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ABSTRACT 

The majority of office and other non-domestic buildings use mechanical cooling and ventilation, even when 

an optimized natural ventilation (NV) system could meet cooling and fresh air requirements. However, in 

most large cities, the outdoor environment is contaminated with a combination of noise, fine particles, heat 

and toxic gases. This contaminated environment has a detrimental impact on naturally ventilated buildings due 

to their lack of filtration and outdoor noise attenuation systems. This thesis presents a numerical analysis of 

the effect of fine particle pollution (PM2.5) on the NV potential of office buildings in California, Europe and 

Asia. Several years of measured weather and PM2.5 concentration data were used to perform statistical and 

dynamic thermal and airflow simulation analysis. 

In California and Europe, the outdoor temperature is suitable for NV during between 40 and 95 % of the 

annual working hours. In Asia, that fraction is lower, but can be increased by the availability of personal 

comfort systems (PCS). Nonetheless, in most cities, PM2.5 levels are high during a majority of those working 

hours. Detailed simulation results show that a hybrid NV system can reduce the air-conditioning and 

ventilation electricity consumption of a well-designed office building by up to 83 % (93 % if combined with 

PCS), in comparison to an office using, during all working hours, a mechanical cooling and ventilation system 

equipped with a high-efficiency particle filter. Unfortunately, in this hybrid approach, high levels of outdoor 

PM2.5 penetrate the indoor environment, increasing occupant cumulative exposure by up to six times. To 

overcome this problem, two exposure control approaches were tested. Using NV only during moments of low 

outdoor PM2.5 concentrations limits the exposure increase to up to three times but at the cost of reducing 

energy savings. Equipping NV openings with an electrostatic filter would result in a similar exposure 

reduction, but at a very low energy cost, taking full advantage of NV’s saving potential. 

 

Keywords: Indoor air quality modeling; Natural ventilation; Particle exposure; PM2.5; Thermal simulation  
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RESUMO 

A maioria de edifícios não-domésticos, tais como os de escritórios, utiliza arrefecimento e ventilação 

mecânicos, mesmo quando um sistema de ventilação natural otimizado poderia satisfazer as necessidades de 

arrefecimento e de ar novo. Nas cidades mais populosas, o ambiente exterior está contaminado com uma 

combinação de ruído, partículas finas, calor e gases tóxicos. Este ambiente contaminado tem um efeito 

negativo nos edifícios com ventilação natural devido à falta de sistemas de filtragem de partículas e de 

atenuação de ruído exteriores. No caso de edifícios com ventilação mecânica, a utilização de filtros de 

partículas com elevada eficiência permite limitar a entrada de partículas no ambiente interior, embora aumente 

a pressão exigida ao ventilador, o que resulta num crescimento do consumo energético. Esta tese apresenta 

uma análise numérica do efeito de poluição, nomeadamente de partículas finas (PM2.5), no potencial de 

ventilação natural de edifícios de escritórios em algumas das cidades mais populosas e poluídas da Califórnia, 

da Europa e da Ásia. Estas três regiões têm climas e níveis de PM2.5 bastante distintos, do que resultam 

diferentes níveis de dificuldade de aproveitamento do potencial de ventilação natural. Foram utilizados dados 

meteorológicos e de concentração de PM2.5, medidos ao longo de vários anos, para que fosse possível realizar 

as análises estatística e de simulação dinâmica térmica e de fluxo de ar. 

A análise estatística do potencial de ventilação natural mostrou que as cidades com temperatura exterior mais 

favorável ao uso de ventilação natural (entre 10 e 26 °C) são San Diego (96 % das horas de trabalho anuais), 

Burbank (80 %) e Lisboa (81 %). Nas restantes cidades californianas e europeias, este potencial de ventilação 

natural varia entre 40 e 70 %, enquanto nas cidades asiáticas varia entre 23 e 53 %. A disponibilidade de 

sistemas de conforto térmico pessoal (PCS) aumenta o intervalo de temperatura favorável ao uso de ventilação 

natural para 10 a 30 °C, com humidade relativa abaixo de 80 % quando a temperatura é superior a 26 °C. Este 

intervalo expandido beneficia em particular cidades em que uma fração significativa das horas de trabalho do 

ano (10 a 14 %) tem temperaturas demasiado altas para o uso de ventilação natural: Sacramento, Fresno, 

Lisboa, Madrid, Skopje, Pequim, Xangai e Nova Deli. 

Se a ventilação natural for utilizada apenas em momentos com baixa concentração exterior de PM2.5 

(definido como abaixo de 12 µg/m
3
 na Califórnia e de 10 µg/m

3
 na Europa; na Ásia, foram considerados dois 

limiares: 10 e 35 µg/m
3
), o seu potencial é reduzido para menos de metade em toda a Europa e Ásia e ainda 

em Fresno e Burbank, na Califórnia. Nas três cidades asiáticas e em Skopje, o limiar de 10 µg/m
3
 

praticamente elimina a possibilidade de uso de ventilação natural. Nas restantes cidades da Califórnia, o efeito 

limitativo de PM2.5 é menor: 19 a 40 %. 

A análise estatística identificou ainda a existência de correlações entre variáveis climáticas e níveis de PM2.5. 

Em San Diego e Burbank, temperaturas mais altas coincidem com concentrações mais elevadas de PM2.5, 

nomeadamente devido à formação secundária de sulfato de amónio que é depois aprisionado pela frequente 

ocorrência de camadas de inversão térmica de baixa altitude. Em Cracóvia e Skopje, a concentração de PM2.5 

é mais elevada aquando de temperaturas mais baixas, o que se deve a uma maior produção energética para 

fazer face às necessidades dos meses mais frios, sendo que na Polónia e ARJ da Macedónia essa produção é 

maioritariamente baseada em centrais térmicas a carvão. Em Xangai, a concentração de PM2.5 diminui com 

temperaturas mais altas, embora nesta cidade isto se deva à maior intensidade de precipitação na estação mais 

quente. Em todas as cidades, a concentração de PM2.5 diminui com o aumento da velocidade de vento. 

Ventos com velocidades mais altas substituem, geralmente, o ar poluído localmente com PM2.5 por ar mais 

limpo de regiões vizinhas. No entanto, o vento pode transportar PM2.5 com origem noutros locais, como 

acontece em Burbank: é frequente o transporte de PM2.5 da cidade vizinha de Los Angeles. 
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Quanto à variação de PM2.5 durante o dia, a concentração de PM2.5 é mais alta durante a manhã em todas as 

cidades, uma consequência da maior intensidade de tráfego de veículos durante esse período. Na última hora 

do período de trabalho, verifica-se o início de um novo período de crescimento de concentração de PM2.5, 

novamente devido ao tráfego. Em Sacramento, Fresno, Cracóvia, Skopje e Xangai há também um padrão 

anual: os meses de inverno são mais poluídos do que os meses de verão, embora por razões distintas. Em 

Sacramento e Fresno, há um aumento de emissão de PM2.5 na estação fria, que é aprisionada pelas cadeias 

montanhosas envolventes e pelas camadas de inversão térmica de baixa altitude que ocorrem frequentemente 

durante essa estação. Em Cracóvia, Skopje e Xangai, o padrão anual segue a correlação entre temperatura e 

PM2.5. 

A análise de simulação demonstrou que o uso de ventilação natural permite uma poupança no consumo 

energético do sistema de aquecimento, ventilação e ar condicionado (HVAC) mecânico em comparação com 

um cenário em que esse sistema funciona a tempo inteiro: 26 a 83 % na Califórnia, 20 a 58 % na Europa e 7 a 

21 % na Ásia. A disponibilidade de PCS permitiu um maior uso de ventilação natural e, portanto, aumentou o 

seu potencial de poupança de energia: 46 to 93 % na Califórnia, 44 to 77 % na Europa e 16 to 41 % na Asia. 

Contudo, o uso de ventilação natural nestas condições resultou num aumento da exposição dos ocupantes do 

edifício a PM2.5, em comparação com o cenário de utilização a tempo inteiro do sistema de HVAC equipado 

com um filtro de partículas finas de elevada eficiência: 3.7 a 5.0 vezes na Califórnia, 1.9 a 4.2 vezes na 

Europa e 2.3 a 3.0 vezes na Ásia. A utilização expandida de ventilação natural devido ao uso de PCS 

amplifica essa exposição: 4.4 a 5.7 vezes na Califórnia, 2.2 a 5.4 vezes na Europa e 3.3 a 3.9 vezes na Ásia. 

Foram propostas duas abordagens para conter este aumento de exposição. A primeira consiste em restringir o 

uso de ventilação natural a momentos com baixa concentração exterior de PM2.5, do que resulta um menor 

potencial de poupança de energia: 17 a 63 % na Califórnia, 5 a 40 % na Europa, e 1 a 5 % (com um limite de 

10 µg/m
3
) ou 1 a 12 % (com um limite de 35 µg/m

3
) na Ásia. Ainda que possa resultar num acréscimo das 

necessidades energéticas em comparação com a utilização de ventilação natural sempre que possível, esta 

abordagem cumpre o seu objetivo: o aumento de exposição é limitado a 2.0 a 3.2 vezes na Califórnia, 1.4 a 2.8 

vezes na Europa e 1.2 a 1.8 vezes na Ásia. Novamente, a disponibilidade de PCS permite um maior uso de 

ventilação natural e uma poupança energética mais assertiva, o que inevitavelmente eleva a exposição a 

PM2.5. Todavia, com esta abordagem, o ganho que se consegue para a diminuição de exposição a partículas 

compensa o inevitável aumento do consumo energético, com exceção das cidades de Skopje, Xangai e Nova 

Deli. 

A segunda abordagem consiste em equipar as aberturas na envolvente do edifício, que são utilizadas para 

ventilação natural, com um filtro eletrostático. Este filtro tem um consumo energético muito reduzido, 

permitindo aproveitar quase na totalidade o potencial de poupança de energia da ventilação natural. Os níveis 

de exposição interior a PM2.5 que resultam desta abordagem são semelhantes ou inferiores aos níveis que 

resultam das condições descritas na abordagem anterior, i.e. o uso de ventilação natural é limitado a 

momentos de baixa concentração exterior de PM2.5. Deste modo, o rácio poupança de energia/aumento de 

exposição é máximo para esta abordagem, indicando que o uso de filtros eletrostáticos é potencialmente 

benéfico ao uso de ventilação natural. Porém, ao contrário da abordagem anterior que poderia facilmente ser 

implementada atualmente, a utilização de filtros eletrostáticos em combinação com ventilação natural apenas 

foi testada em ambiente simulado e ainda necessita de desenvolvimento técnico e testes em ambiente 

laboratorial e em edifícios reais. 

Palavras-chave: Exposição a partículas; Modelação de qualidade de ar interior; PM2.5; Simulação térmica; 

Ventilação natural  
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NOMENCLATURE 

Abbreviations 

AFN   Airflow network 

AHU   Air handling unit 

AQG   Air quality guideline 

CFD   Computational fluid dynamics 

DOE   United States Department of Energy 

EC   Extended comfort 

ESF   Electrostatic filter 

FO   Fully open windows 

GCA   Generic contaminant algorithm 

HVAC   Heating, ventilation and air conditioning 

I/O   Indoor/outdoor 

IB   Window opens inwards, bottom opening axis 

IT   Window opens inwards, top opening axis 

IT-n   nth interim limit 

LES   Large eddy simulation 

MV   Mechanical ventilation 

NoNV   NV is not used 

NREL   National Renewable Energy Laboratory 

NV   Natural ventilation 

NVn   NV is used/available only when outdoor PM2.5 level is below n μg/m
3
 

NVP   NV is used whenever possible 

NVS   NV is used/available only when outdoor PM2.5 level is below a safe threshold 

NVF   NV is used with openings equipped with an ESF instead of windows 

OB   Window opens outwards, bottom opening axis 

OT   Window opens outwards, top opening axis 

PCS   Personal comfort systems 
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PM   Particulate matter 

PM10   Particulate matter with an aerodynamic diameter below 10 μm 

PM2.5   Particulate matter with an aerodynamic diameter below 2.5 μm 

Pn   Measuring point number n 

RANS   Reynolds-averaged Navier-Stokes 

RNG   Re-normalization group 

SC   Standard comfort 

SNA   Sulfur, nitrate and ammonium compounds 

TMY3   Typical meteorological year, version 3 

UFP   Ultrafine particles 

WHO   World Health Organization 

Wn   Window/opening number n 

WT   Wind tunnel 

  



 

Impact of Fine Particle Pollution on the Natural Ventilation Potential of Commercial Buildings 

 

 

Nuno Miguel Rocha Martins   xvi 

Symbols, Variables and Units 

𝑨   Area [m
2
] 

𝑪   Coefficient 

𝑪𝑭𝑳   Courant-Friedrichs-Lewy parameter 

𝑪𝑶𝑷   Coefficient of performance 

𝑬   Electric power [W] 

𝑭   Particle penetration rate 

𝑮   Indoor PM2.5 generation rate [10
–6

 μg/s] 

𝑯   Height [m] 

𝑲   PM2.5 concentration [μg/m
3
] 

𝑵   Number of summation iterations 

�̇�   Heat generation [W] 

𝑷   Cumulative exposure [mg h m
–3

 year
–1

] 

𝑷𝑷𝑫   Predicted percentage of dissatisfied occupants 

𝑷𝑴𝑽   Predicted mean comfort vote 

𝑹   Indoor PM2.5 removal rate 

𝑹𝟐   Coefficient of determination 

𝑻   Temperature [°C] 

𝑽   Volume [m
3
] 

�̇�   Airflow rate [m
3
/s] 

𝒄   Specific heat of air [J kg
–1

 K
–1

] 

𝐝   Differential operator 

𝒆   Annual energy consumption [kW h m
–2

 year
–1

] 

𝐞𝐱𝐩   Exponential function 

𝒈   Acceleration due to gravity [m/s
2
] 

𝒉   Convective heat transfer coefficient [W m
–2

 K
–1

] 

𝒊   Summation iteration counter 

𝒋   Working hours of the year 
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𝒌   Pollutant concentration [ppm] 

𝐥𝐧   Natural (base e) logarithm function 

�̇�   Mass flow [kg/s] 

𝒑   Pressure [Pa] 

𝒕   Time [s] 

𝒖   Speed [m/s] 

𝒚   Measured value 

�̅�   Averaged measured value 

�̂�   Predicted value 

𝒙   Spatial grid step [m] 
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Greek Symbols, Variables and Units 

𝚫   Variation 

𝚺   Summation 

𝜱   Annual potential 

𝜼   Efficiency 

𝝆   Air density [kg/m
3
] 

𝝋   Fraction of occurrences of criteria fulfillment for a given individual working hour 

𝝍   Ratio between actual COP and that of an ideal Carnot engine 
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Subscripts 

𝟎   Starting value 

𝑫   Discharge 

𝑯𝑹   Heat recovery 

𝑯𝑽𝑨𝑪𝒇𝒊𝒍𝒕𝒆𝒓  Fine particle cloth filter 

𝑵𝑷𝑳   Neutral pressure level 

𝑵𝑽𝒇𝒊𝒍𝒕𝒆𝒓  Electrostatic filter 

𝑻   Increased heat capacitance in the air loop 

𝒃   Building 

𝒄𝒐𝒏𝒅   Heat pump condenser 

𝒄𝒐𝒐𝒍   Heat pump used for cooling 

𝒅𝒊𝒔𝒕   Heating or cooling fluid distribution 

𝒆𝒗𝒂𝒑   Heat pump evaporator 

𝒉𝒆𝒂𝒕   Heat pump used for heating 

𝒊𝒏𝒇   Infiltration 

𝒊𝒏𝒍𝒐𝒂𝒅  Internal heat sources 

𝒍𝒐𝒄𝒂𝒍   Near NV opening 

𝒎𝒂𝒙   Maximum 

𝒎𝒆𝒂𝒔   Measurement 

𝒎𝒊𝒏   Minimum 

𝒏𝒂𝒕   Natural ventilation 

𝒐𝒑𝒆𝒏   Opening 

𝒐𝒖𝒕   Outdoors 

𝒑   Pressure 

𝒔𝒊𝒏𝒌   PM2.5 sink 

𝒔𝒐𝒖𝒓𝒄𝒆  PM2.5 source 

𝒔𝒕𝒂𝒄𝒌   Buoyancy stack effect 

𝒔𝒖𝒑   Air supply duct 
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𝒔𝒖𝒓𝒇𝒂𝒄𝒆  Zone surfaces 

𝒔𝒚𝒔   Mechanical ventilation system 

𝒗𝒆𝒏𝒕   Ventilator 

𝒘   Opening effectiveness 

𝒘𝒊𝒏𝒅   Wind 

𝒛   Simulation Zone 

𝒛𝒐𝒏𝒆   Other zones 
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1. INTRODUCTION 

Over the last two centuries, human populations have continuously left rural backgrounds and moved into 

urban areas. This shift, which started with the industrial revolution, has gained momentum especially after the 

Second World War and has resulted in the worldwide urban population to exceed the rural population for the 

first time in 2007. By 2050, this continuously growing urban population is expected to double the rural 

population, which has stagnated since the beginning of the twenty-first century [1]. This urbanization 

movement has increased the number of large cities and, in the more populated countries, the number of 

megacities, which are urban locations where tens of millions of people live and work [2]. 

Within the urban environment, people spend most of their time indoors, whether at home, at work, at school 

or when taking part in other activities [3, 4], which has increased the use of building air conditioning (also 

known as mechanical heating, cooling and ventilation, or HVAC) and other electric equipment, which in turn 

has created a large energy demand. Recent concerns over the cost of this substantial energy consumption and 

over its environmental consequences, such as air pollution and climate change, have set forth the pursuit of 

increased energy efficiency and, in the particular case of the building sector, low-energy thermal comfort 

solutions that limit the use of HVAC systems [5, 6]. 

One of these solutions is natural ventilation (NV), which occurs when pressure differences generated by wind 

or buoyancy forces act on one or more openings on the building envelope. Throughout history, NV has always 

remained the preferred choice for residential buildings [7, 8], while in commercial buildings, NV went from 

being the single option to somewhat of a lost art as mechanical ventilation (MV) systems became the standard 

during the second half of the twentieth century. 

The hiatus in NV use in commercial buildings resulted in the loss of existing design know-how in a period 

were comfort and ventilation system performance standards have continuously risen. As a result, currently 

available simple NV design rules tend to be both overly simplistic and conservative, such as those found in 

California’s Title 24 recommendation of a 5 % minimum ratio between floor and façade opening area and a 

20 feet maximum natural flow penetration rule, which limits the use of NV to office areas that are less than 

20 feet (about 6 meters) away from a façade with operable windows [9]. Nonetheless, single-sided NV may 

provide adequate fresh air beyond 6 meters with a window opening area that is less than 5 % [10]. Thus, most 

office and other non-domestic buildings increasingly use mechanical cooling even when an optimized NV 

system could meet cooling and fresh air requirements by replacing warm indoor air with cooler outdoor air 

[11, 12] in the milder months of the year [13, 14]. 

Interest in the research and use of NV and research in commercial buildings has been rising, especially during 

the last decades [15, 16, 17, 18]. In the milder months of the year, NV can be an alternative to mechanical 

systems due to its potential to reduce ventilation and cooling related energy demand as well as sick building 

syndrome [19, 20, 21]. Nonetheless, another hurdle has recently gained notoriety in limiting the use of NV, 

especially in urban areas: air pollution [22]. 

In the last decades of the twentieth century, the health impacts of air pollution became well established in the 

realm of common knowledge [23, 24]. The term air pollution refers to a group of airborne pollutants that are 

known to contribute to decreased life expectancy [2]. These include pollutants that consist of one or two 

substances, such as carbon monoxide (CO), sulfur and nitrogen oxides (SOx and NOx) and ozone (O3), as well 

as airborne particulate matter (PM), which includes several substances in a wide spectrum of particle sizes. 
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The health impacts of PM have been under increasing scrutiny in the last two decades, since manmade 

pollution has resulted in the annual mean levels of airborne fine particles in most large cities exceeding the 

World Health Organization’s (WHO) guidelines for yearly and short-tem human exposure [25]. Although 

gravity forces the deposition of particles with diameters above 30 μm [26], smaller particles, in particular 

PM2.5, which are liquid or solid matter with an aerodynamic diameter below 2.5 μm that are suspended in the 

air, remain suspended for long times and can travel far from their sources.  

The effects of human exposure to PM2.5 are especially felt in urban environments, where the higher 

population density gives rise to a higher pollutant generation combined with a higher density of human targets 

[2, 27]. For instance, dense city centers have a containment effect on black carbon emissions from fossil 

fuel-powered transportation, domestic stoves and space heating [28, 29]. 

The high pollution levels that are found in the environment of most large cities are transported into the indoor 

environment by the ventilation air. The most widespread approach to limit indoor PM2.5 levels in commercial 

buildings is the use of cloth filters integrated in MV systems. These filters can reach PM2.5 removal 

efficiencies above 90 %, albeit at the cost of placing a large pressure load on the ventilation system and 

increasing the energy consumption of the ventilation fans to levels which are comparable to indoor lighting, 

with power densities in the range of 5 to 15 W/m
2
 [30, 31]. Further, the average energy consumption of a 

mechanical cooling system has a similar magnitude (or up to twice as much in hot and humid climates), 

compounding an HVAC-related energy consumption of 50 to 60 % of the total building energy consumption 

[32, 33]. In locations where electricity generation is based on fossil fuels, this higher power consumption 

further increases PM2.5 emissions into the environment. In contrast, NV with open windows does not increase 

PM2.5 emissions. However, NV airflow is driven by low pressure differences, which does not allow the use of 

cloth filters, enabling the unobstructed inflow of outdoor fine particles. 

One approach to break this vicious cycle with limited occupant exposure consists in combining NV with a 

mechanical HVAC, in a hybrid system that can automatically alternate between the two indoor climate control 

approaches. When weather conditions are favorable, the use of NV leads to lower energy consumption. 

Unfortunately, in many cities, there are a significant number of hours when weather conditions are favorable 

to the use of NV but outdoor PM2.5 levels are high. To avoid contamination during these moments, an 

automated window control system would only allow for NV use when outdoor PM2.5 levels are below a safe 

threshold for long-term exposure. During moments with outdoor PM2.5 levels exceeding that threshold, the 

HVAC system would be in operation, conditioning the indoor environment and indoor PM2.5 levels. The 

energy savings that result from this hybrid cooling and ventilation system depend on local weather and 

outdoor PM2.5 levels as well as window-opening requirements. In the case of well-designed buildings with 

low internal gains, windows that are user-controlled were found to be opened for temperatures as low as 10 °C 

[34], while the typical maximum outdoor temperature for the use of NV in offices is approximately 26 °C 

[35]. When needed, both user-controlled and automated openings can be expected to be open within this 

outdoor temperature range. Thus, a potential for NV use can be quantified by the fraction of working hours 

when weather conditions are favorable for its use, that is, when the outdoor temperature is between 10 and 

26 °C. A given building may use this full potential if there is a need for NV during all these hours, as long as 

the outdoor PM2.5 levels are not excessive. In warmer climates, an increasingly used approach to supplement 

natural cooling and ventilation systems consists of low-power consuming individual or localized heating and 

cooling devices, known as personal comfort systems (PCS) [36]. Localized cooling PCS can allow users to 

tolerate higher indoor temperatures (up to 30 °C, if humidity does not exceed 80 % [37]), thereby increasing 

the maximum outdoor temperature that allows for NV use. These systems are usually based on air movement 

that increases the occupants’ heat loss. PCS operating with this principle include chairs with fans [38], ceiling 

fans [37] or small fans that direct air flow to specific body parts, such as the face or torso [39]. Heating PCS, 

such as electrically heated chairs [40], typically consist of an electric resistance or radiative element [36], 
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allowing occupants to tolerate a lower indoor temperature. In addition to increasing the NV potential, due to 

allowing its use with higher outdoor temperatures, PCS devices can also be used alongside conventional 

HVAC systems. In these cases, the benefit of these systems is to allow for higher cooling and lower heating 

set points.  
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1.1. Research Questions 

Overall, the knowledge gap that was addressed in this thesis was the effect of the inter-relation between 

PM2.5 concentrations, weather and NV use on commercial building energy consumption and occupant 

exposure. Answering this question requires a simultaneous energy and PM2.5 assessment of the trade-off 

between NV-induced energy savings and the resultant increase in indoor exposure to PM2.5 that arise from 

the use of NV. 

In this order, the following research questions were the focus of this thesis: 

 What fraction of annual working hours is within the outdoor temperature range which allows for the 

use of NV? How much of those hours have high outdoor PM2.5 levels? 

 Which weather events or time periods directly affect outdoor PM2.5 levels? 

 What is the energy saving potential of NV in commercial buildings? 

 What is the effect of the use of NV on occupant exposure? 

 What is the effect of exposure control strategies on energy savings and occupant exposure?  
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1.2. Thesis Structure 

This thesis is structured into six chapters, beginning with this introductory chapter (Chapter 1). Chapter 2 is a 

review of existing research on the impact of PM2.5 in the built environment. Specifically, this review 

identifies the main sources and sinks of PM2.5 in outdoor and indoor urban environments, discusses the 

PM2.5 exposure limits are currently applicable in different parts of the world, summarizes the main 

socio-economic impacts of the exposure to PM2.5 and identifies the most promising solutions to minimize 

building occupant exposure. Chapter 3 presents the simulation tools that were used during the development of 

this research: a validation of nodal and computational fluid dynamics (CFD) models that are used to predict 

the NV airflow, EnergyPlus, a thermal simulation code, and the Generic Contaminant Algorithm (GCA), a 

nodal pollutant transport model, available within EnergyPlus. Chapter 4 describes the two complementary 

analysis approaches used in this research: a simple statistical analysis of the potential for NV use and a 

detailed simulation analysis of the impact of PM2.5 on the use of NV in an office building. Chapter 5 presents 

the results and their respective analysis of both approaches, while Chapter 6 delivers the overall conclusions 

of the research developed in this thesis. 

This research has resulted in the publication of a refereed conference paper and four peer-reviewed journal 

papers. Also, one journal paper has been submitted for publication: 

 Paper 1: A Climate Performance Indicator for Analysis of Low Energy Buildings, by Nuno R. Martins 

and Guilherme Carrilho da Graça, published and presented at the Building Simulation Conference, in 

Chambéry (France), in 2013 [41]. 

 Paper 2: Validation of numerical simulation tools for wind-driven natural ventilation design, by Nuno 

R. Martins and Guilherme Carrilho da Graça, published in Building Simulation, in 2016 [42]. 

 Paper 3: Impact of outdoor PM2.5 on natural ventilation usability in California's nondomestic 

buildings, by Nuno R. Martins and Guilherme Carrilho da Graça, published in Applied Energy, in 

2017 [43]. 

 Paper 4: Simulation of the effect of fine particle pollution on the potential for natural ventilation of 

non-domestic buildings in European cities, by Nuno R. Martins and Guilherme Carrilho da Graça, 

published in Building and Environment, in 2017 [44]. 

 Paper 5: Effects of airborne fine particle pollution on the usability of natural ventilation in office 

buildings in three megacities in Asia, by Nuno R. Martins and Guilherme Carrilho da Graça, 

published in Renewable Energy, in 2018 [45]. 

 Paper 6: Impact of PM2.5 in the built environment: a review, by Nuno R. Martins and Guilherme 

Carrilho da Graça, submitted to Renewable and Sustainable Energy Reviews, in 2017 [46]. 

Table 1 shows the correspondence between each thesis chapter and these already published and submitted 

papers. 
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Table 1 – Correspondence between published and submitted papers and thesis chapters 

Chapter Number Article Numbers 

1 2, 3, 4, 5, 6 

2 6 

3 2 

4 3, 4, 5 

5 3, 4, 5 
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2. REVIEW OF EXISTING WORK 

To simplify the assessment of PM levels and facilitate the implementation of PM pollution control policies, it 

is common to categorize airborne PM pollution levels by the total particle mass per cubic meter of air in 

several particle size ranges defined by the aerodynamic diameter of the largest particles considered in each 

case (Figure 1 [47, 48, 49]): 

 TSP: total suspended particles include any solid or liquid matter in suspension in the air; 

 PM10: particles with an aerodynamic diameter below 10 µm; 

 PM2.5: particles with a diameter below 2.5 µm, also known as fine particles; 

 CP: coarse particles are the fraction of PM10 that does not include PM2.5; 

 UFP: ultrafine particles are particles with a diameter below 100 nm, also referred to as PM0.1. 

 

 

Figure 1 – Particulate matter size categories 

 

Early research on the effects of human exposure to airborne PM used PM10 as the preferred indicator [47, 

50]. The larger particles in the PM10 range can enter into the respiratory system but cannot penetrate the 

pulmonary alveoli. Due to their smaller diameter, particles in the PM2.5 range can damage airway cells, 

triggering an inflammatory response that diminishes pulmonary immunity and facilitates infectious pathogen 

attacks [51, 52]. The deeper penetration into the lungs allows PM2.5 to enter the bloodstream, leading to 

hypertension and damaging blood vessels. Once in the bloodstream, PM2.5 can spread to other organs, such 

as the heart, damaging its cell structure and function. Continuous exposure to high levels of PM2.5 has also 

been linked to several diseases, such as diabetes and pre-natal disorders, which in turn can lead to preterm 

births and several post-birth health issues which can ultimately result in an untimely death. Further, recent 

estimates of the effects of PM2.5 exposure in European cities indicate that increased exposure can lead to a 

reduction in statistical life expectancy of six months or more [53]. Many other potential health impacts have 

been linked to PM2.5, including its mutagenic properties and connection to immunity disorders, creating the 

need for further research [54]. Because of these significant health impacts, PM2.5 has replaced PM10 as the 

preferred indicator in most contemporary studies. 
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Research on the effects of particle size ranges below PM2.5, known as UFP, is still ongoing. Early results 

indicate that UFP may be more hazardous than PM2.5 due to their smaller size and large surface-to-volume 

ratio, which in turn increases their reactivity and allows these particles to easily adsorb other pollutants, and 

promote their transport into the human body [55, 56]. Further, UFP can enter the body not only through the 

respiratory tract (from where it can travel to other organs, such as the brain, directly, without going first 

through the lungs), but also through the skin and eyes. As a result, UFP can cause increased respiratory system 

diseases in lung disease patients, increased cardiac symptoms in cardiovascular disease patients and leukemia 

in children, among other impacts. Still, more research is needed to fully understand the effect of UFP on 

human health. Thus, despite the apparent substantial negative effect on human health [55], UFP will not be 

considered in this review, which will focus on the impact of PM2.5 on both the outdoor and indoor built 

environment. 

Decreasing occupant exposure to PM2.5 while simultaneously providing a comfortable indoor environment at 

a low energy cost requires innovative solutions, which in turn can only originate from a thorough 

understanding of the interaction of buildings with their local environment. This review of existing studies of 

the impact of PM2.5 in the urban built environment aims to answer some of the many questions that face the 

building design research community when dealing with this problem: 

 Section 2.1: What are the main sources and sinks of PM2.5 in urban environments? 

 Section 2.2: What exposure limits are currently applicable in different parts of the world? What is the 

expected evolution of these limits? 

 Section 2.3: What are the main sources and sinks of PM2.5 in the indoor environment? What is the 

average ratio between indoor and outdoor PM2.5 in different types of buildings? 

 Section 2.4: What are the most common approaches used to predict indoor PM2.5 levels? 

 Section 2.5: What are the main health and socio-economic impacts of the exposure to PM2.5? 

 Section 2.6: What solutions have been proposed to minimize indoor exposure and its resulting 

impacts? 

The following sections of this review answer each of these questions. The origin of fine particle pollution in 

the urban environment is described in Section 2.1, as well as the effect of local climate and topography on 

PM2.5 levels. Section 2.2 outlines the regulations and guidelines set by national regulators and international 

organizations to limit the exposure to PM2.5. Section 2.3 discusses the main sources and sinks of PM2.5 in 

the indoor environment, along with a survey of measured indoor/outdoor PM2.5 concentration ratios. 

Section 2.4 discusses the simulation models most commonly used to predict indoor PM2.5 levels. Health 

impacts, as well as the social and economic consequences that arise from the continued exposure to fine 

particle pollution are enumerated in Section 2.5. Finally, Section 2.6 presents several solutions that have been 

projected and applied to reduce PM2.5 levels both in the outdoor and indoor environments.  
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2.1. PM2.5 in the Outdoor Environment 

Particles in the PM2.5 range can be directly emitted into the atmosphere, a process known as primary PM2.5, 

or result from chemical reactions involving precursor gases (secondary formation of PM2.5 [57]). PM2.5 is 

composed of water-soluble ions, including sulfate, nitrate and ammonium compounds (collectively known as 

SNA), carbon-based compounds, including elemental and organic carbon, trace elements, organic compounds 

such as oxygenated volatile organic compounds and polycyclic aromatic hydrocarbons (OVOC and PAH), 

reactive oxygen species (ROS), water, and inhalable microorganisms [58]. Of these components, SNA, 

elemental and organic carbon and water form most of the PM2.5 mass that is commonly found in urban 

outdoor environments. 

Motor vehicle traffic is one of the most significant primary PM2.5 sources, contributing with exhaust fume 

particles (mainly diesel soot), particles that originate from brake and tire wear, and re-suspension of particles 

that have previously settled on the road surface [59, 60]. Globally, traffic is responsible for approximately one 

quarter of the urban PM2.5 concentrations, although in South and Southeast Asia, South America and 

Southwest Europe, traffic’s share of PM2.5 concentration reaches 30 to 37 %. In most developed countries, 

industry and power generation are no longer located within major cities and thus contribute to only 15 % of 

the PM2.5 levels found in these urban environments. In contrast, industry and power generation are still 

significant sources (27 to 34 %) of PM2.5 pollution in South Asia, Southern China, Japan and the Middle 

East. 

PM2.5 emission due to domestic fuel burning has also decreased in most developed countries and currently 

accounts for 20 % of global urban PM2.5. Still, it is the most significant source in Central and Eastern Europe 

and in Africa (32 to 34 %). Anthropogenic secondary particle formation, such as the oxidation of sulfur and 

nitrogen oxides into ammonium sulfate and nitrate, respectively [57], accounts for 22 % of urban PM2.5 

worldwide. However, in most developed nations, including the Republic of Korea, Canada, the United States 

and Western Europe, this fraction increases to between 44 and 62 %. 

PM2.5 can also originate from natural sources, which include dust from non-urban and non-agricultural soils, 

sea salt, combustion emissions from wildfires and particles that result from the oxidation of volatile organic 

compounds from vegetation [57, 61]. These natural sources account for 18 % of the total global PM2.5 levels. 

Japan and the Middle East are the only regions where natural sources are the most significant source of urban 

PM2.5 pollution (42 to 52 %) [62]. 

Although urban PM2.5 has a mostly local and anthropogenic origin [63, 64, 65, 66], local topography and 

climate affect urban PM2.5 levels, namely by facilitating or barring the dispersion of the locally generated 

particles. Local mountain ranges limit the dispersion of PM2.5, as shown by the decrease of the concentration 

of PM2.5 with altitude [67]. Locations surrounded by both mountains and water bodies experience an 

alternation of sea-land breezes and mountain flows which prevents particles from being swept away, an effect 

seen in places such as Los Angeles (United States) [68], Seoul (Republic of Korea) [69] and Santa Cruz de 

Tenerife (Spain) [70]. Local vegetation has also been found to decrease PM2.5 levels, by both intercepting 

and accumulating particles [71, 72]. In the absence of natural obstacles, high wind speeds typically result in 

cleaner air, therefore reducing PM2.5 levels [64, 71, 73, 74, 75, 76, 77]. Nonetheless, a combination of no 

natural obstacles, high wind speeds and other dispersion-favorable conditions can allow the transport of 

PM2.5 over hundreds of kilometers. Noticeable examples include the transport of PM2.5 from the Ukraine, 

Belarus and Russia to Finland [78], from China to Japan and the Republic of Korea [79, 80], from Northern 

China to the East China Sea region [81], from Eastern Siberia (Russia) to Japan [82], from Asia to North 

America [83] and from Northern Quebec (Canada) to the Northeastern states of the US [84]. 
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Precipitation lowers PM2.5 levels, by both depositing particles that are suspended in the atmosphere and 

removing those that have settled on surfaces, avoiding their future re-suspension [71, 74, 75, 76, 85, 86, 87, 

88]. On the other hand, low atmosphere inversion layers, which are stable atmospheric layers characterized by 

an increase in temperature with altitude and low wind speeds, do not allow pollutants to be swept away, 

therefore effectively trapping the locally generated PM. These inversion layers occur frequently in several 

cities during part [3, 75, 87, 89] or throughout the year [68, 74, 76, 90], driving the increase of urban PM2.5 

levels. 

No consistent pattern has been found between outdoor air temperature and PM2.5 levels. The increase in 

temperature can enhance secondary photochemical reactions, which increases the concentration of PM2.5 [76, 

80, 91]. However, lower temperatures are correlated with an increase in fossil fuel and biomass combustion 

and with stagnant atmospheric conditions, therefore also increasing the concentration of PM2.5 [57, 87, 89]. 

Humidity also has no consistent correlation with PM2.5. Some components of PM2.5, such as nitrates and 

sulfates, see their concentration increase with relative humidity, while the concentration of other components, 

such as organic and elemental carbon, decreases with higher humidity levels [80, 85, 92]. Additionally, higher 

humidity levels can lead to precipitation, which, as already mentioned, decreases overall PM2.5 levels [71]. 

Periodic variations in PM2.5 levels can be seen in most urban locations, a direct consequence of the also 

periodic nature of local climate and of PM2.5 sources. At the annual scale, the aforementioned increased use 

of fossil fuel and biomass for heating and electricity production increases particle levels during the colder 

months of the year in several places, including parts of California [67], Chile [87], India and China [74, 75, 

91, 93, 94, 95]. Other seasonal increases in PM2.5 levels include the spring dust storms in North and West 

China [75, 76] and summer agriculture biomass burning in Southeast Asia [96]. Areas affected by monsoons 

or heavy storms, such as South and East Asia [75, 76, 86] see a decrease in particle levels due to the high 

precipitation and wind speeds. Periodic variations at a daily time-scale also occur in many urban areas, with 

PM2.5 levels peaking during traffic rush hours, namely during the morning and evening [76, 87, 97]. 

Overall, the main source of PM2.5 in the urban environment is local man-made combustion, due to direct 

emission of particles and indirect secondary photochemical reactions of precursor gases that result from traffic 

and domestic fuel burning. Precipitation and wind are the main PM2.5 sinks in the urban environment. 

Unfortunately, the low wind velocities that are common in most urban areas do not facilitate the removal of 

the locally generated particles.  
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2.2. Outdoor PM2.5 Exposure Limits 

No PM2.5 exposure threshold has ever been unequivocally described as safe and capable of providing a 

complete level of protection against all PM2.5-related adverse health effects [98]. Nonetheless, in order to 

limit the health impacts of fine particle pollution, the WHO has proposed guideline annual and short-term 

(24-hour) thresholds. In addition to these global standards, the WHO encourages governments to define and 

enforce national standards [99]. In addition to the guideline levels, the WHO has defined three interim 

exposure levels with the goal of progressively lowering PM2.5 concentrations. The WHO suggests the annual 

average to take precedence over the 24-hour average, since sporadic high PM2.5 events are generally less 

harmful than annual exposure to high PM2.5 levels. 

The current WHO’s average annual air quality guideline (AQG) is 10 μg/m
3
. Figure 2 and Table 2 show a 

summary of the annual PM2.5 exposure limits used worldwide. Australia [100] and the Canadian province of 

British Columbia [101] were the only national and sub-national jurisdictions to be found to enforce a lower 

standard: 8 μg/m
3
. Canada (at the federal level) [75, 102], Bolivia [103] and Guatemala [103] match the 

WHO’s guideline. Mexico [75, 103], Singapore [75] and the United States (at the federal level [75, 103, 104], 

in addition to the state of California’s own regulation [105]) set their annual standard at 12 μg/m
3
. The 

WHO’s third interim level (IT-3) of 15 μg/m
3
 is equaled by several Central (the Dominican Republic [103, 

106], El Salvador [103, 106], Honduras [107], Jamaica [103], Trinidad and Tobago [103] and the American 

territory of Puerto Rico [106]) and South American (Ecuador [103, 108], Paraguay [103], Peru [109] and the 

Argentinian federal capital of Buenos Aires [106, 110]) countries, in addition to Albania [111], Bangladesh 

[75, 112], Japan [75, 113], Jordan [114], Saudi Arabia [115] and Taiwan [116]. In Brazil [75], Bulgaria [117], 

Chile [75, 103, 118] and South Africa [119] the annual standard is 20 μg/m
3
. The WHO’s second interim level 

(IT-2) is set to 25 μg/m
3
, which is also the standard in most of Europe (the European Union [75, 120], 

Montenegro [121], Norway [122], the Republic of Kosovo [123] and Russia [75, 124]), in addition to 

Colombia [75, 103, 125], Mongolia [126], the Philippines [127], the Republic of Korea [128] and Thailand 

[129]. The WHO’s first interim level (IT-1) of 35 μg/m
3
 is also the standard in China (with the exception of 

areas that warrant special protection, such as nature reserves, where the standard matches IT-1) [75, 130], the 

Chinese Special Administrative Region of Hong Kong [75, 131] and Malaysia [132]. Rwanda has also defined 

a national standard at this level, however it is only applicable to industrial areas [133]. Only India [75, 134] 

and Egypt [75] were found to set national standards above the WHO’s interim limits, at 40 and 50 μg/m
3
, 

respectively.  

The WHO’s short-term (24 hour) AQG aims to protect against episodic pollution peaks. This limit is currently 

set to 25 μg/m
3
, and no current national standard is stricter than this guideline. The 25 μg/m

3
 limit is used by 

Australia, Bolivia, Guatemala and British Columbia (Canada). Canada (28 μg/m
3
), Paraguay (30 μg/m

3
) and 

Japan, Russia, Saudi Arabia, Taiwan, the United States and Puerto Rico (United States) (35 μg/m
3
) enforce 

standards between the WHO’s AQG and IT-3. Singapore is the only nation to set a standard at the WHO’s 

IT-1: 37.5 μg/m
3
. Bulgaria and South Africa (40 μg/m

3
) and Mexico (45 μg/m

3
) follow, while Chile, 

Colombia, Ecuador, Mongolia, the Philippines, the Republic of Korea and Thailand match the WHO’s IT-2: 

50 μg/m
3
. Brazil and India set their 24-hour standard to 60 μg/m

3
. In Bangladesh, the Dominican Republic, El 

Salvador, Honduras, Jamaica, Jordan, Peru, Trinidad and Tobago and Buenos Aires (Argentina) the 24-hour 

standard is 65 μg/m
3
, while in Albania it is 66 μg/m

3
. China, Malaysia and Hong Kong (China) repeat their 

IT-1-grade standards (75 μg/m
3
), while Egypt defined a standard above those recommended by the WHO 

(80 μg/m
3
). The European Union, Montenegro, Norway, the Republic of Kosovo and California (United 

States) have not defined a 24-hour standard. Figure 3 and Table 3 summarize these national 24-hour 

standards. 
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Table 2 – Annual mean PM2.5 standards (applicable to urban areas) and comparison with WHO guideline and 

interim limits; supra and subnational jurisdictions are in italic 

Annual Mean [µg/m
3
] Countries or Jurisdictions 

8 Australia, British Columbia (Canada) 

10 (WHO AQG) Bolivia, Canada, Guatemala 

12 California (United States), Mexico, Singapore, United States 

15 (WHO IT-3) 

Albania, Bangladesh, Ciudad Autónoma de Buenos Aires (Argentina), 

Dominican Republic, Ecuador, El Salvador, Honduras, Jamaica, Japan, 

Jordan, Paraguay, Peru, Puerto Rico (United States), Saudi Arabia, 

Taiwan, Trinidad and Tobago 

20 Brazil, Bulgaria, Chile, South Africa 

25 (WHO IT-2) 
Colombia, European Union, Mongolia, Montenegro, Norway, Philippines, 

Republic of Korea, Republic of Kosovo, Russia, Thailand 

35 (WHO IT-1) China, Hong Kong (China), Malaysia 

40 India 

50 Egypt 

 

 

Figure 2 – Annual mean PM2.5 standards (applicable to urban areas) 
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Table 3 – 24-hour mean PM2.5 standards (applicable to urban areas) and comparison with WHO guideline 

and interim limits; supra and subnational jurisdictions are in italic 

24-Hour Mean [µg/m
3
] Countries or Jurisdictions 

25 (WHO AQG) Australia, Bolivia, British Columbia (Canada), Guatemala 

28 Canada 

30 Paraguay 

35 
Japan, Puerto Rico (United States), Russia, Saudi Arabia, Taiwan, United 

States 

37.5 (WHO IT-3) Singapore 

40 Bulgaria, South Africa 

45 Mexico 

50 (WHO IT-2) 
Chile, Colombia, Ecuador, Mongolia, Philippines, Republic of Korea, 

Thailand 

60 Brazil, India 

65 

Bangladesh, Ciudad Autónoma de Buenos Aires (Argentina), Dominican 

Republic, El Salvador, Honduras, Jamaica, Jordan, Peru, Trinidad and 

Tobago 

66 Albania 

75 (WHO IT-1) China, Hong Kong (China), Malaysia 

80 Egypt 
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Figure 3 – 24-hour mean PM2.5 standards (applicable to urban areas) 

 

Most countries only update their national standards whenever deemed necessary by their governments and 

respective advisors and have no prediction on future limits. However, a select number of countries already 

include a projected decrease in their national PM2.5 standards (Figure 4). Australia will decrease their 

Ambient Air Quality Measure annual limit from 8 to 7 μg/m
3
 and their 24-hour limit from 25 to 20 μg/m

3
, by 

the year of 2025. In 2020, the annual threshold of the Canadian Ambient Air Quality Standards will fall from 

10 to 8.8 μg/m
3
 and the 24-hour threshold will decrease from 28 to 27 μg/m

3
. The European Union, 

Montenegro, Norway and the Republic of Kosovo will all decrease their annual PM2.5 limit from 25 to 

20 μg/m
3
, in 2020. Both Malaysia and South Africa predict a two-step decrease. The African nation already 

decreased their Air Quality Act’s annual limit from 25 to 20 μg/m
3
 and their 24-hour limit from 65 to

 

40 μg/m
3
, in 2016. In 2030, these will again decrease to 15 and 25 μg/m

3
, respectively. In Malaysia, the 

Ambient Air Quality Standard will be decreased from the current annual threshold of 35 μg/m
3
 to 25 μg/m

3
, in 

2018, and to 15 μg/m
3
, in 2020. In the same time periods, the 24-hour threshold will also decrease from the 

current 75 μg/m
3
 to 50 μg/m

3
 and then to 35 μg/m

3
, respectively. 
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Figure 4 – Evolution of annual and 24-hour mean PM2.5 standards 

 

As can be seen in Figure 2 and Table 2, the strictest annual PM2.5 standards can be found in Australia and in 

both North and Central America. On the opposite side are the standards found in China, Malaysia, India and 

Egypt. Further, the standards that are enforced in most of Europe are less demanding than those in less 

economically developed countries, notably Bangladesh, South Africa and most of Central and South America. 

This has led to criticism in previous studies [135]. No standards were found for most of Africa and Asia. 

Although several countries have predicted a reduction in their acceptable outdoor PM2.5 levels, only Australia 

and Canada will enforce PM2.5 levels below the WHO guideline. Moreover, the Malaysian standard predicts 

a significant decline, as both the annual and 24-hour PM2.5 levels will be decreased to less than half of the 

current values by 2020.  
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2.3. Indoor Environment 

In the modern urban environment, people spend most of their time indoors, whether at home, at work, at 

school or even when engaging in leisure activities [3, 4]. Thus, understanding the relation between the indoor 

and outdoor PM2.5 levels is the key to characterize exposure. The building envelope is an interface and a 

filter between indoor and outdoor environments and, in the absence of significant internal sources, indoor 

levels are expected to be lower than outdoors. 

Particles in the outdoor environment are brought indoors by airflow, namely through a combination of 

infiltration, natural and mechanical ventilation. A small fraction of particles transported by the infiltration 

airflow through cracks and other unintended small openings do not fully transverse those openings, however 

nearly all sub-micrometer particles and above 70 % of those between 1 and 2.5 μm in diameter do penetrate 

into the indoor environment [136]. In the case of MV, cloth filters can be used to limit the penetration of 

PM2.5. These filters can reach high PM2.5 retention rates, albeit at the cost of a very high pressure load, 

which increases the power-consumption from the ventilation fans. As for NV, airflow is driven by a low 

pressure difference, which does not allow for the use of cloth-based air filtration. As a result, in NV systems, 

outdoor PM2.5 is free to enter the indoor environment without obstruction. 

PM2.5 can also be generated in the indoor environment. The combustion of coal [137, 138, 139], wood [140, 

141] and other biomass fuel [142, 143, 144, 145] for heating and cooking is an important source in residential 

buildings. Smoke can be emitted both directly into the home and indirectly, since smoke emitted to the outside 

can re-enter the building through the infiltration airflow [99]. Cooking also contributes to indoor PM2.5 

emissions in homes, restaurants and cooking areas in other building typologies (offices, schools, etc.), since 

food preparation at high heat leads to the emission of water vapor and other solid and liquid particles [146, 

147, 148]. Other combustion instances, such as the use of incense [149, 150], candles [146] and cigarettes 

[151], also emit PM2.5 into the indoor environment. Printers (and similar devices, such as fax machines or 

photocopiers) [146, 152] and chalkboards [141, 153] increase PM2.5 levels in schools and office spaces. 

Other indoor PM2.5 sources include anti-insect [154] and electric air freshener devices [151], as well as 

cleaning agents and cosmetics [151, 155], such as perfumes and hair sprays [146]. In addition to these sources, 

one of the most common contributors to high indoor PM2.5 levels in all buildings is the re-suspension of 

particles that have previously settled onto surfaces [156, 157]. This re-suspension is promoted by occupant 

movement and, therefore, is most relevant in indoor environments where movement is frequent, such as 

residential buildings and schools [146, 158, 159, 160]. Surprisingly, cleaning activities, such as sweeping, 

dusting or vacuum cleaning, can also contribute to re-suspend settled particles [146, 158]. 

The ratio between indoor and outdoor PM2.5 concentrations, known as I/O, is a simple indicator that provides 

a preliminary evaluation of the building’s indoor PM2.5 pollution [3]. Figure 5 shows the range of measured 

I/O ratios according to building typology, ventilation strategy and strength of internal PM2.5 sources.  

In naturally ventilated buildings with low internal particle sources, the average I/O ratio is close to one, that is, 

indoor and outdoor PM2.5 concentrations are identical [56, 74, 152, 161, 162, 163, 164, 165, 166, 167, 168, 

169, 170]. Also, as expected, without the influence of internal sources, the indoor concentration is dominated 

by the outdoor concentration, as indicated by the high correlations between both concentrations [56, 163, 164, 

165, 171]. However, when significant indoor sources are present, the correlation is lower and the I/O ratio is 

nearly double, on average, than that ratio in buildings with no indoor sources [51, 147, 158, 172, 173, 174]. 

The difference in I/O ratio was especially evident in studies that measured buildings with both low and high 

internal particle sources [146, 153, 172, 175]. 
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Similarly, in mechanically ventilated buildings, the existence of internal sources [146, 152, 155] also increases 

the average I/O ratio relative to buildings without those sources [146, 147, 152, 159, 168, 175, 176, 177], 

albeit to a lesser extent: 25 % on average. In these cases, the ventilation system’s filter efficiency plays a very 

significant role in limiting the penetration of outdoor particles: the I/O ratio in buildings that are equipped 

with high-efficiency filters were on the lower end of the spectrum, while buildings without any filter or with a 

low-efficiency or damaged one presented I/O ratios closer to those found in buildings that used natural 

ventilation [167, 177, 178]. 

 

 

Figure 5 – Selection of studies with PM2.5 I/O ratios by building typology, ventilation type and existence of 

internal sources; the box plot represents minimum, 25
th
 percentile, median, 75

th
 percentile and maximum 

 

Table 4 – Average PM2.5 I/O ratios by ventilation type and existence of internal sources 

Ventilation Indoor Sources Average I/O Standard Deviation 

Mechanical 

No 0.77 100 % 0.36 

Yes 0.98 127 % 0.38 

Natural 

No 0.95 123 % 0.35 

Yes 1.81 234 % 0.95 

 

 

 



 

Impact of Fine Particle Pollution on the Natural Ventilation Potential of Commercial Buildings 

 

 

Nuno Miguel Rocha Martins   18 

In summary, the PM2.5 particles that are found in the indoor environment can be brought in by the ventilation 

airflow or can be internally generated by combustion for both heating and cooking. Table 4 presents the 

average ratios for naturally and mechanically ventilated buildings. As expected, the ratios for mechanically 

ventilated buildings are lower, although the difference is only substantial in the cases with significant internal 

particle sources.  



 

Impact of Fine Particle Pollution on the Natural Ventilation Potential of Commercial Buildings 

 

 

Nuno Miguel Rocha Martins   19 

2.4. Simulation of Indoor PM2.5 Levels 

Increased awareness on the negative effects of PM2.5 in the built environment resulted in the development of 

several simulation approaches to predict indoor pollutant levels. 

The simplest statistical approaches combine typical I/O ratios with a probabilistic window-use model [20, 

179] and are the simplest method to assess indoor PM2.5 levels. In more sophisticated cases, these approaches 

may integrate land-use [180] and building-use models [181, 182, 183, 184]. This approach does not consider 

several important factors that affect indoor PM2.5, such as changes in the ventilation airflow rate or the effect 

of different filtration efficiencies but allow for simple overall estimations of the average indoor PM2.5 levels 

of a sample of buildings [20]. 

In order to achieve higher precision in the prediction of PM2.5 levels in a specific building, detailed numerical 

models, such as CFD or nodal models, are the most common approach. These models take into account 

particle sources (including re-suspension), particle sinks (which includes the settling of particles onto 

surfaces), and the transport of particles by air movement between the outdoor and indoor environments and 

between indoor zones. 

CFD models predict whole-field data (air velocity, pressure and PM2.5 concentration) for every simulation 

cell in the simulation domain, considering sources, sinks and the PM2.5 transport between cells. This allows 

for a detailed calculation of particle levels within the building, but at a very high computational cost. 

Consequently, CFD is typically used only when a detailed understanding of particle movement is necessary 

[185, 186, 187, 188, 189, 190]. 

In the case of nodal models, a single node is attributed to each indoor zone or room, with additional nodes 

representing the outdoor environment in each ventilation opening or crack in the building’s external surfaces. 

In each time step, these models can compute the current PM2.5 concentration of each node, by calculating the 

net sum of all sources, sinks and inter-node transport, which is then added to the PM2.5 concentration of the 

previous time step. This requires a more detailed input than the simplified approaches, resulting in a more 

thorough characterization of PM2.5 levels within the building. Nonetheless, this approach’s computation cost 

is lower than CFD, due to the simplification of each zone into a single node. 

Available nodal model approaches include both ad-hoc models that are developed for particular simulation 

cases [152, 191, 192, 193, 194, 195, 196, 197, 198], and software packages, which can be used in different 

cases. Commonly used packages include CONTAM [199, 200, 201, 202], MATLAB Simulink [203, 204] and 

the GCA, included within the EnergyPlus thermal simulation software package [205]. All of these software 

packages combine airflow and pollutant transport models. 

Overall, nodal models, which include both ad-hoc models and software packages, are the most commonly 

used approach to simulate indoor PM2.5 levels, as they allow a thorough characterization of PM2.5 levels in 

the building with a low computational cost. Nonetheless, further model validation is essential to ensure 

meaningful results.  
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2.5. Impacts of the Exposure to PM2.5 

Fine particle pollution can enter the body through the inhalation airflow, transverse the respiratory tract and 

reach the pulmonary alveoli, triggering an inflammatory response from the body along this path and 

decreasing the immunity system’s response capability. Further, once in the lungs, PM2.5 can enter the 

bloodstream and spread to other organs. 

PM2.5 has been associated with several negative health impacts in studies performed throughout the world. 

Studies in Detroit, Michigan (United States) [206] and Shanghai (China) [207] showed that high PM2.5 levels 

worsened the symptoms of children affected by asthma. In Tokyo (Japan), PM2.5 contributed to the 

development of allergic conjunctivitis during the non-pollen season [208], while in Italy, a link to obesity is 

suggested in a preliminary study [209]. 

In China, one of the countries with the highest PM2.5 levels [75], studies indicate that PM2.5 was the cause of 

nearly 1.4 million deaths in 2015 [210] due to stroke (PM2.5 is responsible for 40 % of all stroke deaths in 

China), acute pulmonary infection (33 %). ischemic heart disease (27 %) and lung cancer (24 %) [211]. As for 

tuberculosis, a PM2.5 concentration increase of 10 μg/m
3
 during the winter was associated with a 3 % 

increase in cases during the following spring and summer, in Beijing and Hong Kong [212, 213]. In total, 

15.5 % of all deaths in China in 2015 [211] and 32 % of the deaths in its major cities in 2013 [214] have been 

attributed to PM2.5. The increased mortality and the reduction in working hours due to hospital admissions 

and visiting time resulted in an estimated economic cost of nearly 350 billion Chinese yuan (about 1 % of the 

national GDP) in 2007. PM2.5 deaths and morbidity mostly affect manufacturing jobs (38 to 51 % of the 

affected workers), with the remainder of affected people working in service, natural resources, mining and 

construction [215]. During the month of January of 2013, 690 deaths, 45 thousand acute bronchitis and 

24 thousand asthma cases were attributed to a haze event in Beijing, with a total cost of over 250 million US 

dollars [216]. Additionally, a 1 μg/m
3
 increase in the concentration of PM2.5 is expected to cause a per capita 

increment of 1.3 US dollars in economic losses [217]. As for the Yangtze River Delta region, over 

13 thousand people died in 2010 due to short-term exposure to PM2.5, resulting in an economic cost of 

22 billion Chinese yuan [218]. 

In Europe, despite the lower levels, PM2.5 is still the cause of illnesses, deaths and a financial burden. In the 

Netherlands, a concentration increase of 10 μg/m
3
 relative to the previous day was correlated with a 0.8 % risk 

increase in all-cause mortality [219]. The death of 3500 people between 2000 and 2009 in Madrid (Spain) was 

attributed to PM2.5 [220], as was an increase in emergency hospital admissions in result of aggravated 

Alzheimer’s disease symptoms [221]. The increase in PM2.5 emissions due to biomass burning during the 

2012-2013 winter in Thessaloniki (Greece) resulted in new cases of chronic bronchitis and cardiovascular and 

respiratory diseases, ultimately leading to 200 excess deaths and an economic cost between 200 and 

250 million euros [222]. A 23 % growth in the incidence of total anterior circulation infarcts is the result of an 

interquartile range increase in PM2.5 in South London (United Kingdom) [223]. In Jeddah (Saudi Arabia), 

PM2.5 has been found responsible for an annual death rate of 1100 people [224]. 

In the Santiago Metropolitan Area (Chile), a 10 μg/m
3
 increase in PM2.5 concentrations was associated with a 

1.3 % increase in hospital admissions due to stroke [225], while in Canada, the same increase over two years 

results in an increased risk of diabetes (5.3 %), asthma (2.2 %) and high blood pressure (8.3 %) [226]. A 

proposed retrofit of 10 % of California’s (USA) current office building stock to use natural ventilation was 

shown to result in a 99 to 155 million US dollar-increase in healthcare and mortality costs, due to total 

mortality, chronic bronchitis, asthma attacks, restricted activity days, strokes, respiratory costs and hospital 

admissions [20]. 
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Additionally, these negative health effects and financial costs do not affect the population equally, due to the 

different exposure levels, immunity response, vulnerability to disease and access to healthcare. Young 

children are especially susceptible to respiratory illnesses [206, 207, 227, 228], while the elderly are mostly 

affected by cardiovascular disease [227, 229]. Further, people with a lower socioeconomic status, especially 

those that live in slums, are at a higher risk of exposure to PM2.5. This occurs due to the combined higher 

indoor use of biomass fuels and substandard housing, which in turn allows a higher infiltration rate of outdoor 

particles into the indoor environment [230]. Further, this increased exposure mostly affects women and 

children, especially in the poorer communities, as they are frequently in proximity of indoor PM2.5 sources, 

namely biomass or coal for cooking and heating [99, 231]. 

Thus, exposure to PM2.5 leads to significant health impacts, mainly causing cardiovascular and pulmonary 

diseases. These impacts, in turn, place a significant financial burden, not only on those that are directly 

affected, but also on the community, namely due to health costs, work absence and increased mortality. 

Further, this burden has a more negative affect on the communities with a lower socioeconomic status, which 

are also those that are typically more exposed to PM2.5, which only furthers the negative effects of the 

exposure to PM2.5.  
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2.6. Minimizing Indoor Exposure to PM2.5 

There are several solutions to limit the exposure to PM2.5 that have been proposed and implemented 

throughout the world. These solutions can be categorized in accordance to the method used to limit exposure: 

reducing outdoor PM2.5 sources, reducing indoor PM2.5 sources and reducing the penetration of outdoor 

PM2.5 into the indoor environment. 

Traffic is one of the most significant sources of outdoor PM2.5 and, therefore, has been the focus of several 

efforts to decrease urban fine particle levels. Progressively stringent emission regulations have forced vehicle 

manufacturers to decrease the exhaust fume emission of PM2.5. This is achieved by the installation of particle 

filters, which reduces the direct emission into the atmosphere, and the increase in engine combustion 

efficiency, which decreases the emission of the gases that are precursors to the formation of secondary 

particles [71]. The use of cleaner fuels, such as biodiesel, low-sulfur gasoline or natural gas, also decreases 

precursor gas emissions [58, 71, 80, 232, 233], while vehicles without internal combustion engines do not 

emit either precursor gases or exhaust particles. Nonetheless, exhaust fumes are not the only source of PM2.5, 

and hence other measures have also been adopted. Paving unpaved roads, playgrounds, parking lots and other 

areas, in addition to street cleaning avoids the re-suspension of particles [58, 160, 234]. An increase in urban 

vegetation can decrease PM2.5 levels [58, 235], although failure to carefully plan the effect of that vegetation 

can compromise the effectiveness of this approach [236, 237]. Further, limiting vehicle circulation is 

becoming a common approach to decrease traffic-related PM2.5 emissions. In some locations, vehicles can 

only circulate every other day, depending on the license plate number [71, 234, 238]. More pollutant-emitting 

vehicles, such as older (and hence subject to less strict emission regulations) or heavy-duty diesel-powered 

vehicles, are only allowed to circulate during moments of low traffic intensity, such as at night or during the 

weekend, or not allowed at all [76, 239, 240]. The time-limited ban, however, might not decrease overall 

PM2.5 levels, especially if the PM2.5 that is emitted during the allowed periods remains in the atmosphere. In 

the future, it may happen that traffic will be banned altogether, with few exceptions, such as residents or 

emergency services. This leads to a shift to soft modes of transport, such as walking or bicycle-riding [241, 

242, 243], or to public transport, which itself can be based on low PM2.5-emitting vehicles, such as electric 

trains or buses. In addition to the decrease in PM2.5 levels, this also brings forth several other additional 

benefits, such as the increase in physical activity and its consequential health benefits, and the decrease in 

traffic intensity, which itself reduces noise and traffic-related stress and incidents [62, 241]. 

Especially in places where industry and power generation are significant PM2.5 sources, several steps can be 

taken to decrease their negative impacts. In the case of industry, a shift to cleaner fuels and the use of particle 

filters decrease the emission of PM2.5 into the atmosphere [62, 238, 244]. Particle filters are also an option in 

fossil-fuel based power generation, but a shift to cleaner and renewable energy sources should be the main 

focus [71]. Additionally, limiting outdoor biomass combustion, such as straw burning, and wildfire prevention 

are fundamental steps to decrease overall urban PM2.5 emissions [71]. 

Controlling indoor PM2.5 sources is an essential step to reduce building occupant exposure to PM2.5. 

Firewood combustion for cooking and heating can be replaced with cleaner fuels, such as natural or liquefied 

petroleum gases (LPG), or with electric equipment [139, 142, 143, 144]. Alternatively, high-efficiency 

biomass-based heating systems with good extraction ventilation can also decrease PM2.5 emissions into the 

building [245, 246]. Different cooking methods and ingredients, such as preferring safflower oil over olive oil 

[247] or adding salt and pepper in the early stages of cooking [248], can also reduce the emission of PM2.5. 

Additionally, some ingredients might increase individual self-protection against the negative effects of PM2.5 

[249]. Good extraction ventilation is also fundamental in the case of indoor sources that cannot be easily 

replaced or forgone, such as cooking or printers and similar devices [250]. Nonetheless, the use of the latter 

can be decreased by replacing paper with low power-consuming electronic devices [251]. Dust re-suspension 
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can be prevented through cleaning, although, if done carelessly, it can lead to an increase in unwanted 

airborne PM2.5 levels due to re-suspension. Finally, portable air cleaners, which are devices that consist of a 

fan and a filter (either a high-efficiency cloth filter or an electrostatic filter [252, 253, 254, 255, 256, 257, 258, 

259, 260, 261] or even botanical elements [262]), actively decrease PM2.5 levels, by circulating indoor air 

through that filter. Portable air cleaner units equipped with High Efficiency Particulate Arrestance (HEPA) 

filters typically achieved the highest clean air delivery rates, while those with electrostatic filters usually had 

lower power consumptions, although they can increase indoor ozone and ultrafine particle levels [255, 258]. 

Additionally, the portable air cleaners’ efficacy is sensible to its location within the building and to the 

interaction between its own airflow and that of other sources [263, 264, 265]. 

Finally, the building skin, as an interface between the indoor and outdoor environments, can also play a 

significant role in reducing indoor PM2.5 levels, by limiting the penetration of outdoor particles. First of all, 

careful urban planning can avoid buildings with sensitive occupants, such as schools or hospitals, to be 

located nearby main PM2.5 sources, such as high traffic-intensity highways [60, 160, 231, 266]. Additionally, 

moving people from slums to proper housing [231] and improving existing buildings’ air tightness [267, 268] 

decreases the penetration of outdoor particles, including the re-entering of indoor-generated PM2.5 that has 

been extracted to the outdoor environment. 

As for the building itself, one of the most commonly used methods is the use of a cloth filter in the MV 

system. A wide range of PM2.5 retention efficiencies can be found, with very high-efficiency (above 90 %) 

filters being used in buildings with sensitive occupants, such as hospitals, or that, for some particular reason, 

require very low indoor PM2.5 levels [268, 269]. Nonetheless, higher filtration efficiencies imply a higher 

pressure drop through the filter, requiring a more power-consuming fan [270, 271, 272]. In the case of 

fossil-fuel based electric grids, this leads to an increase in PM2.5 emissions. Further, these filters’ high 

pressure drop bars its use in natural ventilation systems. Ribbed air ducts can also decrease the transport of 

outdoor fine particles, although the effect on the airflow itself is yet to be addressed [273, 274]. Localized 

outdoor PM2.5 removal can also reduce the penetration of outdoor particles, although its application outside 

of semi-enclosed locations has not yet been considered [275]. Other filter technology, with high-efficiency 

particle removal and low pressure drops, has been proposed, although their widespread real-case use is yet to 

be developed [276, 277, 278]. 

Few approaches have been developed to allow the use of natural ventilation while simultaneously controlling 

for the penetration of outdoor PM2.5. One novel approach would be the use of electrostatic filters in natural 

ventilation openings. This type of filter is already used in several other applications and can achieve average 

PM2.5 filtration efficiencies of up to 63 % [279, 280, 281, 282] at a very low energy cost [283, 284, 285]. 

These filters consist of a channel with wire-electrodes that generate an electric field, which charges the 

airborne particles, and charged plates to separate those charged particles from the airflow. The pressure drop 

through this filter is less than 10 Pa, which could allow its use in natural ventilation. However, this approach 

has only been considered in simulated environments and lacks field testing as well. 

Overall, limiting man-made combustion, namely by decreasing traffic or shifting to cleaner energy sources is 

the most efficient path for decreasing outdoor PM2.5. The use of cleaner energy sources indoors also 

decreases PM2.5 levels within the built environment, as does the use of effective extraction ventilation for 

indoor sources. To limit the penetration of outdoor PM2.5 through the incoming airflow, several innovative 

solutions are needed. Ultimately, one of the most important steps is to increase public awareness of PM2.5, 

encouraging people and national governments, on their behalf, to engage in these solutions as well as 

developing other solutions.  
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3. SIMULATION TOOLS AND VALIDATION 

During the design phase, simulation tools are fundamental to predict the performance of any equipment or 

passive approaches in order to verify that the building’s thermal behavior ensures a comfortable environment 

for its occupants. In this order, the following sections describe the simulation tools that were used throughout 

this research. Section 3.1 is a validation of airflow network or nodal models (AFN) and CFD simulations for a 

naturally ventilated office building using wind tunnel (WT) measurements as the reference for external 

pressure coefficients and effective airflow rate prediction. This validation focuses specifically on wind-driven 

cross ventilation with no buoyancy effects. In addition to the validation, this study compares the average 

window open area required to meet a given target flow rate that is predicted by the two numerical models for a 

typical weather year. Finally, the CFD simulation model is used to study the effect of partially open windows 

on the effective flow rate (an effect that typical WT studies fail to capture). 

The following Section, 3.2, describes EnergyPlus, which is the software package that was used to simulate 

indoor thermal environments and the effect of the use of NV on those environments. Finally, Section 3.3 

presents the Generic Contaminant Algorithm, the nodal model that is included within the EnergyPlus software 

package and was used to predict indoor fine particle levels.  
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3.1. Natural Ventilation Simulation 

In contrast with the steady energy source used in mechanical ventilation, the variable pressure differences that 

drive NV systems make the sizing of ventilation openings a difficult task [286]. The hiatus in NV use in 

commercial buildings, a consequence of the preferred use of MV systems which resulted in the loss of 

existing design know-how, has led to currently available simple NV design rules being overly simplistic and 

conservative. California’s Title 24 [9], which limits the use of natural ventilation to office areas that are less 

than 20 feet (6 meters) away from a façade with operable windows, is an example of these limitations. Yet, it 

is possible that, in tall rooms, single-sided natural displacement ventilation may provide adequate fresh air 

beyond 6 m with a window opening area that is less than 5 % [10]. To overcome these restrictions and test 

new design possibilities engineers need improved airflow simulation tools or, when available, reliable 

measurements. These tools must incorporate a wide range of factors that affect the variations in pressure 

distribution around and inside the building, such as building and surrounding geometry, incoming wind and 

differences between internal and external temperature [287]. 

Measurements can be performed in scaled wind tunnel models or, in rare instances, in full-scale. Both 

methods have known limitations. When possible, full-scale measurements would be the ideal choice. 

However, controlling boundary conditions is very difficult [288, 289, 290]. In contrast, scaled building model 

boundary layer WT experiments can have clearly defined boundary conditions. Still, this approach can be 

time-consuming and expensive [291]. Further, downscaling the building apertures is difficult: scaled model 

walls tend to be disproportionally thick and apertures are usually modeled as fully open holes with variable 

area. These crude approximations affect the aperture pressure loss [292] and fail to capture the inflow 

deflection produced by partially open windows [293]. In spite of these limitations, scaled WT measurements 

are the reference method for building natural ventilation modeling [294], particularly for determining pressure 

coefficients and effective flow rates in buildings with fully open windows. 

Numerical simulation approaches for NV design range from simple AFN to complex three-dimensional CFD 

simulations (see Table 5). AFN models are based on the orifice flow equation and have low computation time 

and high numerical stability [295]. As a result, these models are commonly used to predict bulk NV airflow in 

hourly thermal simulation software tools [15, 296]. In AFN models, wind pressure effects in each external 

opening are modeled using pressure coefficients (Cp) that can be obtained from WT measurements or CFD 

simulations. In contrast with AFN, CFD is able to produce whole flow field data in full-scale. For this reason, 

CFD simulations tend to have high computation time and variable numerical stability. Further, CFD 

simulation results are sensitive to a large number of user-defined computational parameters. Although there 

have been continuous improvements in CFD tools, the typical accuracy of this methodology, when applied to 

NV, remains an open issue [297, 298, 299, 300]. In spite of this, CFD has reached a development stage that 

makes it a candidate for use as an accessible and flexible virtual wind tunnel, either producing the pressure 

coefficients that are required for AFN models or the whole flow field for particular wind directions and 

window configurations. 
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Table 5 – Natural ventilation modeling methods analyzed in this paper 

Method Predicted Variables Requirements Effort/Time 

Wind tunnel 

(WT) 

External pressures, 

Effective airflow rates 

Wind tunnel 

Scaled model 
High 

Computational fluid 

dynamics 

(CFD) 

Whole field data 

(Pressures, velocities, etc.) 
CFD model Medium 

Airflow network 

(AFN) 
Bulk airflow rates 

Pressure coefficients 

(Cp from WT or CFD) 

Low 

(when Cp is available) 
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3.1.1. Numerical Simulation Tools 

The standard CFD approach for building natural ventilation design is RANS (Reynolds-averaged 

Navier-Stokes) combined with different variants of the k-ε turbulence model [299]. This approach is the 

preferred choice due to its robustness [301] and tested precision for different building ventilation applications 

[302]. In addition to the standard k-ε model, variants such as the RNG (Re-normalization Group) k-ε model 

[303], the realizable k-ε model [304], and the k-ω model [305] are also being increasingly used in NV 

applications. These models address several known limitations in the standard k-ε model, namely, 

overestimation of turbulence energy [306] and difficulty in describing flows close to surfaces [307]. In the 

future, RANS may be replaced by large eddy simulation (LES), a more detailed approach that is based on 

space filtering of turbulent structures and explicit dynamic modeling of the large eddies. For the time being, 

RANS is preferred over LES due to its significantly lower computational cost [308, 309]. 

AFN models use a network of nodes connected by nonlinear pressure dependent flow resistances [295, 310]. 

A typical AFN model will have one node for each building zone plus a variable number of outside nodes. The 

bulk airflow rate for a given aperture is calculated from the pressure difference between the zones that the 

aperture connects. For wind-driven airflow, the incoming flow rate can be calculated using the following 

variant of the aperture Equation (1) [311]: 

 

�̇� = 𝐴𝑜𝑝𝑒𝑛 × 𝐶𝐷 × 𝑢𝑤𝑖𝑛𝑑 × √𝛥𝐶𝑝 (1) 

 

A discharge coefficient (CD) of 0.6 was used [311]. The non-linear system of n equations that results from 

applying mass conservation to the building zones and n building apertures is then solved numerically. An 

average pressure coefficient was calculated for each side of the building and used within a single equation. 

These pressure coefficients (Cp), are defined as the ratio of local wind-driven static pressure and the incoming 

wind pressure, as shown in Equations (2) and (3) [312]: 

 

𝐶𝑝 =
𝑝𝑙𝑜𝑐𝑎𝑙

𝑝𝑤𝑖𝑛𝑑
 (2) 

 

𝑝𝑤𝑖𝑛𝑑 =
𝜌 × 𝑢𝑤𝑖𝑛𝑑

2

2
 (3) 
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The upcoming subsections present existing comparisons between CFD, AFN and WT, for three relevant flow 

parameters: 

 Pressure coefficients: comparison between CFD and WT. 

 Effective airflow rates: comparison between CFD and WT. 

 Bulk airflow rates: comparison between CFD and AFN. 

The accuracy of the numerical simulation methods will be assessed using the coefficient of determination, R
2
, 

(Equation (4)) and an average normalized error (Equation (5)), defined as follows: 

 

𝑅2 = 1 −
∑ (𝑦𝑖 − �̂�𝑖)2𝑁𝑚𝑒𝑎𝑠

𝑖=1

∑ (𝑦𝑖 − �̅�)2𝑁𝑚𝑒𝑎𝑠
𝑖=1

 (4) 

 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐸𝑟𝑟𝑜𝑟 =
∑

|𝑦𝑖 − �̂�𝑖|
𝑁𝑚𝑒𝑎𝑠

𝑁
𝑖=1

∑
|𝑦𝑖|

𝑁𝑚𝑒𝑎𝑠

𝑁
𝑖=1

 (5) 
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3.1.1.1. Pressure Coefficients 

Eight previous studies that compare pressure coefficients obtained from CFD with WT measurements were 

identified (Table 6). The average errors found in these studies vary between 7 and 47 % and the R
2
 values 

between 0.420 and 0.995. A more detailed analysis reveals a higher agreement for cases with normal or 

near-normal incoming wind (the first six studies in the table [313, 314, 315, 287, 316, 317]. Cases with more 

complex building geometry or a wider range of incoming wind angles display a lower accuracy [303], with 

the largest error found in a case with several near buildings and multiple incoming wind angles [318]. 
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Table 6 – R
2
 and average error between WT and CFD pressure coefficients for previous studies 

Ref. Case Study/Turbulence Model 

Wind Angle 

(normal = 0°) 

R
2
 

Average Error 

[%] 

[313] 
Isolated wind tower 

Standard k-ε model 
0° 0.995 7 

[314] 
Isolated real-shaped building 

Reynolds Stress model 
0° 0.995 9 

[316] 

Cube-shaped isolated building 

RNG k-ε model/Standard k-ε 

model 

0° 
0.972 (RNG) 

0.847 (Standard) 

13 (RNG) 

33 (Standard) 

[287] 
Isolated real-shaped building 

Realizable k-ε model 

0° and 45° to 

surface 
0.985 14 

[317] 
Venturi-shaped roof 

RNG k-ε model 

0° to 45° to 

surface, 

15° interval 

0.974 11 

[315] 

Isolated real-shaped building 

RNG k-ε model/Standard k-ε 

model 

0° and 45° to 

surface 

0.960 (RNG) 

0.912 (Standard) 

21 (RNG) 

25 (Standard) 

AVERAGE ERROR (incoming wind angles between 0 and 45° to surface) 17 

[303] 

L and U-shaped isolated 

building 

RNG k-ε model 

0°, 45° and 180° 

to surface 

(Three) 

0.932 23 

[318] 
Building with near interference 

RNG k-ε model 

0° to 345° to 

surface, 

22.5° interval 

(Sixteen) 

0.420 47 

AVERAGE ERROR (studies including all incoming wind angles) 35 
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3.1.1.2. Effective Airflow Rates 

Due to non-homogeneous mixing between the airflow entering the room and existing room air, effective flow 

rates are lower than the bulk airflow through the building’s openings. In NV design, CFD simulations are 

often used to calculate the effective airflow rate in specific room locations. The most commonly used 

methodology to calculate the effective flow rate is the concentration decay method. Starting with an evenly 

distributed non-buoyant pollutant concentration, this method determines the effective flow rate by finding the 

best fit between the pollutant decay curve and the solution of the concentration decay (Equation (6)) [312]: 

 

𝑘(𝑡) = 𝑘0 × 𝑒𝑥𝑝 (−
�̇�

𝑉
× 𝑡) (6) 

 

The results of two existing studies that compare CFD and WT effective airflow rate are shown in Table 7. Due 

to the higher complexity that results from the inclusion of internal partitions, the second case has a much 

lower correlation. Further, a more detailed analysis of the results revealed that, as in the case of pressure 

coefficients, smaller incoming wind angles (0-30°) lead to lower discrepancies: as the incoming wind angle 

approaches 90°, the airflow deviates from cross-ventilation and begins to resemble shear-driven ventilation. 

Due to the difficulty of CFD to model this type of ventilation, the disparity between CFD and WT effective 

flow rates increases for these cases. 

 

Table 7 – R
2
 and average error between wind tunnel and CFD effective flow rates for previous studies 

Ref. Case Study/Turbulence Model 

Wind Angle 

(normal = 0°) 

R
2
 

Average Error 

[%] 

[311] 

Isolated building 

Standard k-ε model/RNG k-ε 

model 

0° to 90° to 

surface, 

10° interval 

(Ten) 

0.613 (Standard) 

0.541 (RNG) 

32 (Standard) 

33 (RNG) 

[305] 

Cube-shaped isolated building 

with inner divisions 

Standard k-ω model 

0° to 90° to 

surface, 

30° interval 

(Four) 

–0.296 29 

AVERAGE ERROR 31 
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3.1.1.3. Bulk Airflow Rates 

Bulk flow rates are usually not measured in WT studies because it is impossible to insert a velocity sensor in 

the small openings that are used without affecting the flow. Further, a set of measurements in known locations 

in the window plane would be required for an accurate flow measurement. 

This review identified two studies comparing flow rates predicted by CFD with AFN predictions (using WT 

pressure coefficients), which are presented in Table 8. As in the previous cases, configurations with incoming 

wind angles that are closer to normal incidence [310] have significantly better results: 6 % average error, 

versus 28-34 %. 

 

Table 8 – R
2
 and average error between AFN and CFD bulk flow rates for previous studies 

Ref. Case Study/Turbulence Model 

Wind Angle 

(normal = 0°) 

R
2
 

Average Error 

[%] 

[310] 

Cuboid-shaped isolated 

buildings 

WT Cp 

Standard k-ε model 

0° and 45° to 

surface 

(Two) 

0.944 6 

[311] 

Isolated building 

WT Cp 

Standard k-ε model/RNG k-ε 

model 

0° to 90° to 

surface, 

10° interval 

(Ten) 

0.679 (Standard) 

0.688 (RNG) 

28 (Standard) 

34 (RNG) 

AVERAGE ERROR 23 
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3.1.2. Case Study and Methodology 

This section presents the present case study: a two-story 940-square meter office building located in Alameda, 

California (15 km from San Francisco). The focus of this validation study is the open-plan, 109-square meter 

office room on the second floor of the building shown on the right-hand side of Figure 6. The following 

subsections describe the models used to simulate this room and the methodology employed in this study. 

 

 

Figure 6 – Aerial view (left), wind tunnel model of the main building and surrounding buildings (right) 
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3.1.2.1. Wind Tunnel Measurements 

The wind tunnel model used in this study was built and measured by CPP Wind [319]. The model is a 

1:70-scale replica of the building and its immediate surroundings, within a 100-meter ratio. The modeled 

room has four openings, labeled W1 to W4, as can be seen in Figure 7. Each window has an opening area of 

1.66 cm
2
, leading to wall porosity of 0.54 %. To simulate the variable incoming wind direction (0° to 345°, in 

15° intervals) the model is placed on a rotary table. A logarithmic incoming wind profile was used [320], with 

a wind velocity of 8.148 m/s at 0.202 m and a surface roughness of 4.36 mm (Table 9). Similarity 

requirements were ensured to be in accordance with existing modeling guidelines [321, 322, 323, 324]. 

 

Table 9 – Wind tunnel velocity and turbulence intensity profiles 

Height [m] Velocity [m/s] 
Turbulence Intensity 

[%] 

0.076 6.464 23.4 

0.103 6.892 22.2 

0.126 7.469 22.5 

0.154 7.770 21.9 

0.202 8.148 19.1 

0.253 8.570 18.8 

0.305 8.892 18.2 

0.405 9.520 18.0 

0.510 10.009 16.3 

0.610 10.337 16.4 

0.814 11.347 15.9 

1.066 12.046 13.5 

1.218 12.442 12.2 
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Figure 7 – Building openings layout and concentration measuring points (left), main building model 

dimensions (center), computational grid surrounding the main building openings (right) 

 

Wind pressure coefficients were measured using an array of six flush surface pressure taps along the edge of 

each opening. Effective airflow rates were calculated for each wind direction using the concentration decay 

methodology. Pollution concentration was monitored at 200 Hz with two fast flame ionization detectors 

(FFID), located at two points, P1 and P2, positioned at mid-height, mid-width and 2.5 cm away from walls. 

As can be seen in Figure 8, pollutant concentration between both measurement points differs during the filling 

phase (when the non-buoyant pollutant source is active). However, once the source is removed, incoming air 

increases the homogeneity of the pollutant concentration within the building model, leading to a difference of 

less than 10 % between both points for most incoming wind directions. 

 

 

Figure 8 – Pollution concentration within the WT building model over time (left, 15° incoming wind) and 

focus on concentration decay (right) 
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3.1.2.2. CFD Simulations 

The CFD model (Figure 7 and Figure 9) used in this validation study is a virtual full-scale replica of the wind 

tunnel model (Figure 6). The simulations were performed using the commercial CFD package PHOENICS 3.6 

[325]. The simulation models were set up in accordance with the recommendations of Tominaga et al. [326] 

and Franke et al. [327]. 

 

 

Figure 9 – CFD simulation domain (left), flow field (center, 75° incoming wind) and pressure field (right, 

300° incoming wind) 

 

In the case of the computation domain, the recommended minimum 15 Hb distance (Hb being the height of the 

building) between the model and the outlets is kept around the built area, easily allowing the rotation of the 

incoming wind. The use of a 15 Hb distance, combined with a domain height of 6 Hb (higher than the 

recommended minimum of 5 Hb) led to a blockage ratio of less than 0.5 %, lower than the recommended 

maximum of 3 %. 

The simulation’s spatial grid must be sufficiently detailed to accurately describe the airflow. However, an 

excessively detailed grid requires a longer simulation time, without providing any increase in accuracy. Thus, 

further exploratory runs were performed to achieve an optimal spatial discretization. Three simulation grids, 

with 2.8, 3.2 and 3.9 million cells (named low, medium and high resolution, respectively) were tested to 

calculate the bulk airflow rate for four incoming wind directions. The results of these test runs are presented in 

Table 10. 
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Table 10 – Bulk airflow rates regarding grid resolution exploratory runs 

Wind Direction 

[degrees] 

Low Resolution 

[dm
3
/s] 

Medium Resolution 

[dm
3
/s] 

High Resolution 

[dm
3
/s] 

15 1.31 1.33 1.33 

105 1.24 1.26 1.26 

195 0.82 0.80 0.80 

285 1.04 1.06 1.06 

 

As can be seen, a lower spatial resolution carries differences (up to 3 %) regarding the airflow rate, while the 

higher resolution brings no significant changes (less than 1 %) and requires a lengthier simulation time. Thus, 

the medium resolution grid was chosen for the subsequently described simulations. 

In addition to an adequate spatial grid, transient simulations require a time step that avoids excessive 

simulation time while still providing realistic results. A conservative approach to define this time step is given 

by Equation (7): 

 

𝛥𝑡 = 𝐶𝐹𝐿 ×
𝛥𝑥𝑚𝑖𝑛

𝑢𝑚𝑎𝑥
 (7) 

 

The Courant-Friedrichs-Lewy parameter (CFL) should have a maximum value of one, as indicated by 

Anderson Jr. [328]. This limit ensures that the simulation fluid can only move a maximum of one grid step per 

time step. Failure to meet this requirement might lead to an inaccurate fluid movement, as intermediate fluid 

positions are not simulated. Regarding the present simulations, the value of this parameter was set to one. 

Analysis of Table 6 to Table 8 indicates that the most popular turbulence closure models used in NV 

simulation are the standard k-ε and the RNG k-ε models. For conciseness, this study used only the standard k-ε 

turbulence model. A set of exploratory runs showed that the results did not change significantly when using 

the RNG k-ε model. 

The hybrid-differencing numerical scheme (HDS) was used for all variables. This numerical scheme employs 

both the first-order upwind-differencing scheme (UDS), in high-convection regions, and the second-order 

central-differencing scheme (CDS), in low-convection regions. 

The simulated wind directions are not always perpendicular to the domain’s boundaries. Thus, two wind inlets 

are used to replicate the logarithmic wind profile used within the WT tests, in combination with two zero 

static pressure outlets on the opposite sides and top of the domain [329]. 

The lower boundary is modeled as fully-rough to match the wind profile’s surface roughness of 4.36 mm. All 

other solid objects that were used for the building models are defined as smooth. 
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The flow field and equation residuals were monitored for each simulation and, in the case of transient runs, for 

each time step. Each simulation, or time step, was considered converged and was therefore concluded when a 

stationary flow field was obtained and when the residuals for all variables was lower than 10
–4

. 

Finally, wind-driven pressures were obtained for 24 incoming wind directions in the same measurement 

positions used in the WT model. Regarding the effective flow rates, a comparison was performed for a 

scenario with all four windows opened (W1-W4 in Figure 7). The CFD simulations used non-buoyant heat as 

the tracing pollutant. At the beginning of each simulation, this pollutant’s concentration was constant and 

uniformly distributed. The evolution of this concentration throughout the simulation was registered at two 

points, located at equivalent positions of the points named P1 and P2 in the WT measurements. Transient 

simulations were required, due to the time-dependent nature of this method, as shown in Equation (6). The 

equivalent pollutant decay equation when using non-buoyant heat is shown in Equation (8), which can be 

simplified, leading to Equation (9): 

 

𝜌 × 𝑐 × [𝑇(𝑡) − 𝑇𝑜𝑢𝑡] = 𝜌 × 𝑐 × [𝑇0 − 𝑇𝑜𝑢𝑡] × 𝑒𝑥𝑝 (−
�̇�

𝑉
× 𝑡) (8) 

 

𝛥𝑇(𝑡) = 𝛥𝑇0 × 𝑒𝑥𝑝 (−
�̇�

𝑉
× 𝑡) (9) 

 

Applying logarithms to Equation (9) leads to a linear regression (Equation (10)), which can be applied to the 

evolution of temperature difference through time. The product of the slope of this function and the room’s 

volume results in the effective airflow rate for that given location: 

 

𝑙𝑛[𝛥𝑇] (𝑡) = −
�̇�

𝑉
× 𝑡 + 𝑙𝑛(𝛥𝑇0)  (10) 
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3.1.2.3. AFN Simulations 

The AFN approach was used to calculate wind-driven bulk airflow rates that were compared with CFD 

predictions. Using Equation (1) the incoming airflow into the room was calculated for 24 incoming wind 

directions, using pressure coefficients from WT and CFD. As discussed above, bulk flow rates were not 

measured in the WT.  



 

Impact of Fine Particle Pollution on the Natural Ventilation Potential of Commercial Buildings 

 

 

Nuno Miguel Rocha Martins   40 

3.1.2.4. Relative Average Window Opening Area 

The goal of this analysis was to calculate the average window opening area predicted by the three airflow 

modeling methods that were tested. The analysis compares the relative opening areas predicted for a given 

target wind-driven flow rate. For this reason, the results obtained do not depend on the target flow rate. The 

calculations were performed for a whole year considering a 9-to-5 office occupation schedule and using two 

different wind scenarios: 

 Isotropic constant wind speed. 

 TMY3 (Typical Meteorological Year, version 3) hourly wind data for San Francisco, based on the 

NREL (National Renewable Energy Laboratory) dataset, recorded from 1973 to 2005 [330].  
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3.1.2.5. Effects of Window Geometry 

Due to the downscaling difficulties discussed above, the WT model used in this study has an unrealistically 

thick wall and modeled all windows as fully open holes. To make the analysis of the effects of window 

geometry more realistic, the CFD model used to assess the effect of window geometry on internal flow has a 

thinner wall (the scaled equivalent to a 0.17 m thickness). In cross-ventilated buildings with square apertures 

the air flows into the room as an approximately axis-symmetric jet [10]. In contrast, most window geometries 

affect the flow field by deflecting incoming air towards a given location in the room [292, 293]. To assess the 

impact of different window geometries on the effective flow, CFD simulations were performed for eight wind 

directions (0°-315°, in 45° intervals) using the same two sensor locations shown in Figure 7. This analysis 

considered five different geometries: 

 IB: Window opens inwards, bottom opening axis 

 IT: Window opens inwards, top opening axis 

 OB: Window opens outwards, bottom opening axis 

 OT: Window opens outwards, top opening axis 

 FO: Fully open windows (reference case). 

As can be seen in Figure 10, a 25.1-degree tilted opening, which alters the direction of the airflow within the 

building, was added to each window of the first four geometries. Furthermore, this change in window 

geometry results in a 76 % reduction in the effective opening area. 

 

 

Figure 10 – Window opening geometry scenarios 
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3.1.3. Validation Results 

This section presents the results of the validation, divided in four subsections focusing on: pressure 

coefficients, effective airflow rates, bulk airflow rates and discussion of results. In all subsections, the error 

indicators introduced in Section 3.1.1 are used to quantify the differences between the methods. 

 

3.1.3.1. Pressure Coefficients 

Figure 11 shows a comparison between CFD and WT pressure coefficients for the 24 wind directions used in 

this study. The coefficient of correlation and the average error obtained in this comparison are shown in 

Table 11. Analysis of the results shows better agreement in the predictions for W1 and W4 (compared to W2 

and W3). As can be seen in Figure 7, W2 and W3 are closer to the edge of the building, a region where local 

recirculation and instability make CFD modeling more difficult. Still, the agreement obtained is better than a 

similar case analyzed by Zhang & Gu [318] (a multi-incoming wind angle assessment of a building with 

surrounding buildings: R
2
 of 0.420 and an average error of 47 %). Overall, the error indicators are close to 

previous studies based on isolated buildings (R
2
 between 0.847 and 0.995 and average error between 7 and 

33 %). 

 

 

Figure 11 – Pressure coefficients for Windows W1 to W4 
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Table 11 – R
2
 and average error between wind tunnel and CFD pressure coefficients 

Opening R
2
 Average Error [%] 

W1 0.920 30 

W2 0.854 37 

W3 0.776 48 

W4 0.922 30 

All Windows 0.836 37 

Review Average Error 35 
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3.1.3.2. Effective Airflow Rates 

Figure 12 presents a comparison between CFD and WT predictions of effective flow rates for 24 wind 

directions. The coefficient of correlation and the average error for this comparison are shown in Table 12. 

Analysis of the results reveals two levels of agreement, depending on the incoming wind direction: 

 Wind directions between 195° and 30° lead to lower errors. 

 Wind directions between 45° and 180° lead to larger errors. 

For incoming wind between 195° to 30°, there is a good agreement: R
2
 of 0.749, a result in the upper range of 

previously performed studies (see Table 7, R
2
 between –0.296 and 0.963). The second group (45° to 180°) has 

a negative coefficient of determination, a result that also occurred in the study of Nikolopoulos et al. [305]. 

The average error for this group of wind directions is 37 %, slightly above the review average (31 %). The 

larger error might be the result of local flow instability near the openings (the wake of the larger surrounding 

buildings and the main building). Further, for these directions, the effective flow rate is overestimated, a 

problem that also occurred in a recent full-scale CFD validation for a large building with lateral incoming 

wind in site with interfering surrounding buildings [288]. For all wind directions, the coefficient of 

determination is 0.628 and the average error is 32 % (similar to the review average of 31 %). 

 

 

Figure 12 – Effective flow rates for measuring Points 1 and 2 
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Table 12 – R
2
 and average error between wind tunnel and CFD effective flow rates 

Wind Directions Point R
2
 Average Error [%] 

195° to 30° 

P1 0.736 19 

P2 0.886 33 

Average P1/P2 0.749 27 

45° to 180° 

P1 –0.957 37 

P2 –0.157 36 

Average P1/P2 –0.436 37 

All Directions 

P1 0.564 30 

P2 0.703 35 

Average P1/P2 0.628 32 

Review Average Error 31 
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3.1.3.3. Bulk Airflow Rates 

Bulk airflow rates were calculated with AFN and CFD models. AFN calculations used two alternative sources 

of pressure coefficients: WT and CFD. The bulk flow rates obtained with the AFN model, shown in Figure 13, 

display a systematic under-prediction. This effect was previously studied by Karava et al. [331], Kato et al. 

[332] and later quantified by Carrilho da Graça [333]. According to these studies, AFN models cannot 

consider momentum conservation between inflow and outflow. This conservation effect leads to an increased 

bulk flow rate that cannot be predicted using the aperture equation-based approach: for these cases CFD is the 

best option. 

In spite of this systematic difference, bulk flow rate predictions display the lowest average errors obtained in 

this study (shown in Table 13). Clearly, the square root dependence (Equation (1)) of the bulk airflow rate on 

the wind generated pressure difference reduces the impact of existing errors of the pressure coefficients. 

Further, these calculations simultaneously use the pressure coefficients for all four windows, thereby 

averaging the impact from individual errors. Both the average error (20 %) and the R
2
 obtained are 

comparable to the review average (23 %, and 0.679-0.944). 

 

 

Figure 13 – Bulk flow rates 

 

Table 13 – R
2
 and average error between AFN and CFD bulk flow rates 

Methods R
2
 Average Error [%] 

AFN (CFD Cp)/AFN (WT Cp) 0.851 14 

AFN (CFD Cp)/CFD 0.729 20 

AFN (WT Cp)/CFD 0.734 21 

Review Average Error 23 
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3.1.3.4. Discussion 

Table 14 shows a comparison between the results obtained in this and previous studies. In all cases, the errors 

obtained are similar to the average of existing studies. In the case of predicting pressure coefficients, RANS 

CFD displayed good agreement with WT measurements, with a coefficient of determination of 0.84 and 

average normalized error of 37 %. The highest discrepancies occur in surfaces that are exposed to flow 

recirculation generated in the wake of large surrounding buildings. The results obtained for effective flow 

rates display low accuracy for incoming wind directions between 45° to 180°, with a 37 % average error and a 

negative coefficient of determination. This wind quadrant has surrounding buildings that are closer to the 

naturally ventilated office. Further, the use of only two sensor locations in the room may contribute to these 

differences, as any imprecision in the prediction of the inflow jet angle will have a relevant impact in the 

results. Bulk airflow rates produced the lowest average errors: 21 % when comparing CFD to AFN with WT 

Cp. This decrease is a direct consequence of the proportionality between airflow rate and the square root of the 

pressure difference. 

 

Table 14 – Summary of error indicators obtained for this study and existing studies 

Variable Tool 

Average Error 

This Study [%] 

Average Error 

Review [%] 

Pressure coefficients (Cp)  CFD 37 35 

Bulk flow rate CFD & AFN 21 23 

Effective flow rate CFD 32 31 
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3.1.4. Impacts in Window Design 

This section presents an analysis of the impacts of the models in NV design. It begins with an analysis of 

predicted average window opening area and concludes with an evaluation of effects of detailed window 

geometry. 

 

3.1.4.1. Average Window Opening Area 

The analysis of average window opening area used two different wind profiles: isotropic constant wind and 

hourly San Francisco wind data (TMY3 file). Figure 14 shows the occurrence distribution of wind by speed 

and direction for San Francisco, revealing a predominance of winds in the 255° to 315° quadrant. This 

asymmetric distribution increases the cumulative impact of differences in predicted flow rate for these wind 

directions. Therefore, the lower flow rate differences that were found for that range of wind directions are 

expected to decrease the discrepancy between the calculated opening areas. The relative average window 

opening predicted is shown in Table 15. WT is the reference for effective flow rate predictions, whereas for 

bulk flow rate, the reference is AFN with WT pressure coefficients. 

 

 

Figure 14 – San Francisco wind distribution 

 

For both scenarios, the WT-based flow rates results in the highest average window opening area, a direct 

consequence of the lower flow rates predicted for most wind directions (Figure 12). The larger discrepancy is 

found in the AFN (WT Cp)/CFD comparison: in this case, the larger flows predicted by CFD result in a 

30-40 % reduction in predicted window area. The impact of the local distribution of wind by speed and 

direction on the predictions is not significant (variations of less than 10 %). 
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Table 15 – Relative average window opening area 

Wind Data 

Relative Average Window 

Opening Area 

Effective Flow Rate [%] 

Relative Average Window Opening Area 

Bulk Flow Rate [%] 

WT CFD 
AFN (WT 

Cp) 

AFN (CFD 

Cp) 
CFD 

Isotropic (constant wind) 100 80 100 82 61 

San Francisco 100 74 100 91 67 
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3.1.4.2. Window Geometry Effect 

Figure 15 shows the predicted variations of average effective flow rate obtained in points P1 and P2 for the 

four different window geometries shown in Figure 10. Table 16 presents the effective flow rate results 

normalized using the reference fully open (FO) window effective flow result. In all cases studied, inclusion of 

detailed window geometry leads, on average, to an increase in the effective flow rate due to improved mixing 

of the room air (in some wind angles up to 30 %). Clearly, a complete NV design analysis should include the 

effects of flow deflection by partially open windows. 

 

 

Figure 15 – Average effective (decay method) flow rates per window opening area for different window 

strategies 

 

Table 16 – Average variation between fully open and each other window opening scenario 

Case Average difference from FO [%] 

IB +19 

IT +19 

OB +18 

OT +16 

AVERAGE +18 
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3.2. Thermal Simulation 

Detailed hourly simulation was performed using EnergyPlus, an open source building thermal simulation 

software code that has been continuously developed by the United States Department of Energy (DOE) [296] 

through several of its research laboratories, including the NREL, and the Lawrence Berkeley (LBNL), the Oak 

Ridge (ORNL) and the Pacific Northwest National Laboratories (PNNL). With the initial goal of replacing the 

aging and remarkably difficult to maintain and modify existing thermal simulation software developed by the 

DOE and the United States Department of Defense, DOE-2 and BLAST, respectively, the development of 

EnergyPlus began in 1996 and its first version was released in 2001 [334]. Since then, EnergyPlus has become 

one of the most commonly used thermal simulation tools. 

By taking the building description and local environmental conditions (such as weather) as inputs, the 

EnergyPlus simulation manager simultaneously computes building systems and heat and mass balance 

equations. One example is the heat balance on a given zone’s air, which is given by Equation (11) [335]: 

 

𝜌 × 𝑐 × 𝐶𝑇 ×
𝑑𝑇𝑧

𝑑𝑡

= ∑ �̇�𝑖𝑛𝑙𝑜𝑎𝑑,𝑖

𝑁𝑖𝑛𝑙𝑜𝑎𝑑

𝑖=1

+ ∑ ℎ𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑖 × 𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑖 × (𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑖 − 𝑇𝑧)

𝑁𝑠𝑢𝑟𝑓𝑎𝑐𝑒

𝑖=1

 

+ ∑ �̇�𝑧𝑜𝑛𝑒,𝑖 × 𝑐 × (𝑇𝑧𝑜𝑛𝑒,𝑖 − 𝑇𝑧)

𝑁𝑧𝑜𝑛𝑒

𝑖=1

 

+�̇�𝑖𝑛𝑓 × 𝑐 × (𝑇𝑜𝑢𝑡 − 𝑇𝑧) + �̇�𝑠𝑦𝑠 × 𝑐 × (𝑇𝑠𝑢𝑝 − 𝑇𝑧) 

(11) 
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This equation is based on the conservation of energy and has energy flow units (J/s or W), which at each time 

step calculates the convective heat flow inflowing and leaving that zone’s indoor air: 

 𝜌 × 𝑐 × 𝐶𝑇 ×
d𝑇𝑧

d𝑡
: is the change in energy stored in air of the zone z. The coefficient CT is typically set 

to unity, although higher values can be used to account for the capacitance in the air loop not within 

the zone; 

 ∑ �̇�𝑖𝑛𝑙𝑜𝑎𝑑,𝑖
𝑁𝑖𝑛𝑙𝑜𝑎𝑑
𝑖=1 : accounts for convective internal heat sources; 

 ∑ ℎ𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑖 × 𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑖 × (𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑖 − 𝑇𝑧)
𝑁𝑠𝑢𝑟𝑓𝑎𝑐𝑒

𝑖=1
: refers to the heat transfer between the zone air 

and the zone’s surfaces; 

 ∑ �̇�𝑧𝑜𝑛𝑒,𝑖 × 𝑐 × (𝑇𝑧𝑜𝑛𝑒,𝑖 − 𝑇𝑧)
𝑁𝑧𝑜𝑛𝑒

𝑖=1
: is the heat transferred by air movement between zones; 

 �̇�𝑖𝑛𝑓 × 𝑐 × (𝑇𝑜𝑢𝑡 − 𝑇𝑧): accounts for the heat transfer by the infiltration of outdoor air; 

 �̇�𝑠𝑦𝑠 × 𝑐 × (𝑇𝑠𝑢𝑝 − 𝑇𝑧): is the heat transfer by the heating and cooling air systems; 

Similar heat balance equations exist for the heat exchange between surfaces and radiative energy sources, the 

latent heat exchange between indoor sources, indoor air and air movement throughout the building and the 

outdoor environment, the conductive heat transfer through building sources and the capacitive heat storage 

effect of the building’s thermal mass. The software package’s Integrated Solution Manager numerically 

resolves these heat balance equations in addition to mass balance equations (regarding the flow of air, carbon 

dioxide or other pollutants throughout the building and the outdoors), according to the constraints and 

specifications detailed by the building model and the local environmental conditions, in order to calculate the 

desired outputs. 

The DOE has also developed the Commercial Reference Building Models of the National Building Stock 

dataset [336]. This database includes building energy simulation models for fifteen commercial building 

typologies (small, medium and large offices; primary and secondary schools; stand-alone retail, strip mall and 

supermarket; quick and full-service restaurants; small and large hotels; hospital and outpatient health care; and 

warehouse) and a single residential one (midrise apartment). Three different building models are available for 

each typology and represent three different construction eras: pre-1980, post-1980 and new construction. For 

each of these construction eras, the differences in the building models reflect the different construction 

standards that were in force during those time periods, resulting in different insulation values, lighting levels 

and HVAC equipment and efficiencies. These models are not intended to be representative of any specific 

building but rather to perform studies on building energy performance and occupant comfort. 
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3.3. Indoor PM2.5 Levels 

The Generic Contaminant Algorithm (GCA) is a mass balance equation included within the EnergyPlus 

software package to model the indoor levels of any given pollutant (apart from carbon dioxide, which has its 

own mass balance equation), such as PM2.5. The coupling of the pollutant model with a thermal simulation 

model allows an ongoing update of some of the pollutant transport model’s inputs. One of these parameters is 

the natural ventilation airflow rate, which can change due to occupants opening or closing windows in 

accordance with their thermal comfort, consequently altering the rate of outdoor particle penetration [205].  

The mass balance model equation is shown in Equation (12) [335]: 

 

𝜌 × 𝑉𝑧 ×
𝑑𝐾𝑧

𝑑𝑡

= ∑ 𝜌 × 𝐺𝑖 × 106

𝑁𝑠𝑜𝑢𝑟𝑐𝑒

𝑖=1

− ∑ 𝜌 × 𝑅𝑖 × 𝐾𝑧

𝑁𝑠𝑖𝑛𝑘

𝑖=1

+ ∑ �̇�𝑧𝑜𝑛𝑒,𝑖 × (𝐾𝑧𝑜𝑛𝑒,𝑖 − 𝐾𝑧)

𝑁𝑧𝑜𝑛𝑒

𝑖=1

 

+�̇�𝑖𝑛𝑓 × (𝐾𝑜𝑢𝑡 − 𝐾𝑧) + �̇�𝑛𝑎𝑡 × (𝐾𝑜𝑢𝑡 − 𝐾𝑧) + �̇�𝑠𝑦𝑠 × (𝐾𝑠𝑢𝑝 − 𝐾𝑧) 

(12) 

 

This equation is based on mass conservation and, in the case of PM2.5 being the modeled pollutant, has 

concentration-mass flow units (µg kg s
–1

 m
–3

), modeling the change in indoor pollutant concentration, at each 

time step: 

 𝜌 × 𝑉𝑧 ×
d𝐾𝑧

d𝑡
: is the change in the indoor pollutant concentration of a given zone; 

 ∑ 𝜌 × 𝐺𝑖 × 106𝑁𝑠𝑜𝑢𝑟𝑐𝑒
𝑖=1 : is the sum of indoor pollutant sources; 

 ∑ 𝜌 × 𝑅𝑖 × 𝐾𝑧
𝑁𝑠𝑖𝑛𝑘
𝑖=1 : is the sum of indoor pollutant sinks; 

 ∑ �̇�𝑧𝑜𝑛𝑒,𝑖 × (𝐾𝑧𝑜𝑛𝑒,𝑖 − 𝐾𝑧)
𝑁𝑧𝑜𝑛𝑒𝑠
𝑖=1 : is the transport of pollutant between zones; 

 �̇�𝑖𝑛𝑓 × (𝐾𝑜𝑢𝑡 − 𝐾𝑧): is the transport of pollutant by infiltration; 

 �̇�𝑛𝑎𝑡 × (𝐾𝑜𝑢𝑡 − 𝐾𝑧): is the transport of pollutant by natural ventilation; 

 �̇�𝑠𝑦𝑠 × (𝐾𝑠𝑢𝑝 − 𝐾𝑧): is the pollutant transported by the ventilation supply duct into the simulation 

zone. 
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This equation, in its default form, does not allow for a correct modeling of PM2.5 as the indoor pollutant. 

PM2.5 is suspended and not dissolved in the air, as occurs with gaseous pollutants, thus a fraction of the 

PM2.5 transported by the infiltration airflow settles within the building cracks before entering the building, 

which is not modeled by default. The default model also does not account for the reduction in the transport of 

outdoor PM2.5 through the ventilation ducts, i.e. the effect of a cloth particle filter. 

Nonetheless, the EnergyPlus source code is open source, allowing the ad-hoc implementation of these features 

that are not provided in the default model, namely the infiltration particle penetration rate, cloth filters within 

the mechanical ventilation system or even other types of filtration.  
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4. METHODOLOGY 

The methodology used to study the effects of high levels of PM2.5 on the usability of natural ventilation is 

shown schematically in Figure 16. Two complementary analysis approaches were used and are shown in the 

center of the figure: 

 A simple statistical analysis of the occurrence of favorable NV weather conditions and whether these 

favorable moments are affected by high PM2.5 levels, in addition to a multivariable correlation 

analysis between outdoor PM2.5, weather and time (on a daily and yearly scale). 

 A detailed simulation analysis of the impact of NV on the HVAC electricity consumption and indoor 

PM2.5 exposure of an office building. 

 

 

Figure 16 – Methodology diagram 

 

Both approaches use several years of measured hourly weather and PM2.5 data. The statistical analysis 

provides a simple assessment of the impact of PM2.5 on NV availability. This initial phase also includes a 

multivariable correlation analysis that seeks to identify weather and time patterns that impact PM2.5 and NV. 

The detailed simulation analysis uses the measured hourly weather and PM2.5 data as input to a building 

thermal and airflow simulation model of a typical medium-size naturally ventilated office building. This 

methodology predicts the impact of PM2.5 and NV use in terms of occupant exposure and building HVAC 

electricity consumption. The simulation model that was used has four main components: 

 The building geometry and material properties, to assess heat transfer. 

 Equipment, lighting and occupant loads and schedules. 

 Building HVAC and NV airflow model. 

 Pollutant air transport model, to predict the penetration of outdoor PM2.5, deposition of particles onto 

surfaces, re-suspension from those surfaces and filtering by the HVAC system. 

The next subsections describe the two analysis approaches in detail.  
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4.1. Weather and PM2.5 Data 

This research focused on three regions throughout the world, which present contrasting difficulties regarding 

the usability of NV and the limiting effect of PM2.5 pollution: California (United States), Europe and Asia. 

California is a state that has long been in the vanguard of renewable energy technologies and NV use in 

non-domestic buildings [13, 337]. Five cities within the largest metropolitan areas in this State (Figure 17 

[338, 339] that account for nearly 90 % of the state’s population [340] were chosen: San Diego, Burbank, 

Fresno, Sacramento and Livermore. Sacramento, Livermore and Burbank have warm temperate climates with 

dry summers. In all three cities, winters are mild, while summers are warm in Livermore and Burbank (Csb in 

the Köppen-Geigen climate classification [341, 342]) and hot in Sacramento (Csa), which can hinder this 

city’s ventilative cooling potential. As for Fresno and San Diego, both cities have arid steppe climates, with 

mild winters and low precipitation levels. Nonetheless, temperatures are typically higher in Fresno (BSh, hot 

arid steppe), which should decrease the usability of NV in comparison to San Diego (BSk, cold arid steppe) 

and the rest of the state. Overall, local climate is not especially challenging in California, with most of the 

temperature-related NV limitations occurring due to high temperatures during the summer season. However, 

the large populations in these urban areas might lead to high PM2.5 levels which could then limit the use of 

NV. Nonetheless, both the United States [75, 103, 104] and the state of California [105] have the strictest 

PM2.5 regulations among the regions assessed under this research, which can reduce that limiting effect. 

 

 

Figure 17 – Location of San Diego, Burbank, Fresno, Sacramento and Livermore, and transport of coarse 

particles by the Santa Ana winds in Southern California (lower left corner). 
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In Europe, nine cities were selected (Figure 17 [343]): Antwerp (Belgium), Krakow (Poland), Lisbon 

(Portugal), London (United Kingdom), Madrid (Spain), Paris (France), Prague (Czech Republic), Skopje (the 

Former Yugoslav Republic of Macedonia) and Strasbourg (France). These cities are the center of some of the 

largest urban areas in Europe that house and employ several million people each, leading to high particle 

levels, as discussed in several previous studies [98, 344]. Most of these cities have warm and fully humid 

temperate climates, characterized by warm summers and cool winters (Cfb). Similarly to California, higher 

temperatures during part of the summer season might be a limitation to the use of NV. However, this region 

also faces a distinct challenge: very low temperatures during the winter can also disallow the use of NV in that 

season as well as possibly resulting in a need for mechanical heating. As for Lisbon (Csa) and Madrid (BSk), 

the local climates are similar to those found in California and, thus, so are the predicted weather-related NV 

usability limitations. 

 

 

Figure 18 – Location of Antwerp, Krakow, Lisbon, London, Madrid, Paris, Prague, Skopje and Strasbourg 
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Finally, in Asia, where previous studies have shown that high outdoor pollution can significantly hinder the 

use of NV [22], three of the five most populous megacities were chosen [2] (Figure 17 [345]): Beijing and 

Shanghai, in China, and New Delhi, in India. These three cities are located in the most polluted regions of the 

world, namely East-Central China and the Indo-Gangetic plain, and rank among the twenty most polluted 

cities in the world (New Delhi tops the list [75]). In addition to high air pollution levels, local climate is also 

very warm and therefore challenging for passive cooling and ventilation systems. New Delhi’s 

monsoon-influenced humid subtropical climate (Cwa [346]) is characterized by high temperatures during 

most of the year. Beijing has a monsoon-influenced humid continental climate (Dwa), with cold winters and 

hot and humid summers. Hot and humid summers characterize Shanghai’s humid subtropical climate (Cfa), 

although winters are not as severe as in Beijing [347]. Clearly, in these three megacities, the use of NV to 

provide indoor comfortable conditions and acceptable indoor quality is difficult and requires innovative 

hybrid solutions that combine active and passive systems. 

 

 

Figure 19 –Location of Beijing, Shanghai and New Delhi 
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The selection of cities for each of these three regions was also conditioned by the availability of simultaneous 

hourly weather and PM2.5 data. Weather data was obtained from the Third Version of National Solar 

Radiation Database [348, 349] for California and New Delhi, the MACC-RAD [350] (solar radiation data) and 

the NCEI Integrated Surface Data [351] databases for Europe, and the White Box Technologies historical 

weather database [352] for Beijing and Shanghai. The California Air Resources Board [353] and the EEA 

AirBase [354] databases provided the PM2.5 data for California and Europe, while data for China [355] and 

India [356] was obtained via the U.S. Department of State Air Quality Monitoring Programs in those two 

countries. The weather datasets consisted of an hourly record of dry bulb and dew point temperatures, relative 

humidity, atmospheric pressure, wind speed and direction, and direct beam, diffuse horizontal and global 

horizontal solar radiation. The datasets for California and Asia, as well as the solar radiation dataset for 

Europe were complete. However, data was missing for a limited set of time steps in the European weather 

database and in all PM2.5 databases. In order to limit the impact of missing PM2.5 data, in cities with at least 

two PM2.5 measuring stations, all available stations in each city (Table 17) were taken into account and their 

measurements were averaged, at each timestamp (considering the number of stations available). 

 

Table 17 – Number of measuring stations for cities with more than one station 

City Measuring Points 

San Diego 2 

Fresno 5 

Antwerp 3 

Krakow 3 

Lisbon 2 

London 10 

Madrid 9 

Paris 2 

Prague 8 

Skopje 2 
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The still remaining data gaps were managed differently in the two research approaches. In the case of the 

statistical analysis, a normalization approach [15] was used to calculate natural ventilation yearly potentials. 

Each individual working hour (e.g. January 2, 8 a.m.) was assessed for all years: the number of times each set 

of criteria was fulfilled was divided by the number of times that the data for that working hour was available 

(Equation (13)). The average yearly potentials are then given by the ratio of the sum of the previous 

calculation and the average number of yearly working hours (Equation (14)). 

 

𝜑𝑖 =

∑ {
1,                                                           𝑖𝑓 𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑎 𝑖𝑠 𝑓𝑢𝑙𝑓𝑖𝑙𝑙𝑒𝑑

0,     𝑖𝑓 𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑎 𝑖𝑠 𝑛𝑜𝑡 𝑓𝑢𝑙𝑓𝑖𝑙𝑙𝑒𝑑 𝑂𝑅 𝑑𝑎𝑡𝑎 𝑖𝑠 𝑛𝑜𝑡 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒
𝑁𝑗

𝑗=1

∑ {
1,                                                              𝑖𝑓 𝑑𝑎𝑡𝑎 𝑖𝑠 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒
0,                                                      𝑖𝑓 𝑑𝑎𝑡𝑎 𝑖𝑠 𝑛𝑜𝑡 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒

𝑁𝑗

𝑗=1

 (13) 

 

𝛷 =
∑ 𝜑𝑖

𝑁
𝑖=1

𝑁𝑗
 (14) 

 

In the detailed simulation analysis, in order to minimize the uncertainties that would arise from large data 

gaps, only city-year datasets with less than 10 % of missing PM2.5 measurements and a maximum 

consecutive gap of 5 weather measurements (only applicable to Europe) were considered. Further, linear 

interpolation was used to complete the dataset for gaps of less than 24 hours [357]. In the case of longer gaps, 

simulation results, i.e. cumulative indoor PM2.5 exposure and HVAC electricity consumption, were ignored 

for those periods and compensated by extrapolation of the remaining results. The PM2.5 availability for each 

city and year and the resulting city-year datasets that were used in the detailed simulation analysis are 

highlighted in bold in Table 18. Table 19 presents the maximum consecutive weather data gap for each city 

and year in Europe. 
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Table 18 – PM2.5 data availability [%] for each city and year; years used in the detailed hourly simulation 

analysis are shown in bold 

City 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 

San Diego – – 98 98 97 96 92 – – – 

Burbank – – – – 97 99 95 – – – 

Fresno 98 100 98 99 97 100 100 – – – 

Sacramento 100 98 94 95 81 92 93 – – – 

Livermore 99 99 95 98 99 67 99 – – – 

Antwerp – 90 92 87 95 100 96 99 – – 

Krakow – – – 100 99 100 99 99 – – 

Lisbon 100 100 100 100 100 97 100 100 – – 

London 100 100 100 96 100 100 100 100 – – 

Madrid 100 100 100 100 100 100 100 100 – – 

Paris – – – – – – – 98 – – 

Prague 100 100 100 100 100 100 100 100 – – 

Skopje – – – – – – – 100 – – 

Strasbourg – – – – – – 96 91 – – 

Beijing – – – – – 92 92 94 99 99 

Shanghai – – – – – – – 97 98 98 

New Delhi – – – – – – – – 92 91 
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Table 19 – Maximum consecutive weather data gap in hours for each city and year in Europe; years used in 

the detailed hourly simulation analysis are shown in bold 

City 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 

Antwerp – 3 12 13 7 9 24 3 – – 

Krakow – – – 4 5 3 2 3 – – 

Lisbon 4 2 11 4 4 1 1 1 – – 

London 4 3 11 4 5 5 1 1 – – 

Madrid 11 2 11 4 5 1 10 1 – – 

Paris – – – – – – – 1 – – 

Prague 2 3 11 3 5 1 8 1 – – 

Skopje – – – – – – – 3 – – 

Strasbourg – – – – – – 12 4 – – 
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4.2. Statistical Analysis 

The statistical analysis calculates, for each city, the yearly average percentage of office working hours when 

NV can be used. Working hours were defined as those between 8 a.m. and 6 p.m. [358] (corrected for daylight 

saving time, whenever applicable), excluding weekends and public holidays. There are two versions of the 

NV potential indicator, depending on the availability of PCS systems in the office space: 

 The standard comfort (SC) scenario considers that NV can be used when the outdoor temperature is 

between 10 and 26 °C [34, 35]; 

 The extended comfort (EC) scenario expands the range to between 10 and 30 °C [34, 37] due to the 

availability of PCS. Since there are no PCS systems that can deal with high humidity, the expansion 

of the temperature range to 26 to 30 °C is limited to relative humidity below 80 % [37]. 

To assess the impact of high outdoor PM2.5 concentrations on the two cases, the following PM2.5 

concentration thresholds are used: 

 NV12: applied only in California; at each given moment, NV is only available if the outdoor PM2.5 

concentration is below the United States and California PM2.5 regulatory threshold: 12 µg/m
3
 [75, 

103, 104, 105]; 

 NV10: applied in both Europe and Asia; NV is only available if the outdoor PM2.5 concentration is 

below the WHO’s air quality guideline: 10 µg/m
3
 [99]. 

 NV35: applied only in Asia; NV is only available if the outdoor PM2.5 concentration is below the 

WHO’s first interim target: 35 µg/m
3
 [99]. 

Additionally, this phase included a correlation analysis between PM2.5 concentrations and weather variables 

that directly affect the ventilation flow rate and, consequentially, the occupants’ exposure to PM2.5 of outdoor 

origin, namely temperature and wind speed and direction. Further, this correlation analysis was extended to 

the variance in time of PM2.5 levels through the hours of the day and the months of the year: if NV is used 

when PM2.5 levels are higher, then occupant exposure increases.  
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4.3. Detailed Simulation Analysis 

The building model used in the detailed simulation analysis was based on the Medium Office Model of the 

standard United States Department of Energy Commercial Reference Buildings dataset [336]. Only the middle 

level of the three-story reference building was kept, with the ceiling and floor plates connected to create 

periodic boundary conditions [359]. This approach simplifies the simulation at the expense of ignoring 

boundary effects on the first and last levels. Whenever the top floor is well insulated, this approximation is 

conservative, since the expected cooling thermal demand from the top and bottom floors can be lower than the 

middle floors due to increased ceiling (top level) and floor (ground level) slab thermal inertia. 

The standard version of the Medium Office Model does not allow for optimal use of NV in all the floor plan 

since part of the occupied area was more than 6.096 meters from an opening (the maximum depth that can be 

naturally ventilated with windows in a single façade, according to the California Mechanical Code [9]). To 

facilitate NV use, the original building model was adapted, as shown in Table 20, obtaining a building that, 

when weather conditions allow, can be fully naturally ventilated and has an improved passive thermal 

behavior (building construction details are shown in Table 21). The geometry of the modified building model 

used in this research is shown in Figure 20. Restroom [360, 361], corridor [362] and vertical access (stairs 

[363] and elevator [361]) zones were added to the new model’s core, complying with state and federal 

minimum size regulations. The original model’s windows were replaced by low-emissivity double-glazing 

windows [296] that comply with the state’s Energy Code [364]. Further, a horizontal shading fin was added 

above each window to avoid excessive solar gains. Lastly, indoor thermal mass was set to an equivalent of 

two 10 cm wooden layers throughout the office zones [365], while outdoor air infiltration was defined as 

0.00136 m
3
 s

–1
 per square meter of external area [366]. 

 

 

Figure 20 – Building simulation model section cut and zones 
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Table 20 – Building model parameter sources 

Parameter Ref. Value 

Base Model Constructions [336] – 

Perimeter Zones Zone Depth [9] 6.096 m 

Internal Mass Furniture [365] 2×0.10 cm/m
2
 

Windows 

Construction [296] – 

Thermal Properties [364] 
1.333 W m

–2
 K

–1
, U-value; 

0.283, SHGC 

Restrooms 

Number [360] 3, per gender 

Dimensions [361] – 

Vertical Access 

Elevator [361] – 

Stairs [363] – 

Corridor Dimensions [362] – 

Air Tightness Infiltration Rate [366] 

0.00136 m
3
 s

–1
 m

–2
 (of external area); 

×0.25 when HVAC is on 
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Table 21 – Building construction materials (outmost to inmost layer) 

Construction 

Thickness 

[mm] 

Conductivity 

[W m
–1

 K
–1

] 

Thermal 

Resistance 

[m
2
 K/W] 

Floor 

Concrete 101.6 1.311 – 

Carpet – – 0.2165 

Drop Ceiling Drop Ceiling Tiles 12.7 0.057 – 

Interior Wall 

Gypsum 12.7 0.160 – 

Gypsum 12.7 0.160 – 

Exterior Wall 

Wood Siding 10.0 0.110 – 

Steel Frame Wall Insulation 53.9 0.049 – 

Gypsum 12.7 0.160 – 

Window 

Low-emissivity Coated Glass 6.0 0.900  

Argon 12.7 0.016  

Clear glass 6.0 0.900  
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4.3.1. Equipment, Lighting and Occupant Loads 

Occupant metabolic and latent heat, lighting and office equipment all contribute to the thermal load that must 

be removed by the cooling system. To accurately define each of these thermal loads (Table 22), the open plan 

office area was divided into individual workspaces with 11.6 m
2
 of floor area, a typical value for an office. In 

a typical office, not all workspaces are in use during the whole day. The hourly occupation used in the 

simulations followed the average measured weekday office occupation profile shown in Figure 21 [358]. 

 

 

Figure 21 – Workspace occupation throughout the day 

 

Light power density was set to the California Energy Code’s maximum requirements [9], at 8.07 W/m
2
 in the 

office zones and at 6.46 W/m
2
 in the remaining zones. During the unoccupied hours (nighttime, holidays and 

weekends), light power density was reduced to 25 % in all zones [251]. Office equipment power density was 

based on Johnston et al. [251]: each workspace consisted of a desktop computer, an LCD monitor, a VoIP 

phone and one medium multifunction printer for every ten workspaces, averaging 9.74 W/m
2 

[251, 367]. In 

the unoccupied periods, desktop computer loads were reduced by 64 % and LCD monitors by 80 %, while 

phones and printers were completely turned off [251]. Table 22 shows the values and sources used for the 

lighting, equipment and occupant loads. 
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Table 22 – Equipment, lighting and occupant loads parameter sources 

Parameter Ref. Value 

Lighting 

Load [9] 

8.07 W/m
2
, offices; 

6.46 W/m
2
, remaining zones; 

×0.25, unoccupied period 

Schedule [251] – 

Equipment Load and Schedule [251] 

9.74 W/m
2
; 

×0.33, computers, unoccupied period; 

×0.20, monitors, unoccupied period 

Occupation 

Density [367] 11.6 m
2
/workspace 

Schedule [358] – 
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4.3.2. HVAC Model 

The model’s HVAC system includes a rooftop air handling unit (AHU) with an integrated heat pump 

(Figure 22), with the specifications shown in Table 23. In order to meet the requirements of the California 

Mechanical Code’s air renewal requirements [9], this system provides outdoor air at the rate of 8.5 m
3
 per 

hour and per person and 1.1 m
3
 hour

–1
 m

–2
, with a total inflow and exhaust fan pressure drop of 1438 Pa and 

an average fan efficiency of 50.1 % [368], as can be seen in Table 24. 

 

 

Figure 22 – HVAC layout: (1) Rooftop air handling unit; (2) Heat pump and heat exchanger; (3) Fans; (4) 

Cloth filter; (5) Heated chair; (6) Ceiling fan; (7) Window; (8) NV electrostatic filter 
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Table 23 – Air handling unit electricity consumption parameters 

Variable Heating Cooling Ventilation 

𝑇𝑑𝑖𝑠𝑡  [°C] 45 5 – 

𝑇𝑐𝑜𝑛𝑑 [°C] 𝑇𝑑𝑖𝑠𝑡 + 5 𝑇𝑜𝑢𝑡 + 5 – 

𝑇𝑒𝑣𝑎𝑝 [°C] 𝑇𝑜𝑢𝑡 − 5 𝑇𝑑𝑖𝑠𝑡 − 5 – 

𝜓 [%] 40 40 – 

Distribution loss [%] 10 10 – 

Distribution pumps [%] 10 10 – 

𝜂𝐻𝑅 [%] 80 – – 

𝜂𝑣𝑒𝑛𝑡 [%] – – 50.1 

𝑝𝑣𝑒𝑛𝑡 [Pa] – – 1438 

 

Table 24 – HVAC model parameter sources 

Parameter Ref. Value 

Mechanical Ventilation 

Ventilation Rate [9] 
8.50 m

3
 h

–1
 person

–1
, office; 

1.10 m
3
 h

–1
 m

–2
, office and corridor 

Pressure Load [369] 1438 Pa 

Fan Efficiency [369] 50.1 % 

Air Handling Unit 

Heat Pump Efficiency [368] 40 % 

Heat Recovery Efficiency [370] 80 % 

Heating & Cooling 

Set Points 

[35] 20 °C, heating; 26 °C, cooling; SC 

[40] 18 °C, heating; EC 

[37] 30 °C, cooling; EC 

Heated Chair Power [40] 16 W/chair 

Fan [37] 1.6 m/s; 1 fan/workspace 
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Two HVAC set point scenarios were used, according to the availability of PCS: 

 SC: the HVAC system alone maintains the building indoor temperature between 20 and 26 °C, the 

recommendations of the ISO 7730:2005 standard for a category B office, which ensures a predicted 

mean comfort vote (PMV) between –0.5 and +0.5, which is equivalent to a predicted percentage of 

dissatisfied (PPD) occupants below 10 % [35]. 

 EC: the HVAC system maintains the building indoor temperature between 18 and 30 °C. This 

extended temperature range is due to the existence of PCS, namely heated chairs and ceiling fans, 

which were chosen in order to allow the same predicted comfort levels, namely –0.5 ≤ PMV ≤ +0.5 

and PPD ≤ 10 %. These PCS are used to supplement the AHU. Heated chairs are in operation when 

occupied and if the zone temperature drops below 20 °C [40]. Ceiling fans provide an additional 

cooling effect whenever the zone temperature is above 26 °C [37]. 

At each simulation time step, a coefficient of performance (COP) was calculated to predict the energy 

consumption of the rooftop AHU, which is a function of the heat pump’s evaporator and condenser 

temperatures (Table 23) and the heat pump’s efficiency (ψ) (Equations (15) and (16)). 

 

𝐶𝑂𝑃ℎ𝑒𝑎𝑡 = 𝜓ℎ𝑒𝑎𝑡 ×
𝑇𝑐𝑜𝑛𝑑 + 273.15

𝑇𝑐𝑜𝑛𝑑 − 𝑇𝑒𝑣𝑎𝑝
 (15) 

 

𝐶𝑂𝑃𝑐𝑜𝑜𝑙 = 𝜓𝑐𝑜𝑜𝑙 ×
𝑇𝑒𝑣𝑎𝑝 + 273.15

𝑇𝑐𝑜𝑛𝑑 − 𝑇𝑒𝑣𝑎𝑝
 (16) 

 

The heat pump’s efficiency is the ratio between its actual COP and that of an ideal Carnot engine and was 

considered to be 40 % [369]. The AHU was equipped with a heat recovery system with an efficiency of 80 % 

[370], although it was only used in Europe and Asia, where heating needs were higher. Further, 10 % of the 

produced heat load was considered lost in the distribution system, while the electric consumption was 

increased by 10 % to account for the consumption of the water circulation pumps [15]. Finally, the electric 

energy required to power the fan was calculated with Equation (17). 

 

𝐸𝑣𝑒𝑛𝑡 =
𝑝𝑣𝑒𝑛𝑡 × �̇�𝑣𝑒𝑛𝑡

𝜂𝑣𝑒𝑛𝑡
 (17) 

 

The heating, cooling and ventilation annual energy consumption of this developed simulation model was 

compared with the results of the Californian Commercial End-Use Survey [371], a database that presents the 

energy consumption of several non-domestic building types. The model’s energy load was found to be within 

the range for office buildings (Table 25). 
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Table 25 – Validation of HVAC electricity consumption 

Parameter 

[kW h m
–2

 year
–1

] 

Simulation Model Database 

Cooling 36 28 to 38 

Heating 5 2 to 5 

Ventilation 16 14 to 33 

 

Nevertheless, the original simulation model was modified as described above to improve its passive thermal 

behavior and equipment efficiency, allowing a 60 to 75 % decrease in overall HVAC energy consumption.  
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4.3.3. Modeling of Single-Sided NV 

The use of NV leads to energy savings that can be quantified as the difference in the building’s yearly HVAC 

electricity consumption with NV and without NV. In both HVAC set point scenarios, the following two 

NV-use scenarios were used to quantify these two cases: 

 NoNV: Mechanical ventilation is in operation during all working hours. NV is not used. 

 NVP: Hybrid natural/mechanical ventilation is available during all working hours. In each of the four 

office zones and at each time step, windows are opened (Table 26), as NV replaces the centralized 

HVAC system if the outdoor temperature is between 10 °C and that zone’s air temperature. Further, if 

the outdoor temperature is above 26 °C, NV is only available if the outdoor relative humidity is below 

80 %. During the unoccupied hours, namely at night and during weekends and holidays, NV is 

available with the same constraints. 

Two approaches were proposed to limit the increase in occupant exposure to PM2.5 that results from the use 

of NV: limiting its use to moments of low outdoor PM2.5 concentrations and using an electrostatic filter 

(ESF) to limit the transport of PM2.5 by the naturally ventilated airflow: 

 NVS: same temperature criteria as NVP. However, windows are only opened if the outdoor PM2.5 

concentration is below the following thresholds: 

o California (NV12): 12 µg/m
3
 [75, 103, 104, 105]; 

o Europe (NV10): 10 µg/m
3
 [99]. 

o Asia, two thresholds were considered (NV10 and NV35, respectively): 10 and 35 µg/m
3
 [99]. 

 NVF: same NV-use criteria as NVP. When NV is used, openings equipped with an ESF (described in 

Section 4.3.5) are used instead of windows (Table 26). 

Table 26 shows a summary of the systems used in the eight scenarios considered in the detailed simulation 

analysis. 

 

Table 26 – Indoor climate control systems used in the detailed simulation approach 

Indoor Climate Control 

System 

SC EC 

NoNV NVP NVS NVF NoNV NVP NVS NVF 

Rooftop air handling unit ● ● ● ● ● ● ● ● 

PCS     ● ● ● ● 

Operable windows  ● ●   ● ●  

ESF    ●    ● 
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The model considers wind and buoyancy-driven single-sided natural ventilation [372] (Equations (18) to 

(20)). In the case of wind-driven NV, a typical urban wind profile was used to reduce the wind speed profile 

in the measured weather data [367]. 

 

�̇�𝑤𝑖𝑛𝑑 = 𝐶𝑤 × 𝐴𝑜𝑝𝑒𝑛 × 𝑢𝑙𝑜𝑐𝑎𝑙 (18) 

 

�̇�𝑠𝑡𝑎𝑐𝑘 = 𝐶𝐷 × 𝐴𝑜𝑝𝑒𝑛 × √2 × 𝑔 × 𝐻𝑁𝑃𝐿 ×
|𝑇𝑧 − 𝑇𝑜𝑢𝑡|

𝑇𝑧 + 273.15
 (19) 

 

�̇�𝑛𝑎𝑡 = √�̇�𝑠𝑡𝑎𝑐𝑘
2 + �̇�𝑤𝑖𝑛𝑑

2  (20) 

 

In each office zone, the maximum openable window area is 5 % of its gross floor area [9], which is equivalent 

to a window-to-wall ratio (WWR) of 3.5 % for the two larger office zones and 2.5 % for two smaller office 

zones). Nonetheless, window opening area has been shown to increase linearly with the outdoor temperature, 

while never reaching a completely open position [373] (Table 27). Thus, the opening area was considered to 

range from 1 % of the floor area, for an outdoor temperature of 10 °C, to 3.5 %, for 30 °C, as given by 

Equation (21): 

 

𝐴𝑜𝑝𝑒𝑛 = 𝐴𝑜𝑝𝑒𝑛,𝑚𝑎𝑥 × (0.0242 × 𝑇𝑜𝑢𝑡 − 0.037) (21) 

 

Table 27 – Natural ventilation parameter sources 

Parameter Ref. Value 

Natural Ventilation 

Opening Area [9, 373] 1 to 3.5 % of floor area 

Single-Sided Ventilation 

Modeling 
[372] – 
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4.3.4. Pollutant Transport Model 

The prediction of internal PM2.5 levels was performed with a modified version of the GCA that is available in 

the building thermal simulation tool that was used for this research (EnergyPlus). The standard version of the 

GCA cannot model the reduction in the transport of outdoor pollutants into the building that results from both 

the settling of PM2.5 transported by the infiltration airflow within building cracks and the incorporation of a 

fine particle filter in the rooftop AHU. To overcome this limitation, the standard GCA model equation was 

modified and implemented in a custom version of EnergyPlus. The equation used to predict internal PM2.5 is 

given by Equation (22): 

 

𝜌 × 𝑉𝑧 ×
𝑑𝐾𝑧

𝑑𝑡

= ∑ 𝜌 × 𝐺𝑖 × 106

𝑁𝑠𝑜𝑢𝑟𝑐𝑒

𝑖=1

− ∑ 𝜌 × 𝑅𝑖 × 𝐾𝑧

𝑁𝑠𝑖𝑛𝑘

𝑖=1

+ ∑ �̇�𝑧𝑜𝑛𝑒,𝑖 × (𝐾𝑧𝑜𝑛𝑒,𝑖 − 𝐾𝑧)

𝑁𝑧𝑜𝑛𝑒

𝑖=1

 

+�̇�𝑖𝑛𝑓 × (𝐹 × 𝐾𝑜𝑢𝑡 − 𝐾𝑧) + �̇�𝑛𝑎𝑡 × (𝐾𝑜𝑢𝑡 − 𝐾𝑧) 

+�̇�𝑠𝑦𝑠 × ([1 − 𝜂𝐻𝑉𝐴𝐶𝑓𝑖𝑙𝑡𝑒𝑟] × 𝐾𝑠𝑢𝑝 − 𝐾𝑧) 

(22) 

 

Equation (23) is a term of Equation (12) which refers to the transport of outdoor pollutant by the infiltration 

airflow: if the outdoor particle concentration is higher than within the simulation zone, more polluted air is 

entering the building; if not, the infiltration airflow is introducing cleaner air. Equation (24) shows the change 

that was applied: the outdoor particle concentration is corrected by the particle penetration rate, which was 

considered to be 80 % [205]. 

 

�̇�𝑖𝑛𝑓 × (𝐾𝑜𝑢𝑡 − 𝐾𝑧) (23) 

 

�̇�𝑖𝑛𝑓 × (𝐹 × 𝐾𝑜𝑢𝑡 − 𝐾𝑧) (24) 
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Further, the term that models the transport of outdoor pollutant by the ventilation supply duct into the 

simulation zone is shown in Equation (25): if the particle concentration is larger in the supply duct than in the 

simulation zone, the ventilation system is introducing air with a higher pollutant concentration; if not, the 

system is introducing cleaner air. Equation (26) shows the change that was applied: the particle concentration 

in the supply duct is corrected by a factor which takes the filter’s efficiency into account. This was considered 

to be a MERV 14-grade filter (equivalent to an F8-grade filter [374]), which has an effective PM2.5 removal 

efficiency of 71.4 % [31] and which was kept constant throughout the simulation, as high-efficiency filters are 

usually not affected by particle loading during use [375, 376]. 

 

�̇�𝑠𝑦𝑠 × (𝐾𝑠𝑢𝑝 − 𝐾𝑧) (25) 

 

�̇�𝑠𝑦𝑠 × ([1 − 𝜂𝐻𝑉𝐴𝐶𝑓𝑖𝑙𝑡𝑒𝑟] × 𝐾𝑠𝑢𝑝 − 𝐾𝑧) (26) 

 

Additionally, the deposition rate on indoor surfaces was set to 0.19 h
–1

 [205] and the occupant-induced 

re-suspension obtained in Thatcher & Layton [193] was used (see Table 28). Both parameters are constant 

throughout the simulation, due to the difficulty in accurately modeling their change through time, an approach 

followed by other studies [205, 376]. Further, the floor loading, which affects the re-suspension rate, is based 

on a surface area that is 60 % hard floor and 40 % carpet that are each equally distributed between tracked and 

untracked surfaces. 

 

Table 28 – Pollutant transport model parameter sources 

Parameter Ref. Value 

Contaminant Modeling 

Deposition Rate [205] 0.19 h
–1

 

Infiltration Particle 

Penetration Rate 
[205] 80 % 

Re-suspension [193] 
59.8 μg/cm

2
, floor load; 

4.4×10
–7

 h
–1

, rate 

Cloth Fine Particle Filter Efficiency [31, 375, 376] 71.4 % 
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4.3.5. Addition of an electrostatic filter to the pollutant transport model 

A further modification to the GCA model equation was required to model the effect of the electrostatic filter 

that was used in the NVF scenario and is shown in Equation (27): 

 

𝜌 × 𝑉𝑧 ×
𝑑𝐾𝑧

𝑑𝑡

= ∑ 𝜌 × 𝐺𝑖 × 106

𝑁𝑠𝑜𝑢𝑟𝑐𝑒

𝑖=1

− ∑ 𝜌 × 𝑅𝑖 × 𝐾𝑧

𝑁𝑠𝑖𝑛𝑘

𝑖=1

+ ∑ �̇�𝑧𝑜𝑛𝑒,𝑖 × (𝐾𝑧𝑜𝑛𝑒,𝑖 − 𝐾𝑧)

𝑁𝑧𝑜𝑛𝑒

𝑖=1

 

+�̇�𝑖𝑛𝑓 × (𝐹 × 𝐾𝑜𝑢𝑡 − 𝐾𝑧) + �̇�𝑛𝑎𝑡 × ([1 − 𝜂𝑁𝑉𝑓𝑖𝑙𝑡𝑒𝑟] × 𝐾𝑜𝑢𝑡 − 𝐾𝑧) 

+�̇�𝑠𝑦𝑠 × ([1 − 𝜂𝐻𝑉𝐴𝐶𝑓𝑖𝑙𝑡𝑒𝑟] × 𝐾𝑠𝑢𝑝 − 𝐾𝑧) 

(27) 

 

The term in Equation (28) refers to the pollutant transport into the simulation zone from the outside by the 

naturally ventilated airflow. The change that was applied is shown in Equation (29): the outdoor particle 

concentration is corrected by a factor that considers the electrostatic filter’s efficiency into account. 

 

�̇�𝑛𝑎𝑡 × (𝐾𝑜𝑢𝑡 − 𝐾𝑧) (28) 

 

�̇�𝑛𝑎𝑡 × ([1 − 𝜂𝑁𝑉𝑓𝑖𝑙𝑡𝑒𝑟] × 𝐾𝑜𝑢𝑡 − 𝐾𝑧) (29) 

 

This filter has an effective PM2.5 removal efficiency of 63 %, which was kept constant in the simulation, 

assuming regular cleaning [280]. A voltage of 27.5 kV is required for filter operation, while the electrical 

current is assumed to be proportional to the PM2.5 mass flow rate through the filter and was calculated as 

26.5 µA per unit µg/s, totaling a power consumption of 0.73 W s/µg (Table 29). 
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Table 29 – Electrostatic filter parameter sources 

Parameter Ref. Value 

Electrostatic Filter 

Efficiency [280] 63 % 

Power Consumption [280] 
0.73 W s/µg (27.5 kV; 

26.5 µA s/µg) 
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5. RESULTS AND ANALYSIS 

The next subsections present the results of the analysis of the impact of high outdoor PM2.5 levels on NV, 

beginning with the statistical analysis and followed by the detailed simulation analysis. 

 

5.1. Statistical Analysis 

The average annual NV potential, calculated using measured hourly data, is shown in Figure 23 (California), 

Figure 24 (Europe), Figure 25 (Asia) and Table 30. The yearly percentage of working hours during which the 

outdoor temperature is suitable for NV use, i.e. 10 to 26 °C for standard comfort (SC) and 10 to 30 °C (and 

relative humidity below 80 % for temperatures above 26 °C) in the case of extended comfort (EC), is given by 

the sum of the green and red bars. The red bar alone shows the decrease in NV potential due to PM2.5 levels 

above each region’s concentration threshold (12 μg/m
3
 in California, 10 μg/m

3
 in Europe and both 10 and 

35 μg/m
3
 in Asia), while the green bar represents the working hours with both adequate temperatures and low 

PM2.5 levels. The blue bar shows the fraction of hours with an outdoor temperature that is too low for NV use 

(below 10 °C), while the yellow bar represents those when either the outdoor temperature (above 26 °C (SC) 

or 30 °C (EC)) or the outdoor relative humidity (above 80 %, when the temperature is between 26 to 30 °C 

(EC)) is too high. 

In California, the simple analysis indicates that there is the potential to use NV during at least half of the 

working time for all cities. With SC criteria and without particle effects, the NV potential (adding the green 

and red bars in the figure) is highest in San Diego and Burbank, at about 95 and 80 %, respectively. In the 

remaining cities, that fraction falls to between 60 and 70 %. In Fresno and Sacramento, unavailable NV occurs 

mainly in the summer, due to the excessively high temperatures. In Livermore, the opposite situation occurs, 

i.e. NV is unavailable mostly during the winter. Accordingly, Fresno and Sacramento see the highest increase 

in NV potential due to the availability of PCS: NV becomes available for an additional 12 and 10 %, 

respectively, of the annual working hours which previously had excessively high outdoor temperatures. This 

increase in NV potential is lower in Burbank (8 %) and Livermore (7 %) and minimal in San Diego (2 %), 

since standard comfort criteria already allowed for the use of NV in nearly all working hours in this city. 

When considering the negative effects of airborne particles, Burbank has the highest loss in potential, falling 

from 80 % NV availability to under 25 % of working hours (SC criteria). This is due to the continuously high 

particle levels, a consequence of the particle entrapment caused by alternating sea-land breezes and mountain 

flows. In Fresno, availability also falls to about 25 %, mostly due to higher PM2.5 during the winter and the 

particle entrapment within the San Joaquin Valley. Livermore presents the lowest impact of PM2.5 

concentration, with natural ventilation availability falling from 70 % to just below 60 %. When high outdoor 

PM2.5 is taken into account, the increased availability of NV due to the use of PCS is diminished, ranging 

from an additional 1 % of the annual working hours in San Diego to 7 % in Sacramento. 
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Figure 23 – Distribution of working hours according to temperature in California: ✓ Temp: temperature and 

humidity are within the NV thresholds; ↑ Temp: temperature or humidity are above the NV threshold; 

↓ Temp: temperature is below the NV threshold; ↑ PM2.5: PM2.5 is above threshold; ↓ PM2.5: PM2.5 is 

equal to or below threshold 

 

In Europe, this analysis shows that Lisbon has the highest NV potential (81 %) with SC criteria, while the 

lowest potential is found in Skopje (40 %). In all other cities, NV can potentially be used during at least half 

of the working hours, ranging from 50 to 65 %. In most cities, the availability of NV is limited by the 

excessively cold temperatures during the winter. Madrid and Skopje are exceptions, with similar occurrences 

of too hot and too cold temperatures. In Lisbon, excessively warm summer temperatures are the main 

limitation. Consequently, in these three cities, the availability of PCS results in an increase in NV potential 

from 10 % (in Lisbon) to 12 % (Skopje). In the remaining European cities, the additional NV potential is 

marginal: 1 % (in London) to 5 % in (Prague). 

In all European cities, high PM2.5 levels reduce the NV potential by at least 50 %. Antwerp and Lisbon are 

the less affected cities, with a loss in potential only slightly above 50 % (52 and 51 %, respectively). On the 

other hand, NV potential in London is reduced by 82 %, while high particle levels remove nearly all NV hours 

in Skopje. Finally, Krakow, Prague and Strasbourg see their NV potentials fall by about 70 %, while in 

Madrid and Paris the decrease is approximately 60 %. 
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Figure 24 – Distribution of working hours according to temperature in Europe: ✓ Temp: temperature and 

humidity are within the NV thresholds; ↑ Temp: temperature or humidity are above the NV threshold; 

↓ Temp: temperature is below the NV threshold; ↑ PM2.5: PM2.5 is above threshold; ↓ PM2.5: PM2.5 is 

equal to or below threshold 

 

In Asia, optimal NV conditions with SC criteria only occur in approximately half of the working hours (53 %) 

in Shanghai, 40 % in Beijing and 23 % in New Delhi, which are lower than most cities in the other analyzed 

regions. In all Asian cities, availability of PCS devices (EC criteria) increases the NV potential by 12 to 14 % 

of the annual working hours. The highest relative increase occurs in New Delhi, as NV is now available in 

nearly 40 % of the working hours. In Beijing, the potential for NV rises to about half of the annual working 

hours, while in Shanghai, the annual NV potential increases to 65 %. 

Two outdoor PM2.5 concentration thresholds were used to limit the availability of NV: NV10 (10 µg/m
3
) and 

NV35 (35 µg/m
3
). As expected, NV availability is more impacted by the stricter NV10 threshold, which 

nearly eliminates the possibility for the use of NV during working hours in all three cities. The NV35 limit 

also has a significant impact: in Beijing, the availability is reduced to 13 % (SC) and 17 % (EC), a loss of 

about two-thirds of the non-PM2.5-restricted potential. In Shanghai, more than half of the potential is lost (20 

and 26 % availability, for SC and EC criteria, respectively). In New Delhi, even with this higher threshold, 

NV use is still nearly impossible. 
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Figure 25 – Distribution of working hours according to temperature in Asia: ✓ Temp: temperature and 

humidity are within the NV thresholds; ↑ Temp: temperature or humidity are above the NV threshold; 

↓ Temp: temperature is below the NV threshold; ↑ PM2.5: PM2.5 is above threshold; ↓ PM2.5: PM2.5 is 

equal to or below threshold 
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Table 30 – Distribution of working hours according to temperature [%]: ✓ Temp: temperature and humidity 

are within the NV thresholds; ↑ Temp: temperature or humidity are above the NV threshold; ↓ Temp: 

temperature is below the NV threshold; ↑ PM2.5: PM2.5 is above threshold; ↓ PM2.5: PM2.5 is equal to or 

below threshold 

City 

SC EC 

✓ Temp, 

↓ PM2.5 

✓ Temp, 

↑ PM2.5 
↑ Temp ↓ Temp 

✓ Temp, 

↓ PM2.5 

✓ Temp, 

↑ PM2.5 
↑ Temp ↓ Temp 

San Diego 58 38 2 2 58 39 0 2 

Burbank 24 56 10 10 26 62 2 10 

Fresno 26 33 31 10 31 40 19 10 

Sacramento 43 22 21 13 50 25 12 13 

Livermore 57 13 10 20 62 15 3 20 

Antwerp 28 31 2 39 29 32 0 39 

Krakow 15 36 6 43 18 38 1 43 

Lisbon 40 41 14 5 44 47 5 05 

London 12 53 2 34 12 54 0 34 

Madrid 21 34 24 21 25 40 13 21 

Paris 24 39 3 33 24 42 1 33 

Prague 14 36 6 44 15 39 1 44 

Skopje 2 38 28 32 2 50 15 32 

Strasbourg 17 37 7 39 17 42 1 39 

Beijing 

(NV10; NV35) 

3; 

13 

37; 

27 
26 34 

3; 

17 

51; 

38 
11 34 

Shanghai 

(NV10; NV35) 

2; 

20 

52; 

33 
26 20 

2; 

26 

63; 

39 
14 20 

New Delhi 

(NV10; NV35) 

0; 

1 

23; 

22 
77 0 

0; 

3 

37; 

34 
63 0 
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5.1.1. Correlation between PM2.5, Wind Speed and Direction and Outdoor Air Temperature 

Correlations were investigated between PM2.5 and three weather variables: temperature, wind speed and wind 

direction. The correlations focused on daytime working hours with NV potential, considering both SC (air 

temperature between 10 and 26 °C) and EC criteria (10 to 26 °C for any humidity, or 26 to 30 °C and relative 

humidity below 80 %). Outdoor air temperature and wind speed were binned to the nearest integer and an 

average PM2.5 concentration was calculated for each of these bins. The air temperature correlation can 

identify significant PM2.5 sources and the potential impact on indoor exposure: if PM2.5 levels rise with the 

increase in temperature, then so will exposure, since window opening area also increases with temperature. 

The wind speed correlation was restricted to velocities of less than 7 m/s in California, 10 m/s in Europe and 

12 m/s in Asia, since the number of hours above these thresholds was very low (less than 4 % of the time). 

Finally, the wind direction correlation seeks to identify directions that bring air with significantly high or low 

particle concentrations and considers only wind speeds equal to or above 3 m/s, to only account for winds that 

transport air from outside each location. Table 31 shows the coefficients of determination (R
2
) and linear 

regression slopes that were obtained.  

The correlation between PM2.5 and temperature found a wide range of results. In California (Figure 26), San 

Diego and Burbank show good correlations and an increase in average particle concentration with 

temperature. In both cities, warmer weather leads to a rise of the formation of secondary ammonium sulfate, a 

significant component of PM2.5 [57], although this effect is limited to temperatures below 25 °C in Burbank. 

These locally generated particles are then trapped by the low inversion layers, which frequently occur 

throughout the year. Further, this increase in PM2.5 concentration with temperature is a problem in light of 

typical window opening approaches. Fresno shows no correlation between PM2.5 and temperature. Livermore 

and Sacramento show good and moderate coefficients of determination, respectively, although the change in 

average PM2.5 with temperature is low for both cities. 

 

 

Figure 26 – Variation of average PM2.5 with air temperature for Burbank (SC only) and San Diego (both SC 

and EC) and variation of average PM2.5 with wind speed for all cities in California (SC only); SC: full points 

and regression line; EC: full and striped points and dotted regression line 

 

In Europe (Figure 27), only Krakow and Skopje show significant air temperature correlation slopes and 

coefficients. Specifically, PM2.5 levels increase with the decrease in temperature in both cities, which are 

located in countries (Poland and FYRO Macedonia, respectively) with a fossil fuel-dependent (mainly coal) 

energy grid [377, 378]. The higher energy use during colder time periods increases PM2.5 levels. Elsewhere 

in Europe, outdoor PM2.5 levels do not significantly change with temperature. 
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Figure 27 – Variation of average PM2.5 with air temperature (both SC and EC criteria) for Krakow and 

Skopje and variation of average PM2.5 with wind speed for all cities in Europe (SC only); SC: full points and 

regression line; EC: full and striped points and dotted regression line 

 

Shanghai is the only Asian city to show both a strong coefficient of determination and a high change of 

average PM2.5 concentration with temperature (Figure 28). This city’s subtropical climate is characterized by 

high precipitation levels during the warmer season [379], resulting in PM2.5 levels decreasing with the 

increase in air temperature. In Beijing, PM2.5 levels are unaffected by the variation in air temperature, while 

no correlation can be established between air temperature and PM2.5 in New Delhi. 

In the case of wind speed (Figure 26 for California, Figure 27 for Europe and Figure 28 for Asia), all cities 

show the expected trend of lower PM2.5 concentrations for higher wind velocities. Low wind speeds do not 

transport particles that, in most cases, are locally generated. 

 

 

Figure 28 – Variation of average PM2.5 with air temperature (both SC and EC criteria) for Shanghai and 

variation of average PM2.5 with wind speed for all cities in Asia (SC only); SC: full points and regression 

line; EC: full and striped points and dotted regression line 
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Table 31 – Variation of average PM2.5 with air temperature and wind speed; highest temperature correlation 

slopes (absolute value above 0.5 °C per μg/m
3
 increase) are highlighted in bold as are coefficients of 

determination above 0.8 for both air temperature and wind speed correlations 

City 

Air Temperature Wind Speed 

SC EC SC EC 

Slope R
2
 Slope R

2
 Slope R

2
 Slope R

2
 

San Diego 0.57 0.83 0.56 0.79 –0.82 0.70 –0.79 0.68 

Burbank 0.84 0.95 0.37 0.34 –1.91 0.86 –1.88 0.86 

Fresno –0.03 0.01 –0.12 0.16 –2.53 0.95 –2.59 0.98 

Sacramento –0.24 0.69 –0.12 0.32 –1.36 0.86 –1.26 0.85 

Livermore 0.20 0.93 0.19 0.95 –1.74 0.93 –1.52 0.97 

Antwerp –0.01 0.00 –0.07 0.04 –2.06 0.96 –2.05 0.95 

Krakow –1.37 0.91 –1.12 0.88 –2.25 0.71 –2.08 0.69 

Lisbon –0.26 0.65 –0.01 0.00 –1.16 0.73 –1.14 0.75 

London 0.10 0.18 0.30 0.50 –1.30 0.82 –1.28 0.84 

Madrid 0.08 0.38 0.04 0.16 –0.92 0.86 –0.89 0.88 

Paris –0.19 0.47 0.05 0.02 –1.74 0.94 –1.77 0.95 

Prague –0.19 0.73 –0.10 0.40 –0.73 0.83 –0.72 0.85 

Skopje –0.99 0.54 –0.75 0.51 –1.36 0.36 –1.39 0.42 

Strasbourg –0.05 0.05 0.14 0.20 –1.14 0.77 –1.13 0.77 

Beijing 0.11 0.00 –0.01 0.00 –10.87 0.83 –10.19 0.86 

Shanghai –2.36 0.91 –2.01 0.88 –3.29 0.88 –3.44 0.90 

New Delhi 0.32 0.00 –1.97 0.09 –30.01 0.77 –23.03 0.71 
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Finally, the few consistent patterns that were found between PM2.5 and wind direction (considering only wind 

speeds above 3 m/s) are shown in Figure 29. In Livermore (California), the most frequent wind directions are 

Southwest to Northwest, which correspond to some of the lowest average particle concentrations. Wind from 

these directions originates from the San Francisco Bay area, replacing the local air with less polluted air. A 

similar effect occurs in Shanghai (Asia), where the most frequent wind directions (Northeast to Southeast) 

bring in less polluted air from the East China Sea. In Antwerp and Lisbon (Europe), the locally generated 

particles are also removed by winds that frequently originate in cleaner neighboring areas, namely South to 

West and Northwest to Northeast, respectively. The opposite occurs in Burbank (California), with the most 

frequent wind direction (Southwest) coinciding with the highest average PM2.5 concentration: wind brings in 

polluted air from the nearby city of Los Angeles, which adds to the locally generated particles. 

 

 

Figure 29 – Variation of average outdoor PM2.5 with wind direction for Burbank, Livermore, Antwerp, 

Lisbon and Shanghai (SC criteria only) 
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5.1.2. Hourly and Monthly Variation of PM2.5 

An average PM2.5 concentration was calculated for each month of the year and each working hour of the day. 

This analysis can determine when higher PM2.5 concentrations occur: a coincidence with higher NV 

availability is a concern, as it will lead to an increase of exposure to PM2.5 of outdoor origin. On the other 

hand, if higher NV availability coincides with lower PM2.5 concentrations, occupant exposure is lower. 

Outdoor PM2.5 concentrations were higher during the morning and, in some cities, in the final hour of the 

working day, a pattern typically found in urban locations, which is attributed mainly to commuter traffic. This 

trend is troublesome, since commercial building occupants typically open a larger number and area of 

windows during the morning [34], which, following these results, leads to an increase in exposure. 

In the case of California, no significant monthly variation was found in San Diego, while in Livermore, the 

variation was low and average PM2.5 was found to be below 12 µg/m
3
 for all months except January 

(13 µg/m
3
). The monthly PM2.5 concentrations for Sacramento, Fresno and Burbank, the Californian cities 

with the highest variation throughout the year, are shown in Figure 30 and the fraction of monthly working 

hours with available NV is shown in Figure 31. 

Sacramento and Fresno present a higher concentration of PM2.5 during the winter months due to the increase 

in particle-emitting activities and the entrapment of those locally generated particles by both the surrounding 

mountain ranges and the low altitude inversion layers that occur during that season. This will have a greater 

impact in Fresno, as temperatures are within the natural ventilation range during more of those months’ 

working hours. In both cities, EC criteria increases the availability of NV mostly in the warmer months (as 

occurs in all cities in California), when PM2.5 levels are lower. 

In Burbank, average PM2.5 concentrations are high throughout the year, reaching its peak in August and 

September. However, during those months NV potential (with SC criteria) is at its lowest, which can mitigate 

the exposure to PM2.5 of outdoor origin. Nonetheless, the increase in NV availability due to the extension of 

the NV-adequate temperature range (EC criteria) takes place during those warmer, more polluted months, 

which can increase the exposure to PM2.5. 
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Figure 30 – Monthly variation of average PM2.5 concentrations in Burbank, Fresno and Sacramento 

(California, SC criteria only) 

 

 

Figure 31 – Monthly variation of the potential for NV use during working hours in Burbank, Fresno and 

Sacramento (California, both SC and EC criteria) 
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In Europe, the cities with the highest monthly change in PM2.5 are Krakow and Skopje (Figure 32). Figure 33 

shows the availability of NV-adequate temperatures in both cities. In Skopje, outdoor PM2.5 concentrations 

are higher in the colder mid-season months, which also have a higher NV availability and therefore can 

increase PM2.5 exposure. Conversely, in Krakow, warmer months have higher NV availability and lower 

PM2.5 levels. In these two cities, the shift to EC criteria increases the availability of NV during the 

less-polluted summer months, which can allow an increase in ventilative cooling without an increase in 

occupant exposure. In all other cities, no significant pattern was found regarding the monthly variation of 

PM2.5. Similar to California, EC criteria increases the availability of NV during the summer months in all 

cities, as well as during the warmer mid-season months in Lisbon and Madrid. 

 

 

Figure 32 – Monthly variation of average PM2.5 concentrations in Krakow and Skopje (Europe, SC criteria 

only) 

 

 

Figure 33 – Monthly variation of the potential for NV use during working hours in Krakow and Skopje 

(Europe, both SC and EC criteria) 
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Finally, Figure 34 presents the monthly variation of average PM2.5 concentrations in Asia, while the monthly 

availability of NV can be seen in Figure 35. In both Chinese cities, conditions for NV occur during the 

mid-season. Low temperatures during the winter and high temperatures during the summer limit the use of 

NV in those seasons. In New Delhi, NV is only available during the coldest months of the year. However, 

PM2.5 levels are highest during these months, resulting in the use of NV furthering the increase in indoor 

PM2.5 levels. EC criteria increase the availability of NV in New Delhi, although it is still mostly limited to 

the colder, more polluted season. In Beijing, the potential for NV rises, especially in the summer months. In 

Shanghai, the increase occurs in the summer and warmer mid-season months, which coincide with the 

less-polluted months of the year. 

 

 

Figure 34 – Monthly variation of average PM2.5 concentrations in Beijing, Shanghai and New Delhi (Asia, 

EC criteria only) 
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Figure 35 – Monthly variation of the potential for NV use during working hours in Beijing, Shanghai and New 

Delhi (Asia, both SC and EC criteria) 
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5.2. Detailed Simulation Analysis 

The results of the detailed simulation analysis are summarized over the following subsections: the yearly 

electricity consumption due to heating, cooling and ventilation; the increase in cumulative indoor exposure to 

PM2.5 of outdoor origin during working hours; and the ratio between the yearly energy savings (Δe) and the 

increase in cumulative exposure to PM2.5 of outdoor origin (ΔP), in order to quantify the trade-off between 

energy savings and increased exposure. 

 

5.2.1. Energy Savings 

The annual electricity consumption of the HVAC system for each NV-use scenario is shown in Figure 36 

(California), Figure 37 (Europe) and Figure 38 (Asia): 

 NoNV: this scenario’s electricity consumption is given by the sum of the four bars (red, black, blue 

and green). 

 NVS: the sum of the blue, black and red bars is this scenario’s electricity consumption; green is the 

energy that is saved. 

 NVF: the electricity consumption is the sum of the red and black bars; the black bar is the electricity 

consumption of the electrostatic filters; the sum of green and blue is this scenario’s energy savings. 

 NVP: the red bar gives the electricity consumption; the sum of all other bars is this scenario’s energy 

savings. 

Table 32 presents the yearly HVAC energy savings for each NV-use scenario relative to each NoNV scenario. 

As expected, for each HVAC set point scenario, the NoNV scenario results in the highest energy 

consumption. On the opposite end is the NVP scenario, where HVAC electricity consumption is reduced by 

the replacement of mechanical ventilation and cooling by natural ventilation that introduces cooler air into the 

building. In California, using NV whenever it can provide a cooling effect decreases the HVAC consumption 

by 26 to 83 % with SC criteria. However, if NV is only used when PM2.5 levels are low, savings decrease to 

between 17 and 63 %. The availability of PCS in the NoNV scenario leads to a 3 to 7 % decrease in HVAC 

consumption in Sacramento and Fresno and to a 4 to 13 % increase in San Diego and Burbank. In Livermore, 

the effect is negligible. These low differences are due to the heated chairs’ and ceiling fans’ (mainly the latter) 

power load nearly offsetting the decrease in the rooftop AHU’s already optimized consumption due to the 

building’s improved passive thermal behavior. Nonetheless, the most significant advantage of these PCS is the 

higher NV availability, resulting in a higher reduction in HVAC electricity consumption: NVP savings 

increase to up to 93 % and NVS savings up to 86 %. Using both SC and EC criteria, the energy savings of the 

NVF scenarios are nearly identical to those of NVP, due to the electrostatic filter’s very low energy 

consumption. 
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Figure 36 – Yearly HVAC electric load for each NV-use scenario in California 

 

In Europe, the higher need for heating and the lower overall availability of NV result in a lower energy saving 

potential of the NVP scenario: 20 to 58 % with SC criteria. High outdoor PM2.5 has a more limiting effect in 

this region than in California, with the NVS scenario leading to energy savings between 5 and 40 %. The 

effect of PCS on the NoNV scenarios is, similarly to California, low: 1 to 8 % savings in Strasbourg, Prague, 

Krakow, Madrid and Skopje, and 1 to 3 % energy consumption increases in Paris, Antwerp, London and 

Lisbon. Again, EC criteria allow a higher NV availability and, consequentially, higher energy savings: up to 

83 % for NVP and up to 63 % for NVS. The higher PM2.5 levels result in a slightly higher ESF electricity 

consumption. However, this consumption is still nearly negligible, thus the energy savings of the NVF 

scenario are similar to that of NVP. 
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Figure 37 – Yearly HVAC electric load for each NV-use scenario in Europe 

 

PCS without NV lead to a 6 to 11 % decrease of the annual HVAC electricity load in Asia. In the SC scenario, 

NVP reduces the annual HVAC consumption by 7 % in New Delhi, 16 % in Beijing and 21 % in Shanghai. 

These low annual savings are mostly due to severe seasonal limitations in the use of NV in all three cities. In 

New Delhi, where most of the year is excessively warm for NV, its use leads to energy savings above 65 % in 

the cooler months (December to February). However, between April and October, savings are nearly 

inexistent, leading to the overall low annual savings. In Shanghai and Beijing, where winters are too cold and 

summers are too warm, most savings occur during the mid-season. With EC criteria, the increased availability 

of NV increases the HVAC energy savings: 16 % in New Delhi, 41 % in Beijing and 45 % in Shanghai. In 

New Delhi, NV allows savings above 50 % between November and March, although during the remaining 

months, outdoor temperatures are still too high to allow any significant energy savings. In Beijing, most 

savings still occur during the mid-season, although a higher share of the yearly decrease in electricity 

consumption now occurs during the summer. In Shanghai, no seasonal change occurred, with most savings 

due to the use of NV still befalling on the mid-season. Restricting the use of NV to moments with outdoor 

PM2.5 levels below 10 µg/m
3
 (NV10) leads to the lowest energy savings: 1 to 5 % with SC criteria, 4 to 15 % 

with EC. Since there is very low availability of NV during working hours, most of these savings occur due to 

the use of NV during the unoccupied period, which preemptively cools the building before its occupation. 

Despite its less restrictive threshold (35 µg/m
3
), the NV35 scenario with SC criteria does not result in a 

substantial increase in savings: 1 to 12 %. However, with EC criteria, savings are increased to 22 % in Beijing 

and 35 % in Shanghai. In New Delhi, savings are still remarkably low: 4 %. Finally, the use of an electrostatic 

filter (NVF) leads to savings similar to those found in the NVP scenario, differing only due to the filter’s low 

electric consumption. 
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Figure 38 – Yearly HVAC electric load for each NV-use scenario in Asia 
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Table 32 – Average yearly HVAC energy savings (absolute [kW h m
–2

 year
–1

] and relative [%] decrease) for 

each NV-use scenario relative to each NoNV scenario 

City 

SC EC 

NVP NVF NVS NVP NVF NVS 

San Diego 11.8; 83 % 11.7; 83 % 9.0; 63 % 15.0; 93 % 14.9; 93 % 13.8; 86 % 

Burbank 9.8; 59 % 9.7; 58 % 4.5; 27 % 14.2; 82 % 14.1; 81 % 12.8; 74 % 

Fresno 6.9; 26 % 6.8; 26 % 4.6; 17 % 11.5; 46 % 11.4; 46 % 9.5; 38 % 

Sacramento 8.6; 43 % 8.6; 43 % 7.1; 36 % 13.1; 68 % 13.0; 67 % 11.0; 57 % 

Livermore 8.5; 63 % 8.5; 63 % 7.4; 55 % 10.4; 77 % 10.3; 76 % 9.5; 70 % 

Antwerp 5.8; 50 % 5.7; 49 % 4.2; 36 % 6.8; 58 % 6.7; 57 % 5.8; 50 % 

Krakow 5.9; 35 % 5.8; 34 % 3.1; 19 % 6.9; 44 % 6.8; 43 % 5.0; 32 % 

Lisbon 11.1; 58 % 11.0; 57 % 7.7; 40 % 16.3; 83 % 16.2; 83 % 12.4; 63 % 

London 5.8; 52 % 5.6; 51 % 2.8; 25 % 6.8; 61 % 6.7; 60 % 4.8; 42 % 

Madrid 5.8; 29 % 5.6; 28 % 3.4; 17 % 10.7; 57 % 10.6; 57 % 6.6; 35 % 

Paris 6.2; 52 % 6.1; 51 % 4.1; 34 % 7.5; 62 % 7.4; 61 % 6.1; 50 % 

Prague 6.0; 36 % 5.9; 35 % 2.9; 18 % 7.6; 49 % 7.5; 48 % 5.0; 32 % 

Skopje 5.0; 20 % 4.9; 19 % 1.2; 5 % 10.5; 45 % 10.4; 45 % 2.7; 12 % 

Strasbourg 6.6; 47 % 6.5; 46 % 2.7; 19 % 8.0; 58 % 8.0; 58 % 4.6; 33 % 

Beijing 

(NV10; NV35) 
3.7; 16 % 3.5; 15 % 

1.0; 5 %; 

1.9; 8 % 
8.8; 41 % 8.4; 40 % 

2.9; 14 %; 

4.6; 22 % 

Shanghai 

(NV10; NV35) 
5.2; 21 % 4.9; 20 % 

1.0; 4 %; 

3.0; 12 % 
10.3; 45 % 9.9; 43 % 

3.4; 15 %; 

7.9; 35 % 

New Delhi 

(NV10; NV35) 
3.7; 7 % 3.5; 6 % 

0.4; 1 %; 

0.5; 1 % 
7.6; 16 % 7.1; 15 % 

1.9; 4 %; 

2.1; 4 % 
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5.2.2. Increased Cumulative Exposure to PM2.5 

The increase in cumulative indoor exposure to PM2.5 of outdoor origin is presented on the left side of 

Figure 39 (California), Figure 40 (Europe) and Figure 41 (Asia). The green bar is the exposure in case of the 

NoNV scenario. The additional bars represent the increase in cumulative exposure for each of the three 

scenarios, in growing order: black for NVF, blue for NVS and red for NVP. The vertical axis units are 

mg h m
–3

 year
–1

 (instead of µg h m
–3

 year
–1

) to reduce the number of trailing zeros on the axis labels. On the 

right side of the same figures, each point gives the average annual indoor PM2.5 concentration during 

working hours, for each city and NV-use scenario, with the same coloring scheme: green for NoNV, black for 

NVF, blue for NVS and red for NVP. Table 33 presents the increase in yearly cumulative exposure to PM2.5 

for each NV-use scenario relative to the NoNV scenario. 

Expectedly, the full-time use of a high-efficiency cloth filter leads to the lowest cumulative exposure to 

PM2.5 in the NoNV scenarios. On the opposite end is the NVP scenario, which allows the use of NV 

whenever possible, allowing PM2.5 to frequently enter the indoor environment without any obstruction, 

increasing exposure to between 3.7 and 5.0 the NoNV exposure levels, with SC criteria, in California. The 

extended use of NV that occurs as a consequence of the availability of PCS furthers that exposure increase: 

4.4 to 5.7 times the exposures found in the NoNV scenario. Both limiting the use of NV to moments of low 

outdoor PM2.5 levels (NVS) and using NV whenever possible with an ESF (NVF) lead to intermediate 

exposure levels. Nonetheless, in most Californian cities, NVF leads to lower increased cumulative exposure 

(up to 2.2 times the NoNV levels for SC, up to 2.4 for EC) than NVS (up to 3.2 for SC and up to 4.9 for EC). 

Exceptions are Burbank, where NVS exposure is lower than NVF exposure, and Fresno, where cumulative 

exposure levels are similar (both with SC criteria). 

Using NV whenever possible leads (NVP) to an average indoor PM2.5 concentration above the regulated state 

and federal levels (12 µg/m
3
) in Burbank (both with SC and EC criteria) and Fresno (EC only). Also in 

Burbank, NVS with EC criteria also results in an average indoor concentration above 12 µg/m
3
. All other 

scenarios do not exceed this limit in California. 

 

 

Figure 39 – Yearly cumulative exposure to PM2.5 and average indoor concentration for each NV-use scenario 

in California 
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In Europe, the maximized use of NV (NVP) increases occupant exposure by 1.9 to 4.2 times the NoNV levels 

with SC criteria and 2.2 to 5.4 with EC. These increases are lower than those found in California, although 

NV availability is also lower in this region. In most cities, the cumulative exposure levels that result from the 

NVF scenario are lower than with NVS: an increase of up to 2.1 for SC and up to 2.4 for EC, as opposed to up 

to 2.4 and up to 3.3, respectively. Exceptions are Skopje (both SC and EC criteria), Prague (SC only) and 

Strasbourg (SC only), where NVF and NVS exposure levels are nearly identical. 

Average indoor PM2.5 concentrations exceed the WHO’s guideline for PM2.5 exposure (10 µg/m
3
) with NVP 

in several cities, especially with the increased availability of NV with PCS (EC criteria): Krakow (also with 

SC criteria), Lisbon, London, Paris, Skopje (also with SC) and Strasbourg. Additionally, in both Krakow and 

Skopje, the two exposure control approaches (NVS and NVF) fail to decrease the average indoor PM2.5 to 

below the WHO guideline, when PCS are available. 

 

 

Figure 40 – Yearly cumulative exposure to PM2.5 and average indoor concentration for each NV-use scenario 

in Europe 

 

In Asia, NVP increases occupant exposure by 2.3 to 3.0 times the NoNV exposure levels if PCS are not 

available and by 3.3 to 3.9 if they are. These increases are similar to those found in many cities in Europe, 

despite the lower NV availability. Limiting the availability of NV (NVS) leads to similar cumulative exposure 

levels with both thresholds (10 and 35 µg/m
3
): up to 1.4 and up to 1.8 times the NoNV exposure, respectively, 

with SC criteria, and up to 2.1 and 2.6 times, with EC criteria. Limiting the penetration of outdoor PM2.5 with 

an ESF results in exposure levels similar to the two NVS scenarios in both Chinese cities (up to 1.9 times the 

NoNV exposure levels for SC, up to 2.2 for EC) and in New Delhi if PCS are available (1.9 times the NoNV 

levels). In the Indian city, if PCS are not available, NVF increases exposure to only 1.2 times the NoNV 

exposure, although this is a consequence of the very low availability and use of NV (1.2 times). 

Shanghai is the only Asian city where the indoor average PM2.5 concentration is below the WHO’s guideline 

of 10 µg/m
3
, although only when the HVAC system (and its high-efficiency cloth filter) is in full-time 

operation. Also in this city, the average indoor concentration that result from the NVP scenarios are below the 

WHO’s first interim target (35 µg/m
3
). In both other cities, using NV whenever possible exceeds this 

threshold, although both the NVS and NVF exposure control approaches decrease the indoor PM2.5 

concentration to below that level. 
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Figure 41 – Yearly cumulative exposure to PM2.5 and average indoor concentration for each NV-use scenario 

in Asia 
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Table 33 – Average increase in yearly cumulative exposure to PM2.5 (absolute [mg h m
–3

 year
–1

] and relative 

increase) for each NV-use scenario relative to the NoNV scenario 

City 

SC EC 

NVP NVF NVS NVP NVF NVS 

San Diego 24; 5.0× 13; 2.2× 7; 3.2× 27; 5.5× 23; 2.3× 8; 4.8× 

Burbank 32; 4.6× 8; 2.1× 10; 2.0× 41; 5.7× 35; 2.4× 12; 4.9× 

Fresno 21; 3.9× 8; 2.1× 8; 2.1× 30; 5.2× 24; 2.4× 10; 4.4× 

Sacramento 16; 3.7× 9; 1.8× 5; 2.4× 20; 4.4× 16; 2.1× 6; 3.7× 

Livermore 12; 3.9× 7; 1.9× 4; 2.8× 16; 4.8× 13 2.3× 5; 4.2× 

Antwerp 16; 2.7× 8; 1.6× 6; 1.8× 20; 3.1× 13; 1.8× 8; 2.4× 

Krakow 19; 1.9× 8; 1.3× 7; 1.4× 24; 2.2× 15; 1.5× 10; 1.8× 

Lisbon 19; 4.2× 8; 2.1× 6; 2.4× 26; 5.4× 14; 2.4× 8; 3.3× 

London 19; 3.2× 7; 1.8× 7; 1.8× 23; 3.8× 13; 2.1× 9; 2.5× 

Madrid 13; 3.1× 5; 1.7× 5; 1.8× 20; 4.1× 10; 2.1× 7; 2.5× 

Paris 18; 3.3× 8; 1.8× 7; 2.1× 23; 3.9× 14; 2.2× 9; 2.8× 

Prague 14; 2.5× 5; 1.5× 5; 1.6× 19; 3.1× 10; 1.8× 8; 2.1× 

Skopje 21; 2.0× 6; 1.4× 7; 1.3× 36; 2.7× 14; 1.7× 15; 1.7× 

Strasbourg 16; 2.9× 5; 1.6× 6; 1.6× 22; 3.5× 10; 1.9× 8; 2.2× 

Beijing 

(NV10; NV35) 
59; 2.3× 20; 1.4× 

14; 1.3×; 

18; 1.4× 
105; 3.3× 37; 1.8× 

35; 1.8×; 

41; 1.9× 

Shanghai 

(NV10; NV35) 
51; 3.0× 24; 1.9× 

11; 1.4×; 

20; 1.8× 
74; 3.9× 31; 2.2× 

26; 2.1×; 

41; 2.6× 

New Delhi 

(NV10; NV35) 
85; 2.7× 26; 1.5× 

11; 1.2×; 

11; 1.2× 
140; 3.7× 45; 1.9× 

46; 1.9×; 

47; 1.9× 
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5.2.3. Ratio between Energy Savings and Increased Exposure 

With the goal of quantifying the trade-off between energy savings and increased exposure, the ratio between 

the yearly energy savings (Δe) and the increase in cumulative exposure to PM2.5 of outdoor origin (ΔP) was 

calculated for each location and NV-use scenario. The most NV-favorable cities and scenarios will have the 

highest value of this indicator, since lower increases in particle levels for similar energy savings indicate that 

the combined weather and outdoor PM2.5 level conditions are more favorable to the use of NV. Further, 

comparing the results between the NVP and the NVS scenarios can show when natural ventilation is being 

used: a higher ratio in the NVS scenario indicates a higher use of natural ventilation when PM2.5 levels are 

low. The results are presented in Figure 42 for California, Figure 43 for Europe, Figure 44 for Asia and, 

finally, in Table 34 for all cities. 

In the case of the NVP scenario with SC criteria, Fresno (0.33) and Burbank (0.31) show the lowest value 

among the Californian cities: Fresno has the lowest energy savings, while Burbank has the highest increase in 

exposure. On the other hand, this indicator is highest in Livermore (0.71), due to the lowest increase in 

exposure. Energy savings and increased exposure are lower in the NVS scenario, as expected. In all cities, the 

Δe/ΔP ratio increases, as natural ventilation is mostly used in moments with low outdoor PM2.5 

concentrations. This ratio is highest in the NVF scenario. This is the result of taking advantage of the available 

energy saving potential (energy savings are similar to the NVP scenario), in addition to the electrostatic filter 

limiting occupant exposure to PM2.5 to levels similar to or below those of the NVS scenario. Despite some 

minor differences, the same pattern can be seen with EC criteria. 

 

 

Figure 42 – Ratio between average energy savings and increase in PM2.5 exposure [kW m/mg] for each 

NV-use scenario in California 
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In Europe, the order of magnitude of the Δe/ΔP ratio is similar to California. Lisbon presents the highest 

indicator value, at 0.58, when NV is used whenever possible (NVP), with SC criteria. In all other cities, the 

Δe/ΔP ratio ranges from 0.30 to 0.41. Lisbon is also the city with the highest Δe/ΔP value in the NVS 

scenario (0.63). Skopje is the only city where this ratio decreases for this NV-use scenario, as most energy 

savings occur during moments of high pollution levels. Again, the Δe/ΔP ratio is highest when an electrostatic 

filter is used to limit the penetration of outdoor PM2.5, at a very low energy cost (NVF). 

With EC criteria, the ratio decreases for most cities, except for Lisbon, Madrid and Skopje. These three cities 

have the highest increase in NV availability when PCS are available. Elsewhere, the low increase in NV 

potential results in an increase in exposure than is higher than the increase in energy savings. 

 

 

Figure 43 – Ratio between average energy savings and increase in PM2.5 exposure [kW m/mg] for each 

NV-use scenario in Europe 

 

In the NVP scenario with SC criteria, Shanghai has the highest savings-to-increased exposure ratio (0.10) 

among the three Asian cities, while the ratio in Beijing is 0.06 and in New Delhi is 0.04. With EC criteria, 

Shanghai still has the highest ratio (0.14), while in Beijing and New Delhi, the ratio increases to 0.08 and 

0.05, respectively. As can be seen, the ratios increase for all three Asian cities, showing that the combined use 

of NV and PCS leads to an increase in energy savings that is higher than the increase in indoor exposure. 

Nonetheless, these ratios are up to one order of magnitude lower than the ranges found for the European and 

Californian cities. This large difference is mostly due to the significantly higher increases in PM2.5 exposure 

that occur in these three cities. Further, in all three Asian cities, energy savings are lower than elsewhere, 

mostly due to the lower availability of NV. In California and Europe, air pollution regulations are stricter and 

have been in place for a longer period, effectively improving air quality. In China and India, those regulations 

are more recent and less stringent. 
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Although limiting the increased exposure, the NV10 scenario does not allow for significant energy savings, 

resulting in a Δe/ΔP ratio similar to NVP in Beijing and lower in Shanghai and New Delhi. By increasing the 

outdoor PM2.5 concentration threshold (NV35), indoor exposure also increases, but so do energy savings. In 

all three cities, energy savings have a higher relative increase, hence the higher Δe/ΔP ratios. However, in 

New Delhi, this ratio is still lower than that found for the NVP scenario. Finally, as with both other analyzed 

regions, the best savings-to-increased exposure ratios occur with the NVF scenario. 

 

 

Figure 44 – Ratio between average energy savings and increase in PM2.5 exposure [kW m/mg] for each 

NV-use scenario in Asia 
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Table 34 – Ratio between average energy savings and increase in PM2.5 exposure [kW m/mg] for each 

NV-use scenario 

City 

SC EC 

NVP NVF NVS NVP NVF NVS 

San Diego 0.49 1.63 0.70 0.55 1.88 0.61 

Burbank 0.31 0.99 0.54 0.35 1.13 0.37 

Fresno 0.33 0.88 0.57 0.39 1.11 0.39 

Sacramento 0.53 1.88 0.84 0.65 2.03 0.68 

Livermore 0.71 2.20 0.99 0.66 1.95 0.72 

Antwerp 0.35 0.97 0.52 0.34 0.89 0.45 

Krakow 0.32 0.81 0.39 0.28 0.67 0.32 

Lisbon 0.58 1.73 0.91 0.63 1.92 0.91 

London 0.31 0.83 0.40 0.29 0.73 0.37 

Madrid 0.44 1.24 0.65 0.54 1.52 0.69 

Paris 0.34 0.93 0.48 0.33 0.80 0.44 

Prague 0.41 1.16 0.55 0.39 0.99 0.48 

Skopje 0.24 0.66 0.19 0.29 0.70 0.19 

Strasbourg 0.40 1.14 0.52 0.37 0.98 0.45 

Beijing 

(NV10; NV35) 
0.06 0.18 

0.08 

0.11 
0.08 0.23 

0.08 

0.11 

Shanghai 

(NV10; NV35) 
0.10 0.21 

0.09 

0.15 
0.14 0.32 

0.13 

0.19 

New Delhi 

(NV10; NV35) 
0.04 0.13 

0.04 

0.04 
0.05 0.16 

0.04 

0.04 
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6. CONCLUSIONS 

Awareness on the negative health impact of airborne fine particle pollution is continuously increasing. Most 

airborne PM2.5 found in the urban environment can be traced back to man-made combustion from transport, 

industry, power generation and domestic fuel burning. Within the built environment, fine particles can be 

brought in from the outdoor environment, through infiltration or through natural or mechanical ventilation. In 

addition, PM2.5 can also be generated indoors, such as through the use of fuel for cooking and heating, or the 

occupant movement-induced re-suspension of particles that have previously settled onto surfaces. Natural 

ventilation typically does not provide any barrier to outdoor PM2.5, while in the case of mechanical 

ventilation, filters with a wide range of particle retention rates can be used. However, high filtration efficiency 

comes at the cost of a higher pressure load on the fan and, therefore, at the cost of a higher energy 

consumption. 

This thesis assessed the impact of fine particle pollution on the potential for natural ventilative cooling of 

office buildings in California, Europe and Asia. The analysis used measured weather and particle 

concentration data for cities within the largest and most polluted metropolitan areas in each region. The 

analysis was performed in two stages with increasing complexity: a simple statistical analysis and a detailed 

simulation analysis. The first stage investigated correlations between PM2.5 concentration, weather variables 

(air temperature, wind speed and wind direction) and time of day and month. The second analysis stage 

predicted the impact of NV use on the HVAC energy consumption and occupant exposure to PM2.5 of an 

office building with a hybrid natural/mechanical HVAC system equipped with a highly efficient filter to lower 

the cumulative yearly occupant exposure to PM2.5 of outdoor origin. 

The statistical analysis showed that, in the Californian cities of Burbank and San Diego, a significant majority 

(80 and 95 %, respectively) of working hours are within the temperature range for natural ventilation use 

(outdoor temperature between 10 and 26 °C). The NV potential is lower in Livermore (70 %), mainly due to 

colder winter temperatures. NV use in the remaining two cities of this region is limited by high summertime 

temperatures, resulting in potentials of 65 % (Sacramento) and 58 % (Fresno). Using PCS can extend the 

temperature range that allows the use of NV, increasing its potential. This mostly benefits locations where a 

significant fraction of the year is too warm for NV. In California, these locations are Fresno and Sacramento, 

where EC criteria allows the use of NV during an additional 12 and 10 % of the yearly working hours, 

respectively. Elsewhere in the state, the increase is below 8 %. 

As expected, in the scenario where the use of NV is limited to moments with low PM2.5 concentrations 

(below 12 μg/m
3
), all NV potentials are lower. Burbank has the highest reduction, dropping to 24 % of 

working hours. The potential in Fresno is reduced to 26 %. The next biggest reduction occurs in San Diego 

which, as a result, becomes similar to Livermore (58 %), the city with the lowest reduction in NV potential. 

Finally, Sacramento loses about a third of its potential use of NV. 

A similar analysis methodology applied to European cities revealed that Lisbon has the highest NV potential, 

with a significant majority (80 %) of working hours within the NV temperature range (10 to 26 °C). In 

Skopje, the potential is less than half (40 %), while in all other cities, it ranges from half and two-thirds of the 

working hours. In Lisbon, Skopje and Madrid, where excessively warm summer temperatures are the main 

limitation to the use of NV, the use of PCS extends the potential for NV by 10 to 12 % of the annual working 

hours. In the remaining cities in Europe, the added NV potential from PCS use is nearly negligible. 
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In the scenario where high PM2.5 (in Europe, above 10 μg/m
3
) restricts the use of NV, the percentages are 

significantly decreased, to below half of the original potential. In Antwerp and Lisbon, the decrease is 

approximately 50 %, while London and Skopje have the highest decreases in NV potential (82 and 95 %). In 

Krakow, Prague and Strasbourg, the decrease is about 70 %, and in Madrid and Paris, it is about 60 %. 

The Asian megacities analyzed in this study present some of the lowest NV potentials: 23 to 53 % of the 

working hours. However, this region sees the highest benefit from the PCS-extended NV temperature range, 

which increases the availability of NV-favorable conditions by 12 to 14 %. Limiting the availability of NV to 

moments with PM2.5 levels below 10 μg/m
3
 nearly eliminates the possibility for NV, while a less strict 

threshold of 35 μg/m
3
 reduces the availability to between 3 and 26 % of the working hours. 

Only a few of the analyzed cities showed a correlation between air temperature and PM2.5 levels. In San 

Diego and Burbank, the increase in temperature also increases the secondary formation of ammonium sulfate, 

which is then trapped by the frequently occurring low inversion layers, therefore increasing the average 

PM2.5 concentration. Inversely, in Krakow and Skopje, PM2.5 levels increase with the decrease in 

temperature, due to the higher use of mainly coal-based energy during colder time periods. In Shanghai, 

PM2.5 levels also decrease with the increase in temperature, although in this city, this is a consequence of the 

high precipitation levels during the warmer season. 

Burbank is the only city where wind frequently transported PM2.5 from outside the city, namely from the 

nearby city of Los Angeles. In Livermore, Antwerp, Lisbon and Shanghai, the most frequent wind directions 

(with wind speeds above 3 m/s) transported in cleaner air. In the remaining cities, no consistent correlation 

exists between wind direction and PM2.5 levels. In the case of wind speed, a consistent pattern was found in 

all cities: PM2.5 levels decrease with the increase in wind speed. Since most particles are locally generated, 

the higher wind speeds remove the more polluted air, replacing it with cleaner air from neighboring locations. 

PM2.5 levels are higher in Sacramento and Fresno during the winter months, since the locally generated 

particles are trapped by a combined effect of the surrounding mountain ranges and the low inversion layers 

that occur frequently during that season. Winter and colder mid-season months are also the most polluted in 

Krakow and Skopje, due to the aforementioned coal-based energy production, while the monsoon season 

decreases PM2.5 concentrations during the warmer months in Shanghai. In all cities, PM2.5 levels were 

highest in the morning and, in some cities, in the final hour of the working day, due to commuter traffic. 

The detailed thermal simulations showed that the use of NV whenever it can provide a cooling effect 

decreased the HVAC energy consumption (NVP), in comparison to a scenario with full-working time HVAC 

operation (NoNV) by 26 to 83 % in California, 20 to 58 % in Europe and 7 to 21 % in Asia. The availability 

of PCS alone did not significantly decrease and, in some locations, even slightly increased the HVAC load. 

Nonetheless, these devices allowed an increase in NV use, which in turn increased its energy saving potential 

to 46 to 93 % in California, 44 to 77 % in Europe and 16 to 41 % in Asia. Expectedly, this increase is highest 

in cities with the highest increase in NV availability due to the extended NV temperature range, namely 

Fresno, Sacramento, Lisbon, Madrid, Skopje, Beijing, Shanghai and New Delhi. 

In comparison with a standard full-time HVAC operation scenario, using NV significantly increases indoor 

occupant exposure to fine particles. This increase is 3.7 to 5.0 times in California, 1.9 to 4.2 times in Europe 

and 2.3 to 3.0 times in Asia. PCS extend the use of NV and, thus, further the increase in exposure: 4.4 to 5.7 

times in California, 2.2 to 5.4 times in Europe and 3.3 to 3.9 times in Asia. 
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With the goal of quantifying the trade-off between energy savings and increased exposure, the ratio between 

the yearly energy savings and the increase in cumulative PM2.5 exposure was calculated for the different 

cities. The locations with the lowest increased indoor pollution levels for the same energy savings favor NV 

use. Among the analyzed cities, this ratio is highest in Livermore and lowest in New Delhi. On average, the 

energy savings-to-increased PM2.5 exposure (Δe/ΔP) is highest in California, due to the typically high NV 

availability and lower PM2.5 levels, and lowest in Asia, by up to an order or magnitude, where local climate 

does not favor extensive NV use and where PM2.5 levels are exceptionally high. Europe is placed in a middle 

position, with Δe/ΔP ratios of the same order of magnitude though lower, on average, than in California, since 

the use of NV is more limited by local climate and PM2.5 concentrations are higher than those typically found 

in that U.S. state. 

Two approaches were followed to limit the increase in exposure that occurs due to the higher use of NV: 

limiting its use to when outdoor PM2.5 levels are low (NVS, with different thresholds for each region: 

12 µg/m
3
 in California, 10 µg/m

3
 in Europe and both 10 and 35 µg/m

3
 in Asia) and using an electrostatic filter 

to reduce particle penetration (NVF). 

Understandably, the reduction in NV use due to its limited availability to moments with low outdoor PM2.5 

also reduces NV’s energy saving potential: 17 to 63 % in California, 5 to 40 % in Europe and both 1 to 5 % 

(with a threshold of 10 µg/m
3
) and 1 to 12 % (with 35 µg/m

3
) in Asia. When PCS are available, the energy 

saving potential is also diminished: 38 to 86 % in California, 12 to 63 % in Europe and both 4 to 22 % and 4 

to 35 % (thresholds of 10 and 35 µg/m
3
, respectively) in Asia. Nevertheless, this exposure control approach 

achieves its goal of decreasing occupant exposure to PM2.5. In California, occupant exposure is between 2.0 

and 3.2 times the exposure that results from the full-time use of HVAC, while in Europe, occupant exposure is 

between 1.4 and 2.8 times the NoNV levels. In Asia, both thresholds place a strict restraint on the use of NV, 

limiting occupant exposure to between 1.2 and 1.8 times the NoNV levels. The higher use of NV that results 

from the use of PCS also increases occupant exposure, even in this exposure control approach: 3.7 to 4.9 times 

the NoNV exposure in California, 1.7 to 3.3 times in Europe and 1.9 to 2.6 in Asia. With few exceptions, 

namely Skopje, Shanghai (in the case of the 10 µg/m
3
 threshold) and New Delhi (for both the 10 and 35 µg/m

3
 

thresholds), the Δe/ΔP ratio is higher when NV is limited to moments of low outdoor PM2.5, since most 

energy savings occur during moments with low outdoor particle levels. 

The use of electrostatic façade NV inflow filters seems to achieve the best of both worlds. These filters have a 

very low energy cost which, combined with the possibility of using NV whenever it can provide a cooling 

effect, result in energy savings that are nearly identical to those found in the NVP scenario. At the same time, 

these filters allow occupant exposure levels that are, in most cases, similar to or lower than those associated 

with the NVS approach. As a result, the energy savings-to-increased PM2.5 exposure ratio is highest for this 

scenario. 

Overall, NV has an energy-saving potential of up to 83 %, with standard NV criteria, or 93 %, in the case of 

available PCS, which extend the NV-favorable temperature range. However, NV is not a solution that can 

easily be used in any location, since some climates nearly eliminate any possible NV use, even with an 

extended NV temperature range. Further, the unrestricted use of NV can increase indoor exposure to fine 

particles of outdoor origin by up to five-fold (or sixfold, if used in combination with PCS) in comparison with 

an office using an HVAC system in full-time operation with a high-efficiency fine particle filter. 
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Two approaches can be used to limit this increase in exposure to 2 to 3 times. Using NV only when outdoor 

PM2.5 concentrations are low is a solution that could be implemented with ease in existing commercial 

buildings. In this case, the energy-saving potential of NV is reduced to 63 % (86 % if used in combination 

with PCS), although this reduction is lower than the reduction in cumulative exposure. Using NV with 

openings equipped with an electrostatic filter can also decrease indoor PM2.5 levels and at a very low energy 

cost, thus, taking advantage of nearly all of NV’s energy saving potential. However, any attempt to apply this 

approach in an existing building has not been found. 

Still, limiting man-made combustion, namely by decreasing traffic or shifting to cleaner energy sources is the 

most efficient path for decreasing outdoor PM2.5. The use of cleaner energy sources indoors also decreases 

PM2.5 levels within the built environment, as does the use of effective extraction ventilation for indoor 

sources. The proposed innovative solutions limit the penetration of outdoor PM2.5 through the incoming 

airflow and can also be part of the solution to decrease exposure to PM2.5. Ultimately, one of the most 

important steps is to increase public awareness of PM2.5, encouraging people and national governments, on 

their behalf, to engage in these solutions as well as developing other solutions.  
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