ventilation strategy with opening and closing of windows or
limiting the number of open windows should be established, and this strategy should be
complemented by the installation of CO, meters to manage the strategy.

Wintertime ventilation can be improved through clerestory windows to aid removal of hot air,
due to the stack effect, while still maintaining adequate indoor thermal comfort conditions.
In cold climates and in the presence of a COVID-19 super-spreader, combined interventions
(natural ventilation, masks, and HEPA filtration) is a highly effective strategy.

At temperatures above 12 °C, windows should be completely opened if the risk situation is
high.

A temperature of 3 °C around the optimum minimum comfort temperature levels (£18 °C)
may still be tolerable to children, because children generally prefer conditions to be a few
degrees cooler due to their higher metabolic rate and activity levels over the course of a school
day.

There is a significant literature gap around survey based thermal comfort investigation in
naturally ventilated classrooms during winter months in a comparable climate to New Zealand.
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