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Preface 
This research investigates different possible improvements to counter act the spread of infectious diseases to 

the current building and ventilation design of long term care facilities in the Netherlands, especially focussed on 

the long range airborne route. A list of potential improvements was compiled, from which the performance of 

one improvement, a personal ventilation system, was tested.   

 

This report is the graduation project of Marloes de Haas, for the Master of Science degree in Architecture, 

Building and Planning at Eindhoven University of Technology. The project was done in corporation with BBA 
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Abstract 
Studies investigated the spread of infectious diseases in long-term care facilities (LTCFs). This is important as LTCF 

residents, often elderly, are highly susceptible to infections due to their frail health. An infection can have severe 

consequences or even be fatal. Residents often have cognitive disorders and are sensitive to the indoor 

environment. When taking measures, it is important to take into account the living situation of the residents. 

The objective of this research was to provide potential improvements related to building and ventilation aspects 

of LTCFs in the Netherlands to reduce the risks of infections. For one of the found improvements, personalized 

ventilation (PV) system, the performance of reducing the risk of infections was investigated.  

 

This research consisted of three phases. Firstly, a literature study and five interviews/visits were conducted to 

get insight in the transmission route, how to control the transmission and the current situation in LTCFs. This 

showed that respiratory infectious diseases can spread efficiently among others by the long range airborne 

transmission route. Ventilation and other building services system measures are important to consider in the 

protection against airborne transmission. Secondly, an expert meeting was organized to identify potential 

improvements concerning the spread of infectious diseases in LTCFs according to experts. Based on the findings 

of this research seven aspects were defined in the control of the spread of infectious diseases, focussing on: 

viability of viruses, cleanability, filtering air, dilution infected air, design and building systems.  

 

Thirdly, an experiment was conducted to investigate the impact of the most promising improvement as defined 

based on the results and conclusions of phase 1 and 2. A personal ventilation (PV) system was chosen, because 

it focuses on the interaction of residents and is independent of existing building and ventilation characteristics 

of LTCFs. The experiment showed that the PV system can reduce the risk of an infection, with a maximum 

decrease measured of approximately 60% in the laboratory. The performance of the PV system can be influenced 

by the distance of the supply head to the breathing zone, the angle of the supply head, airflows in the room and 

the size of the supply area.  

 

To optimize the system to make it suitable to use in LTCFs, the following aspects of the PV system should be 

investigated in further research: mobility/placing the person, the breathing pattern of the user and factors 

influencing the comfort and use.  
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Abbreviations  
 
ACH :  Air changes per hour 

CADR:  Clean air delivery rate 

ERH:  Efflorescence relative humidity 

HEPA:   Highly efficient particle air 

HVAC:   Heating ventilation and air conditioning  

LTCF:   Long-term care facility 

PV:  Personal ventilation  

SARS-CoV-2:  Severe acute respiratory syndrome coronavirus 2  

UV:   Ultraviolet 

UVGI:  Ultraviolet germicidal irradiation  
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1. Introduction 
Throughout history, the human population has experienced major outbreaks of infectious diseases. These 

outbreaks often resulted in large numbers of deaths, panic, disruption of trade and political instability (WHO, 

2001). Novel pathogens can emerge, which are usually poorly understood in terms of source and transmission. 

Many of these novel pathogens have the potential to cause large infection outbreaks. This can lead to threats to 

the economic future of nations, higher numbers of sick people and high mortality. Local resources may be rapidly 

overwhelmed if the public health infrastructure is weak, which can consequently cause further extension. A 

major epidemic can also threaten the economic future of many nations, which for example happened during the 

epidemic of HIV/AIDS (WHO, 2001).  

 

The current COVID-19 pandemic, caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), 

is an example of a novel pathogen which cause a large infection outbreak that has a major impact on the daily 

lives of the global population. In December 2019 the previously unknown SARS-CoV-2 virus emerged, which 

causes an acute respiratory disease. This led to huge impacts on humans globally and became a challenge to 

global public health. The outbreak of COVID-19 is a recent example of the complex threat of emerging infectious 

diseases and the difficult challenges to humanity that are paired with it (El Zowalaty & Järhult, 2020).  

 

The COVID-19 pandemic in specific has a negative impact on LTCFs. LTCFs can be described as nonacute 

residential and nursing facilities that are the home of people that need some form of long-term care. All over the 

world massive outbreaks with high case fatality rates were being reported in LTCFs. This did not only affect the 

residents, but also the care workers and visitors (Comas-Herrera, et al., 2020) (Thompson, et al., 2020). The figure 

below shows an overview of the outbreaks of COVID-19 in different setting in Europe. It shows clearly that 

majority of the clusters and outbreaks were in the health and social care setting, especially in LTCFs (ECDC, 2020). 

Also in the Netherland are LTCFs seen as one of the setting where the most COVID-19 contamination occur (RIVM, 

2020).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The high fatality rates in LTCFs are caused due to the often frail health situation of residents of LTCFs (van der 

Wal, 2006). Age-related declines in immunity may affect the response to immunizations and increase the 

susceptibility (Siegel, Rhinehart, Jackson, & Chiarello, 2007). Infections can cause severe consequences for 

residents of LTCFs including debilitation, hospital admission and death (Koch, Eriksen, Elstrøm, Aavitsland, & 

Harthug, 2009). 

 

  

Figure 1.1 Number of reported clusters of SARS-CoV-2  in different occupational settings between March and July 2020, 
based on data of 13 countries in Europe (ECDC, 2020) 
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Within LTCFs residents live close together and can interact freely with each other. This can lead to the spread of 

infectious diseases. It is hard to apply restrictions to interaction, because of the psychosocial risks associated 

(Siegel, Rhinehart, Jackson, & Chiarello, 2007). During the COVID-19 pandemic, emerged from December 2019, 

residents must be protected from contact with other individuals to reduce the risk of infection. Therefore, most 

facilities did not allow entrance to the facilities, except for work reasons. Furthermore, visits from outside are 

prohibited including visits by family members. However, this isolation is especially difficult for residents of LTCFs, 

where loneliness has always been a major issue. Loneliness can increase the risk of depression, alcoholism, 

suicidal thoughts, aggressive behaviours, anxiety and impulsivity (Simard & Volicer, 2020). Another factor that 

makes it hard to implement improvements in LTCFs is the importance of health and comfort of the residents. 

Older adults, especially those who suffer from dementia, have an altered sensitivity to indoor environmental 

conditions. Careful attention to the indoor environment in LTCFs is desirable, because the physical environment 

can directly influences the health and wellbeing of the residents (Kort, 2012).  

 

Insufficient attention to good infection prevention policy in LTCFs increases the risk of an infection and the rapid 

spread of the infections (van der Wal, 2006). Effective infection prevention and control requires constant action 

at all levels of a LTCF, including policymakers, facility managers, health workers and residents (WHO, 2021). In 

prevention policy, one should additionally take into account the comfort, health and well-being of the residents.  

 
The spread of infectious agents can occur in various ways including physical contact, contaminated food, body 

fluids, objects, airborne inhalation or through vector organisms (Kumar, Damodar, Ravikanth, & Vijayakumar, 

2012). Infectious diseases result from the interaction of agent, host and environment. This means that 

transmission occurs when the agent leaves its reservoir/host, is transported by a mode of transmission and 

enters through a portal of entry. This is illustrated in the chain of infection, figure 1.2 (CDC, 2012).  

 

 

 

 

 

 

 

 

 

 

 

 

 

This research focuses on the airborne transmission via droplets/particles. Airborne transmission can be described 

as: “the transmission of diseases caused by dissemination of droplet nuclei that remain infectious when 

suspended in air over long distance and time” (Atkinson, et al., 2009). The airborne transmission is in general not 

seen as the most important transmission route. However, research shows that exposure to small airborne 

particles is equally, or even more, likely to lead to an infection with SARS-CoV2 as the more widely recognized 

transmission via larger respiratory droplets and direct contact with infected people or contaminated surfaces. 

There is mounting evidence to support the presence and transmissibility through inhalation of airborne viruses. 

Hence, airborne transmission is increasingly taken into consideration to control the spread of SARS-CoV-2 

(Carducci, Federigi, & Verani, 2020) (Tang, et al., 2021).  

 

  

Figure 1.2 Chain of infection (CDC, 2012) 
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Research showed there is evidence to demonstrate the association between ventilation, air movements in 

buildings and the spread of infectious diseases in general. However, the exact contribution of ventilation to the 

spread of infections is not yet determined (Li, et al., 2007). For the spread of infections of diseases in general, 

the design of proper ventilation systems can play an important role. Paying more attention to ventilation 

requirements could lead to significant infection control benefits (Atkinson, et al., 2009). Similarly, for the virus 

SARS-CoV-2 is found that ventilation and filtration provided by heating, ventilation, and air-conditioning (HVAC) 

systems can reduce the airborne concentration and thus the risk of transmission through the air (ASHRAE, 2020). 

Overall, research demonstrated that engineering controls, including sufficient and effective ventilation, targeting 

airborne transmission should be considered in the overall strategy to limit infection risks indoor (Morawska, et 

al., 2020).  

 

Therefore, this research focuses on building and ventilation related improvements for LTCFs in the Netherlands 

to reduce the airborne transmission of infectious agents. The objective of this research is to provide potential 

improvements related to building and systems aspects of LTCFs in the Netherlands to reduce the probability of 

infection. Also, the performances on reducing the risk of a infection of a PV system will be described. To examine 

this, the following research questions will be answered:  

“Which improvements can be made to building and system aspects to reduce the risk of airborne transmission of 

infectious agents in LTCFs?”  

- Which improvements can reduce the amount of airborne transmission of infectious agents in LTCFs? 

- What is the performance of one potential improvement to reduce the probability of an infection?  

 

To answer this question, this research is divided in the following three phases, illustrated in figure 1.3:  

• Phase 1: gain insight in the transmission route, how to control the transmission and the current situation 

in LTCFs 

• Phase 2: compose a list of potential improvements for LTCFs 

• Phase 3: test the performance of one of the improvements  

 

 

 

Figure 1.3 Structure of this research 
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2. Inventory transmission and current situation 
In this chapter the first phase of the research is described: inventory transmission and current situation. The goal 

of this phase was to collect information and create a starting point to come to a list of potential improvements 

suitable for LCTFs. Information was gained about the transmission routes and the aspects that needs to be 

considered by the control of the transmission in buildings. In addition, the current situation regarding the building 

and ventilation in LTCFs and how these institutions currently deal with possible spread of infectious diseases was 

investigated.  

 

2.1 Method  
The first phase of the study consisted of a literature study, interviews and visits of LTCFs. First a literature study 

was executed to collect information about the transmission routes and aspects that control the transmission of 

infectious diseases in buildings. For the literature study the following electronic databases were used: Google 

scholar, ResearchGate, Science Direct and the online library search of the Eindhoven University of Technology. 

Information about the regulations and guidelines were obtained by the online information from the World Health 

Organization (WHO), the Centers for Disease Control and Prevention (CDC), the American Society of Heating, 

Refrigerating and Air Conditioning Engineers (ASHRAE), the Dutch Institute for Health and Environment(RIVM) 

and the Dutch government. A combination of the following search terms were used: ‘LTCF’, ‘long term care 

facility’, ‘health care’, ‘nursing home’ and ‘indoor air quality’, ‘built environment’, ‘ventilation’ and ‘spread of’, 

‘prevention of’ and ‘infectious diseases/agents’, ‘COVID-19’, ‘airborne transmission/diseases’, ‘aerosol emission’. 

References found in publications were further used to obtain information. Titles and abstracts of the papers were 

used to determine if the information is relevant for this research. The information used in this research was 

obtained by the methods, objectives, results, discussion and conclusion sections of the publications. Papers 

focusing on the indoor environment and the spread of airborne infectious diseases in LTCFs were used. Literature 

that focuses on other transmission routes than the airborne route or focuses on a hospital setting were excluded. 

Every publication was weighted the same. The literature was categorized in two categories: transmission route 

and control aspects.  

 

Moreover, the current situation regarding the building and ventilation characteristics of LTCFs and how these 

institutions currently deal with possible spread of infectious diseases was investigated by four interviews and 

two visits. The list below provides an overview of the interviews and visits that were conducted: 

- Visit and interview medical geriatric doctor LTCF    date: 28-09-20 

- Interview medical geriatric doctor LTCF and head nursing education  date: 31-09-20 

- Interview property manager healthcare institution    date: 02-10-20 

- Interview asset manager healthcare institution     date: 09-10-20 

- Visit LTCF        date: 09-02-21 

A semi-structured approach was used during the interviews. The interviews were conducted online using 

Microsoft Teams with a time frame between 30 and 60 minutes. A topic list was used as a guide during the 

interviews, which is attached in appendix I. The information found in literature and the data collection from the 

research “Indoor air in long term care facilities and spread of infectious diseases” (te Kulve, Loomans, Huisman, 

& Kort, 2013) was used as a starting point for the topic list. The topic list is divided in three parts: building, 

ventilation and infectious diseases.  
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2.2 Results  
In this chapter the findings of the literature study are described. First information about the transmission route 

is given, based on 12 references. This part describes the airborne transmission and the dose of airborne 

pathogens. Secondly, 34 references were used to describe how this transmission in LTCFs can be controlled, 

which is divided in the following key elements: ventilation rates, airflow patterns, personalized ventilation 

systems, flow direction, recirculation, relative humidity plus temperature and filters plus air cleaners. This 

information was used as starting point to create a list of potential improvements suitable for LCTFs.  

 
Transmission route 

The transmission of pathogens can occur in various ways including physical contact, contaminated food, body 

fluids, objects, airborne inhalation and through vector organisms. There are almost infinite varieties of 

microorganisms and viruses which can lead to different diseases. Diseases differ in characteristics, including 

virulence, transmission route and level of contagiousness (Kumar, Damodar, Ravikanth, & Vijayakumar, 2012).  

 

Respiratory droplets, which can carry microorganisms such as bacteria and viruses, are a medium for the 

transmission of infectious diseases. Droplets carrying infectious agents can be formed in many ways. It can be 

formed in a natural way by breathing, talking, sneezing, singing and coughing. But infectious agents can also be 

formed in an artificial way, producing potentially infectious aerosols in hospital (Eames, Tang, Li, & Wilson, 2009). 

Respiratory viruses can spread through three different transmission routes: contact (direct or indirect), droplet 

and droplet nuclei transmission (Kutter, Spronken, Fraaij, Fouchier, & Herfst, 2018). The figure below provides 

an overview of the three transmission routes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Airborne transmission 

The airborne transmission can be divided in the short and long range airborne infection route. The short range 

route means there is direct inhalation due to close contact, while the long range route is infection by sharing the 

same indoor environment. The short range route is potentially more important than the long range route, 

because respiratory infections often occur in close proximity (<1.5 m) (Liu, Li, Nielsen, Wei, & Jensen, 2016). 

Figure 2.2 illustrate the differences between the short and long range route.  

Figure 2.1 Transmission routes respiratory infections (Otter, et al., 2016) 
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Small droplets and droplet nuclei are responsible for airborne transmission (Wei & Li, 2016). Droplets start to 

evaporate after release, which lead to a change in size (Eames, Tang, Li, & Wilson, 2009). Droplet nuclei is the 

process of desiccation of droplets into aerosols due to shrinking by evaporation and is dependent on 

environmental factors (Stewart, et al., 2020). Droplets with less mass are less influenced by gravity compared to 

heavier droplets. Droplet nuclei are sufficiently small to remain suspended in the air for a long time and still be 

infectious. Because they can remain infectious for a long time, they can travel long distances moved forward by 

airflows in the room or in the extract air duct of ventilation systems (Jarek , et al., 2020) (Tang, Li, Eames, Chan, 

& Ridgway, 2006) (Stewart, et al., 2020).  

 

Current research focuses on the long range airborne transmission. Airborne transmission can be described as: 

“The transmission of diseases caused by dissemination of droplet nuclei that remain infectious when suspended 

in air over long distance and time” (Atkinson, et al., 2009). Airborne transmission enables viruses to spread 

efficiently among others, causing outbreaks that are difficult to control (Kutter, Spronken, Fraaij, Fouchier, & 

Herfst, 2018). The transmission of infections is dependent on different variables, such as environmental factors, 

crowding of people and the host factors (receptor distribution throughout the respiratory tract) (Kutter, 

Spronken, Fraaij, Fouchier, & Herfst, 2018).  
 
Dose of airborne pathogens  
Droplets, which can carry viruses, can be generated by expiratory human activities. A susceptible person can get 

infected by breathing a randomly distributed quanta of airborne infection dependent on the duration of the 

exposure. Riley (1982) defined a quanta as the number of infectious airborne particles required to infect a 

person. The quantum emission rate expressed in quanta/h−1 is depended on the viral load, amount of exhaled 

air and the characteristic of the droplets (Riley, 1982). Particles that are emitted can contain a viral load, which 

is the quantity of virus in the emitted air of human respiratory exhalation flow, for example by talking or 

couching. The quantum emission rate can vary in a wide range depending on the virus concentration in the 

mouth, the activity level and the different types of expiration (Buonanno, Stabile, & Morawska, 2020). For 

example, the rate of particle emission during normal human speech is positively correlated with the loudness of 

vocalization (Asadi, et al., 2019). Knowledge of the infectious dose of airborne pathogens can provide a better 

estimation of the number of air changes that is required to reduce the concentration of pathogens in an indoor 

environment (Tang, Li, Eames, Chan, & Ridgway, 2006). 

 

  

Figure 2.2 Illustration of the different transmission routes (Wei & Li, 2016) 
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Controlling transmission  

Several mechanisms exist to control the transmission of infectious diseases. The hierarchy of controls, shown in 

figure 2.3, determine the feasibility and effectiveness of different control solutions. Following this hierarchy 

could lead to inherently safer systems, where the risk of transmission of infectious diseases has been 

substantially reduced. Engineering controls, yellow in figure 2.3, remove the hazard at the source, before it 

comes in contact with people. If this is well designed, it can be highly effective in protecting people and it is 

moreover independent on people’s behaviour. Ventilation and other building services system measures are 

examples of engineering controls. Those system are therefore important to consider in the protection against 

airborne transmission (CDC, 2015) (REHVA, 2020). It should be noted that the interaction of several measures is 

the most efficient way to minimise infection risk, in principle can no measure work on its own (GAeF, 2020). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As stated above, ventilation and other building services system measures are important to consider in the 

protection against airborne transmission. The three key elements of ventilation affecting the airborne 

transmission are ventilation rate, airflow patterns and flow direction (Qian & Zheng, 2018). These three elements 

are further discussed below.  

 
Ventilation rates 
The ventilation rate is the amount of fresh air that is supplied in a room (Atkinson, et al., 2009). A higher 

ventilation rate can lead to a higher dilution capacity. It can effectively reduce the risk of the spread of infections, 

especially for the long range airborne transmission route (Atkinson, et al., 2009) (Morawska, et al., 2020) (Qian 

& Zheng, 2018). The Wells–Riley equation, equation 1, can be used to calculate the probability a infection, which 

can be described as the probability a susceptible person will breathe in one or more quanta (Riley, 1982).  

 

𝑃 =  (1 – 𝑒−𝐼∗𝑞∗𝑝∗𝑡/𝑄) ∗ 100%        [1] 

 Where,  

P = probability of infection       [%] 

I =  number of infectors        [-] 

t = exposure time        [h]  

q = quanta of airborne infection produced per infector per minute  [m3/h]   

p = pulmonary ventilation rate of each susceptible per minute  [quanta/h] 

Q = room ventilation rate with germfree air per minute   [m3/h]  

 

 

  

Figure 2.3 Hierarchy of controls (CDC, 2015) 
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The equation shows the correlation between the probability of the spread and the ventilation rate in a room. 

The Wells-Riley equation can be used to get insight in the infection risk. This equation is only focused on the long 

range airborne transmission. It should be noted that for analysis of an outbreak, this equation can lead to an 

overestimation of quanta due to the neglection of other transmission routes. In addition, the equation is based 

on the assumption of perfect mixed air, making it less suitable for rooms with a high volume, for example 

monumental churches (Loomans, Boerstra, Franchimon, & Wisse, 2020). 

 

In the Netherlands the required ventilation rate in buildings is determined in the Building code. For a living area 

intended for the stay of patients who are permanently or temporarily bound to bed due to their physical or 

mental condition (LTCFs), the minimum ventilation rate per person for the total living area is 13 l/s. For a single 

room of a resident the minimum ventilation per person rate is 10 l/s (Bouwbesluit , 2012). The aim of these 

requirements is to create a comfortable indoor environment and not to reduce the transmission of infectious 

diseases. It is questionable if these requirements are good enough for reducing the infection risk during the 

COVID-19 pandemic or other (future) outbreaks of viruses (Boerstra, Alders, & Franchimon, 2020).  

 

Airflow patterns 

Different ventilation systems cause different airflow patterns. Mixing ventilation and displacement ventilation 

are the two main ventilation principles, which are illustrated in figure 2.4. Displacement ventilation removes, 

with the same amount of air, air contaminant more efficiently compared to mixing ventilation. This results in a 

lower concentration of air contaminant in the room and in the breathing zone. However, this is not necessarily 

the case for aerosols. Because of the stratified layers formed by displacement ventilation, particles may remain 

in the room for a longer time and spread further. Due to thermal stratification, exhaled pollutants can be 

transported over long distances. The concentration will therefore be higher, which is unfavourable (Qian & 

Zheng, 2018) (Loomans, de Leeuw, Middendorf, & Nielsen, 2020). Additionally to the two mentioned ventilation 

principles, a downward ventilation design supplies cooler and heavier clean air from a ceiling diffuser with a low 

velocity. The performance to remove air contaminant of downward ventilation and mixing ventilation are very 

close, due to the interaction between upward plume and the exhaled jet. In addition, the location of the exhausts 

can have an influence in the removal of fine droplet nuclei. In general, upper-level exhausts are more efficient 

than floor-level and near-head exhausts in removing gaseous contaminants due to upward body plumes (Qian & 

Zheng, 2018).  

 

 

 

 

 
  

Figure 2.4 Mixing and displacement ventilation (Loomans M. G., 1998) 
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Personal ventilation (PV) systems  
A PV system delivers fresh air directly to the occupant’s 

breathing zone. It improves the ventilation efficiency for 

individual occupants (Xu & Liu, 2018). There are a lot of 

different applications of PV systems, for example near 

the bed (figure 2.5) or sitting at a desk . 

 

PV systems can offer protection against exposure to 

contaminated air and can be effective against aerosols 

that travel both long and short distances (Stewart, et al., 

2020). PV systems are able to reduce the peak aerosols 

concentration levels, the purging time and the exposure 

level of the person to expiratory droplets (Pantelic, Sze-

To, Tham, Chao, & Khoo, 2009). High levels of risk 

reduction can be achieved with low air ventilation flow 

rates by a PV system, which leads to less electric energy 

usage (Melikov, 2020). 

 

PV systems are especially efficient when the users are bed-bound, the effectiveness will reduce when they are 

more mobile. PV systems can therefore be used most efficiently when people are in fixed positions, for example 

in hospital wards, aircraft cabins, vehicles and theatres (Nielsen, 2009)(Xu & Liu, 2018). Residents of LTCFs are 

not always in a fixed position or bed-bounded, but overall the occupants are not very mobile. A suitable form of 

PV system around the bed of seat can be used to minimize airborne transmission.  

 

Flow direction 

Room air flows are influenced by air movements caused by differences in temperature and moving bodies. 

Temperature differences between rooms can lead to an airflow between two rooms if the door is open. Also 

movements of people in a room play a significant role in disturbing the flow. These disturbed airflows can cause 

transportation of infected air from one place to another. These air movements make the route and suspension 

time of an infectious particle difficult to determine (Tang, Li, Eames, Chan, & Ridgway, 2006).  

 

Room pressure differentials and directional airflows are important for controlling the airflow between zones in 

a building (Stewart, et al., 2020). Properly controlling the airflow direction from clean zones to dirty zones is 

important to prevent the transmission of aerosols between rooms. The risk of transmission of pathogens 

decreases with higher pressure differentials, due to prevention of air mixing. The establishment of directional 

flow between zones can be achieved by pressure differences. A negative pressure can only be maintained when 

doors and windows are closed. The use of an anteroom can minimize the amount of cross-contamination 

(Mousavi, Lautz, Betz, & Grosskopf, 2019) (Qian & Zheng, 2018). However, it is hard to keep windows and doors 

closed in LTCF and maintain pressure differences, because residents live in the building. In addition, it is hard to 

apply restrictions due to the common mental health problems of residents (Siegel, Rhinehart, Jackson, & 

Chiarello, 2007).  

 

The guideline of Centers for Disease Control and Prevention recommend to maintain 2.5 Pa as a negative 

pressure difference between spaces to prevent the spread of infectious agents (CDC, 2003). Other guidelines on 

negative pressure differences between spaces differs in a range from 2.5 to 15 Pa (Qian & Zheng, 2018).   

 

Recirculation 

Recirculation of air is mostly used to control the temperature and to save energy. However, this can lead to the 

transport of aerosols to other spaces that are connected to the same system. Recirculation can potentially 

increase the risk of the transmission of airborne infectious on building level (Morawska, et al., 2020). During the 

COVID-19 pandemic, it is recommended to avoid recirculation between different spaces as a precautionary 

measure for the spread of infections (RIVM, 2020) (Jarek , et al., 2020).  

 

Figure 2.5 Example of bedside PV system (Zhou, Lian, & 
Lan, 2014) 
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Relative humidity and temperature   
The relative humidity and the indoor temperature are important to create a comfort indoor environment for 

residents of LTCFs, who often live there for a long period. Elderly have varying preferences due to different health 

conditions and have a lower tolerance for uncomfortable situations than young people. An uncomfortable indoor 

environment can influence the well-being of the residents (Roelofsen, 2013). Personal comfort regarding the 

thermal environment is influenced by environmental factors (air velocity, relative humidity, air temperature and 

the mean radiant temperature), individual factors (clothes and activity) and other factors (acclimatization, diet, 

body build and health conditions) (Senin & Mydin, 2013).  

 

In addition to the comfort of residents the relative humidity and temperature in buildings is important in the 

viability of viruses (Mousavi, Lautz, Betz, & Grosskopf, 2019). Temperature and humidity affect the lipid envelope 

and protein coat of infectious agents, which affect the period of survival. The temperature and humidity can 

destroy or stabilize organisms (Eames, Tang, Li, & Wilson, 2009). The figures below provide a schematic overview 

of the hypothesized effect of temperature and relative humidity on the viability of viruses. These figures indicate 

that virus half-lives are longer at lower temperatures. The viability of the virus differs above and below the 

efflorescence relative humidity (ERH), above the ERH solutes are concentrated by evaporation (Morris, et al., 

2020).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
The resistance of organisms to environmental factors is not the same for all kinds. Viruses without a lipid 

envelope generally survive longer at higher relative humidity, however lipid-enveloped viruses survive longer in 

lower relative humidity (Tang, Li, Eames, Chan, & Ridgway, 2006). For example, SARS-CoV-2, an enveloped virus, 

is quite resistant to environmental changes. It is only susceptible for high relative humidity and high 

temperatures, those levels would not be acceptable in buildings (Jarek , et al., 2020) (Mecenas, Vallinoto, 

Normando, & Bastos, 2020). It is found that temperature, sunlight and humidity can influence the persistence of 

SARS-CoV-2. Of which mainly the sunlight and temperature have a greater influence on the decay (Dabisch, et 

al., 2021).  

 

The viability of infectious agents can only be controlled by the relative humidity and temperature in a building to 

a certain extent, because the thermal comfort must be taken into account. Especially, in LTCFs because most 

residents are elderly, which have a lower tolerance for uncomfortable situations 

  

Figure 2.6   a. Effect of temperature (27, 22 and 10 oC) and relative humidity (evaporation phase) on 
          duration of virus viability in hours  

    b. Viability of the virus before and after the ERH 
      (Morris, et al., 2020) 

a) b) 
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Filters and air cleaners  
Filtration physically removes particles, including infectious agents, from the air (CDC, 2003) (NIOSH, 2003). The 

efficiency of a filter to remove infectious agents depends on the size of the particles, the type of filter and the 

operating conditions of the system. Consequently, for smaller particles a filter with a higher efficiency is needed 

(NIOSH, 2003). A distinction can be made on filters at the air intake, that filtrate air from outside, and filters in 

the system, that filtrate recirculated air (Jarek , et al., 2020). Often some degree of filtration is presented in a 

recirculation system, but this is normally not designed to effectively remove small (<1 to 2.5 micron) particles. 

However, the small particles play an important role in the airborne transmission route (Loomans, de Leeuw, 

Middendorf, & Nielsen, 2020).  

 
The use of a highly efficient particle air (HEPA) filter in centralized HVAC systems reduces the airborne load of 

infectious particles. At building level, HEPA filters in centrally recirculated air ducts can reduce the cross 

contamination between rooms. HEPA filters have a minimum efficiency of 99.97% for particle sizes of 0.3 to 10 

micron (Stewart, et al., 2020) (Zhang, 2020). What should be mentioned is that HEPA filters can cause air 

resistance in the system. Consequently, this can lead to more energy consumption and costs (VLA, 2019).  

 
Air cleaners can be used as a supplementary measure to further reduce the concentration of a virus in occupied 

spaces. Room air cleaners can remove particles from air effectively and need to have at least a HEPA filter 

efficiency to be effective. It can be considered as a cost effective supplementary measure for rooms where the 

total ventilation airflow rate is insufficient for reducing the airborne particles (Jarek , et al., 2020) (Zhang, 2020). 

Devices that make use of electrostatic filtration principles can also be used to remove particles from the air (Jarek 

, et al., 2020). The Clean Air Delivery Rate (CADR) is an international standard used to indicate the performance 

of air cleaners. It indicates the volume of filtered air at room level by an air cleaner, in addition to the ventilation 

rate of the room. Three different CADRs can be distinguished, based on smoke, pollen or dust removal (AHAM, 

2014). An air cleaner could be used in personal or common rooms of LTCFs as an extra measure to reduce the 

concentration of particles on room level. 

 

Ultraviolet germicidal irradiation (UVGI) systems have been used to kill airborne infectious agents in healthcare 

facilities and other venues for many years (Persily, et al., 2007). The entire ultraviolet (UV) spectrum, especially 

UV-C energy, can kill or inactivate microorganisms. Modern UVGI lamps create UV-C energy around the optimal 

wavelength (254 nm). UVGI inactivates microorganisms by damaging the structure of nucleic acids and proteins 

(Stewart, et al., 2020). Special UV cleaning equipment installed for the supply air or room air treatment is also 

effective for killing bacteria and viruses (Jarek , et al., 2020). These devices are generally installed in the upper 

portion of a room with shielding or in ductwork to protect the occupants. In addition, these devices are 

associated with electrical energy consumption and they require some level of maintenance to keep them 

effectively operating (Persily, et al., 2007). These drawbacks, especially the fact that occupants need to be 

shielded for UV radiation, makes this improvement not very applicable for the use in LTCFs. This is less a problem 

when the technique of UV-C is installed in air handling systems or in local air cleaners (Franchimon, 2020).  

 

It should be noted that filtration and air cleaning affect only air that passes through the filtration or air-cleaning 

device (NIOSH, 2003). In addition, proper filter installation and maintenance can help in reducing the risk of 

airborne transmission (Dietz, et al., 2020).  
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Current situation LTCF  

In this chapter the current situation in LTCFs is described based on four interviews and two visits. The current 

situation is described by the following aspects: building specifications, infectious diseases and residents. Below 

the main finding are provided, in appendix II an overview is provided of the findings per interview and per visit. 

 

LTCF building specifications  

The building and ventilation characteristics differs per LTCF, even by different locations of the same organization. 

In the research of te Kulve (2013) “Indoor air in long term care facilities and spread of infectious diseases.” 

different building and ventilation characteristics of LTCFs were investigated. This research also showed that there 

are differences in building year, building type, ventilation systems and control of the systems between LTFCs. 

 

Infectious diseases in LTCFs 

The interviews showed that transmission of airborne aerosols is not yet considered as an important aspect in the 

choice of a ventilation system. The expectation is that this importance will increase due to the COVID-19 

pandemic. Additional measures, to reduce the spread of infectious diseases, like UV filtration of air disinfection 

are not yet used in LTCFs.  

 

During the COVID-19 pandemic the recommendations of the Dutch Institute for Health and Environment were 

followed, such as keeping 1.5m distance and wearing face masks. However, no further adjustments were made 

to the settings and maintenance of the ventilation. Only, cohort sections were created during the COVID-19  

pandemic to isolate infected residents from other residents to prevent further spread of the infection.  

 

It is not clear which aspects played a role in the spread of the infection by outbreaks in LTCFs. Even so, it is not 

yet determined to what extent ventilation systems play a role. So far there is no relation found in the number of 

infected residents per location and the building or ventilation characteristics. 

 

Residents of LCTFs  

It is hard to create building and ventilation systems optimized in reducing the transmission of infections in LTCFs 

due to the fact that residents often have a cognitive disorders, such as dementia. For example, it is not always 

possible to open windows and doors to supply fresh air for the safety of the residents, especially in closed 

departments. Moreover, not all residents understand the need of adjustments during the pandemic due to 

cognitive disorders. Also the comfort of the resident is very important and should not be deteriorated. There 

should be a balance between a comfortable living situation for the residents and the aim of reducing the spread 

of infectious diseases. In addition to the resident related aspects, energy efficiency and cost are also seen as 

important aspects in building and ventilation characteristics of LTCFs.  
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2.3 Discussion 
The role of ventilation in the transmission of infectious agents cannot be neglected. The relationship between 

ventilation plus air movements in buildings and the spread of infectious diseases has been shown before, 

however the exact contribution of ventilation to the spread of infections remains unclear. Overall, combining 

different measures is the best way to minimise the risk of infections. Engineering controls, including sufficient 

and effective ventilation, targeting airborne transmission should be considered in the overall strategy to limit the 

spread of infections indoor.  

 

Interviews and visits made clear that during the COVID-19 pandemic no changes are made to the ventilation 
systems and settings in LTFCs. It is stated that there are differences in the building and ventilation characteristics 
of LTCFs. This information obtained about the current situation in LTCFs is based on the experience, knowledge 
and interpretation of the interviewees. The information is an indication, it’s generalizability is thereby 
questionable. However, the findings of the interviews and visits were in line with the literature review. Both the 
interviews as the literature emphasize the importance of the comfort of the residents and the uncertainty about 
the role of ventilation in the spread of infections.  
 

Further research  

The suitable combination of measures to reduce the risk of airborne transmission should be composed per LTCF 

based on the specific characteristics of the building. The type/possibilities of the existing ventilation and building 

services systems and the mobility plus restrictions of the residents should be considered. This is less important 

for mobile improvements, such as air cleaners and PV systems, which are applicable for all LTCF settings.  
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2.4 Conclusion  
Respiratory infectious diseases can spread efficiently among others by the short and long range airborne 

transmission route in addition to the direct route. In this research the short range and direct route are not taken 

into consideration. In the long range airborne route droplets can be small enough to be suspended in the air for 

a long time and remain infectious. They can travel long distance carried by airflows in the room. This form of 

transmission may occur in LTCFs which can cause cross infections between residents. It is not always clear if a 

resident is infected, which makes it harder to prevent the spread. It should be noted that uncertainties regarding 

the relative contribution of the different transmission routes per virus still remain. The transmission and 

survivability of pathogens can be influenced by environmental factors in a building. This indicates that ventilation 

and other building services system measures are important to consider in the protection against airborne 

transmission. 

 

The transmission of airborne aerosols does not yet play an important role in the choice of a ventilation system 

in LTCFs. The expectation is that the importance of this will increase due to the COVID-19 pandemic. Different 

improvements can lead to a reduction of the risk of airborne aerosols transmission. The table below provides an 

overview of the different improvements found by the literature study. 

 
Table 2.1 Improvements to reduce the transmission of aerosols in LTCFs based on the literature study  – phase 1  

Aspect Improvements Points of attention in LTCFs 

Viability of viruses Temperature Comfort of the residents 

Humidity 

Filtering air Filter in ventilation system  Resistance of the filter can influence the 

needed ventilation flow rate 

(Mobile) air cleaners  

UV-C radiation Should be installed properly, because UV-C 

radiation can be harmful for humans 

Dilution infected air A higher ventilation rate Comfort of the residents 

PV system Mobility of residents can reduce the 

effectiveness of a PC system 

 

Airflow Pressure/temperature differentials 

between rooms/zones 

Moveability of residents can influence the 

air flow, for example by opening windows 

and doors Air flow direction in room – patterns 

Building systems  Avoiding recirculation  Normally used to control temperature and 

to save energy 

 

When implementing measures it is important to consider the thermal environment, safety and living situation of 

the residents. In addition, the energy efficiency and costs of the improvements should be taken into account.  

 

There are differences between the building and ventilation characteristics of LTCFs. Hence, the suitable 

combination of measures to reduce the risk of airborne transmission should be composed per LTCF based on the 

specific characteristics of the building.  
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3. Exploring potential improvements  
The results of the literature study and the inventory of the current situation showed that currently little is done 

to the building and ventilation characteristics to reduce the spread of infections in LTCFs. Different improvements 

were mentioned which can be implemented in LTCFs, however this list is limited. An expert meeting was held to 

extent this list of improvements. The goal of this phase is to come to new and creative improvements based on 

the knowledge of experts.  

 

3.1 Method 
An expert meeting was organized to gain insight in the important aspects and potential improvements 

concerning reducing the risk of spreading infectious diseases in LTCFs according experts. The expert meeting took 

place online, at 11 November 2020, using Microsoft Teams.  

 
Ten experts with different backgrounds related to the subject (technical or medical) participated. The table below 
provides an overview of the background of the participants. The description of the function is based on their own 
introduction during the expert meeting.  
 
Table 3.1 Participants of the expert meeting 

 Function Additional information  

1. Specialist in geriatric medicines and head of advanced 
training to become specialist in geriatric medicine 

 

2. Retired occupational hygienist Currently active in a workgroup of a 
professional association focusing on 
biological agents 

3. Professor Background in ventilation and indoor 
environment 

4. Director of consultancy company indoor environment and 
feelgood building consultant 

 

5. Project manager focussing on pharma, healthcare, high-
tech and food by building system company 

 

6. Energy management consultant by building system 
company 

 

7. Advisor indoor environment by consultancy company 
indoor environment 

 

8. Building system and safety consultant LTCF  

9. Building system consultant Expert panel COVID-19 

10. Indoor environment consultant focusing on healthcare, 

energy, logistics and air quality 

Expert panel COVID-19 

 

The expert meeting consisted of three parts: perception, out of the box and brainstorming. The goal of these 

three parts are described in table 3.2. Appendix III provides a more extensive overview of the setup of the expert 

meeting, where also the duration per part and used tools are described.  
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Table 3.2 Setup of the expert meeting 

Setup expert meeting 

Part Goal 

Perception Generate a list of important aspects considering the indoor climate and the spread of 

infectious diseases that should be taken into consideration when implementing 

improvements to prevent the spread of infectious agents in LTCFs.  

Out of the box Let the participants think about an ideal solution to prevent the spread of infectious 

diseases without any restriction (on technology, costs etc.) 

Brainstorming Compose a list of potential improvements to prevent the spread of infectious diseases for 

the following scenarios: 

1. A new LTCF building 

2. A resident receives two visitors during the COVID-19 pandemic 

3. A resident is infected   

 
The expert meeting started with the following three questions: 

• What do you consider as important for the indoor climate in LTCFs? 

• What aspects do you consider in the spread of biological agents that can lead to infectious diseases in 

LTCFs? 

• Which building and ventilation-related aspects do you think are important in the spread of biological 

agents that can lead to infectious diseases in LTCFs? 

The given answers were visible to all the participants and could be used as input for the next parts.  
 
Secondly, the participants were asked to think about an ideal solution. The following question was asked: 

• How do you envision the ideal solution against the spread (airborne) of biological agents that can lead 

to infectious diseases in buildings when there are no restrictions (on technology, costs, etc.)? 

The participants had 5 minutes to answer this question.  
 
Thirdly, the technique of brainstorming was used to come to potential improvements for LTCFs and to extent the 
list found by phase 1. The participants were divided in three groups of 3 or 4 people. Brainstorming is a group 
problem-solving technique that involves the spontaneous contribution of ideas from all members of a group. It 
can create an environment where participants can come up with improvements without restrictions to creativity 
and imagination based on a multidisciplinary view (Besant, 2016). The three different scenarios summed up in 
table 3,1 are compiled to come to a diverse number of improvements considering new and existing building of 
LTCFs.  
 
A test meeting was organized with five students from different disciplines on October 8, 2020. The purpose of 

this test meeting was to verify the setup, to avoid technical issues and to make sure the correct data was 

collected. The test expert meeting revealed some technical issues in Microsoft Teams, which were solved before 

the start of the expert meeting. The participants of the test meeting indicated that they were not aware of the 

background of the other participants. An introduction was included in the expert meeting, because the 

participants mentioned that this would be helpful during the brainstorm session. The findings of the test expert 

meeting are provided in appendix V.  
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3.2 Results  
In this chapter the main findings of the expert meeting are provided. Appendix V contains an overview of the 

exact answers given by the participants. 

 

The aspects that are regarded as important by the experts concerning the indoor environment are shown in the 

Word Cloud below.  

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 

 

The aspects mentioned in figure 3.1, should be taken into consideration when designing and implementing 

improvements in LTCFs. Improvements should not influence these aspects too much, because this can hinder the 

residents.  

 
The results of the expert meeting showed that, according the experts, the most important aspects considering 

the spread of infectious diseases can be categorized in the following groups: hygiene, cleanability, ventilation, 

contact/visitors, design of the building and direct contact to surfaces. In addition, the aspects related to building 

and ventilations are reviewed, which are mentioned in the figure below. The most frequently mentioned aspects 

are related to (fresh) air supply and ventilation. Also the design and layout of the spaces are considered as 

important aspects.  

Figure 3.1 Important aspects indoor environment LTCF  
   The larger in size and lighter in colour the aspects are displayed, the more often this aspect was  
   Mentioned during the expert meeting  

Figure 3.2 Building and ventilation-related aspects considered as important in the spread of infections  
The size of the boxes in which the aspects are listed are in line with the number of times this aspect is mentioned 
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According to the experts is in an ideal solution a spacious design the starting point to counteract the spread of 
infectious diseases, where distance can be maintained and rooms and building parts can be easily separated. In 
addition, the air that is supplied in the room should be particle free. Various manners were mentioned to achieve 
this, for example by treating supplied air and increasing the ventilation rates. 
 
The experts brainstormed about possible improvements to prevent the spread of infectious diseases. The 
findings are listed in the table below.  
 
Table 3.3 Potential improvements mentioned during the brainstorm session 

Aspect Improvement Objective  

Cleanability  Cleanability on all building levels 

and building systems 

Prevent infectious agents to spread in the 

building 

Dilution infected air PV system Supply fresh air in specific area 

Design  Spacious design Possibility to maintain distance between 

residents and to isolate infected residents Zoning 

Cohort section 

Airflow Pressure/temperature differentials 

between rooms or zones 

Prevent the spread of infectious agents across 

different rooms  

Air flow direction and patterns in 

rooms 

Avoid air flowing from possible contamination 

source to residents 

Building systems  Avoiding recirculation (building 

level) 

Prevent the spread of infectious agents across 

different rooms 

 

The most important places in transmission of infectious agents are common rooms, for example living rooms, 
meeting halls or coffee rooms. This applies to the common areas for residents and staff. In these rooms, 
interaction takes place between the residents, staff or visitors, which can potentially be contagious. Special 
attention should be given to these room in the prevention of the spread of infectious diseases. 
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3.3 Discussion 
The previous phase, inventory existing improvements and current situation, resulted in improvements 

concerning filtering the air, the viability of the viruses, dilution of the infected air, airflow and building system. 

These improvements were also mentioned several times in this phase, the expert meeting. The findings of the 

expert meeting was therefore in line with the previous findings by the literature study and interviews. In addition, 

the expert meeting enriched the list of improvements with two additional categories: design and cleanability. 

The comfort and safety of the residents were mentioned both in the previous phase and the expert meeting.  

 

The information in this chapter is obtained by the expert meeting. A test expert meeting was conducted to 

increase the face validity of this measurement tool. The test expert meeting was held with five students to verify 

the setup, to avoid technical issues and to make sure the correct data is collected. On the basis of this test expert 

meeting a part is added in which the participants can introduce themselves and technical issues were dissolved. 

 

The participants of the expert meeting were selected by their background in the ventilation technique or LTCF. 

Both technical and medical experts participated, but the majority of the experts had a technical background. On 

the one hand this ensured that the possible improvements mentioned in the brainstorm sessions automatically 

were focused on the building and ventilation systems. On the other hand, this caused that the medical side was 

slightly underrepresented. For example, including healthcare workers, such as nurses, as experts could have led 

to more insight in the workability of the improvements. 

 

Further research  

In this phase, insight was gained in what people in the work field/experts consider to be important aspects and 

potential improvements concerning the spread of infectious diseases in LTCFs. The point of view of the residents, 

who will make use of the improvements, is not further investigated in this research. As mentioned before, the 

safety and comfort of the residents is important to create improvements that can be applied in practice. Further 

research could use the information found about the different improvements in this research and investigate the 

point of view of the residents on the workability and comfort. 
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3.4 Conclusion 
Ventilation and building characteristics have an important role in the spread of infectious diseases and can be 

used to reduce the probability of this spread. Additionally, it is important that other factors (acoustics, light, 

safety, aesthetics etc.) that influence the indoor environment are not neglected while implementing 

improvements, because this can influence the comfort and health of the residents.  

 

Based on the findings of this research, seven aspects have been defined in the control of the spread of infectious 

diseases focussing on viability of viruses, cleanability, filtering air, dilution infected air, design and building 

systems. The table below shows an overview of the aspects and corresponding improvements.  

 
Table 3.4 Building and ventilation improvements to reduce the transmission of aerosols in LTCFs – phase 1 + 2 

Aspect Improvements Points of attention Information 

gained by  

Viability of 

viruses 

Temperature Comfort of the residents Literature study  

Humidity  

Cleanability  Cleanability on all 

building levels and 

building system 

Prevent infectious agents to spread in the 

building 

Expert meeting 

Filtering air Filter in ventilation  Resistance of the filter can influence the 

needed ventilation flow rate 

Literature study  

(Mobile) air cleaners  

UV-C radiation Should be installed properly, because UV-C 

radiation can be harmful for humans 

Dilution 

infected air 

Opening window Comfort of the residents Literature study + 

expert meeting A higher ventilation 

rate 

PV system Mobility of residents can reduce the 

effectiveness of a PC system 

Design  Spacious design Should be considered during the design phase 

and is harder to implement later 

Expert meeting 

Zoning 

Cohort section 

Building 

systems 

Avoiding 

recirculation  

Normally used to control temperature and to 

save energy 

Literature study + 

expert meeting 

 

The expert meeting showed that the common rooms should get special attention in preventing the spread of 

infectious diseases. In the common rooms, residents interact with other residents and visitors, which increase 

the risk of airborne transmission. Improvements focussing on the common rooms and interaction with residents 

and visitors can lead to the most effective short-term results for reducing the transmission.  

 

The results of phase 1 and 2 showed that a suitable improvement is different per LTCF due to the differences in 
building and ventilation characteristics. In addition, improvements in the common rooms, where residents and 
visitors interact, can lead to the most effective and short-term results in reducing the transmission. In the next 
phase the performance of a PV system to reduce the spread of infection is investigated as it focuses on the 
interaction of residents and is independent of existing building and ventilation characteristics of a building. 
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4. Performance of improvement (PV system)  
Different improvements to reduce the spread of infectious diseases in LTCFs were mentioned in this research. 

The suitable measures should be composed per LTCF based on the specific characteristics of the building. The 

results showed that improvements in the common rooms, where residents and visitors interact, can lead to the 

most effective and short-term results in reducing the transmission. This chapter analyses the performance of a 

PV system, as it focuses on the interaction of residents and is independent of existing building and ventilation 

characteristics of a building. The goal of a PV system is to reduce the amount of particles in the breathing zone 

of the residents. This potential improvement is focusing on the prevention of the spread of airborne particles.  

 
An experiment was conducted to investigate the performance of a PV system to reduce the concentration of 

particles in the breathing zone of a resident. To examine this, the following research questions is answered:  

“Is a PV system an effective measure to reduce the exposure to airborne (infectious)particles around the 

breathing zone of the person who is exposed to the PV system?”  

 
To answer this question, it is divided in the following six sub questions: 

1. What is the effect of the distance between the PV system and the breathing zone on the particles 
concentration? 

2. What is the effect of the angle of the supply head to the particles concentration? 
3. What is the performance of the PV system in a dynamic setting? 
4. What is the performance of the PV system for the short range route? 
5. What is the effect of a different supply head with a larger supply area to the performance of the PV 

system? 
6. What is the Clean Air Delivery Rate (CADR) of the system? 

 

The results from the previous phases showed that a PV system can reduce the peak aerosol concentration levels 
and that it can be effective against aerosols that travel both long and short distances. A PV system is especially 
efficient when the users are in a fixed position. The hypothesis was that the PV system reduce the amount of 
particles in the breathing zone, but performs less in a dynamic situation.  
 
 

4.1 Method 
The measurements took place from January 27 till February 23, 2021. The experiment was performed in a climate 

chamber located at the building physics laboratory at Eindhoven University of Technology. The chamber was 

equipped with a mixing ventilation system. Figure 4.1 indicate the dimensions of the climate chamber and the 

location of the ventilation grills. The ventilation flow rate of the room was set to 180-190 m3/h, which resulted 

in air changes per hour (ACH) of 3.7.  

  
Figure 4.1 Climate chamber located at the building physics laboratory at the Eindhoven University of Technology 
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Setting 

The purpose of the PV system is to protect residents of LTCFs for airborne infectious particles in the breathing 

zone. A resident was mimicked by a cardboard box with the dimensions of 0.41 m (long) by 0.41 m (width) by 

0.60 m (high). A heat source was located in the box, which had a heat production of 100 W. This is in line with 

the heat production of a seated adult man (CIBSE, 2006). The box was located in an office chair. The sitting area 

of the chair was positioned on a height of 0.62 m, which makes the total height of the chair including the box 

was 1.30 m. The breathing zone in a human face is located 2/3 of the length of a face (0.18 m) below the top of 

the forehead. (Kaya, Türk, Cankaya, Seyhun, & Coskun, 2019). Therefore, the breathing zone was located at the 

middle of the width of the box, 0.12 m below the top of the box. The mimicked resident was located behind a 

table with the dimensions 1.60 m (long) by 0.8 m (width) by 0.79 m (high) and was located exactly in the middle 

of the room. The setting is showed in the pictures below.  

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 

Particle diffuser  

A particle diffuser (U7145 -Ultrasonic Humidifier U7147 BONECO) was used to mimic the droplet generation of 

an infected person. To make the diffused particles comparable to saliva, they were generated from a mixture of 

water and oil (1:40, oil:water). The particle diffuser was located in the middle of the wall where the inlet grill of 

the room ventilation is located (figure 4.1). The particle diffuser diffused particles with a velocity between 1.7 to 

2.2 m/s, measured using a Testometer 425. An fan, with a diameter of 0.35 m and velocity of 1.4 m/s, was located 

near the particle diffuser to spread the particles more equally over the room.  

 

Respiratory droplets that are emitted by a person 

speaking loudly have a diameter of 0.25 to 18 micron, 

with most particles 1 to 6 micron in diameter (Duguid, 

1946). To gain insight in the sizes of the diffused 

particles, a particle counter (Lighthouse Handheld 

3016-IAQ) was located 4 cm for the exhaust of the 

particle diffuser. The results are shown in figure 4.3 

and shows that the particles diffused by the particle 

diffuser are comparable to that of a person speaking 

loudly.  

a) b) 

Figure 4.2 a) Mimicked resident by carboard box located in an office chair  

b) Front view cardboard box, where   indicates the location of the breathing zone 
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Figure 4.3 Particle size distribution the particle diffuser 
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PV system 

The PV system was manufactured using a supply head connected to a fan, figure 4.4. The supplied air was 

recirculated and filtered room air. A HEPA filter (Dyson HEPA Filter DC04, DC05, DC08, DC19) was used to filter 

the recirculated air and was located in the duct 10 cm before the exhaust of the supply head. The supply head 

was a circular exhaust with an area of 48.5 cm2. The air velocity at the exhaust of the PV system was measured 

using a Testo 425 thermic anemometer, which was used to determine the ventilation flow rate. This resulted in 

a ventilation flow rate of  65 m3/h. Appendix VI provides an description of the determination of the ventilation 

flow rate.  

 

Two Portable Aerosol Spectrometers MODEL 11-D were used to measure whether the PV system supplied clean 

air. One spectrometer was located against the supply grill of the PV system, while the other spectrometer was 

located in the room. The particle diffuser was turned on and the particles concentration in both locations was 

measured for 15 minutes. The results (figure 4.5) show that approximately 0.57% (mean) of the amount of 

particles at the exhaust was measured compared to the particles in the room. 

Measurement equipment 
Table 4.1 provides an overview of the measurement equipment that is used. Seven Air Visuals were used to 

measure the particle concentration. The Air Visuals were calibrated using a Portable Aerosol Spectrometer 

MODEL 11-D GRIMM. Information about the calibration and specific specifications per measurement equipment 

is provided in appendix VI. 

 
Table 4.1 Specification of measurement equipment 

 Variable  Type sensor  Output Calibrated  

Particle 

concentration  

1_room, 2_room, 3_ 

room, 4_room, BZ_9, 

BZ_27, particlediff 

IQAir AirVisual (PM2.5) ug/m3 No 

PASBZ, PASR Portable Aerosol Spectrometer 

MODEL 11-D GRIMM 

ug/m3 Yes 

LH Lighthouse Handheld 3016-IAQ ug/m3 Yes 

Air velocity  

vr, vbz, vf Velocity 

SensoAnemo 5150NSF 

m/s Yes 

Air velocity  Testo 425 thermic anemometer m/s Yes 

Temperature  Tsh, Tsb, Tbz Tr, Tf Temperature  

Interchangeable NTC thermistor 2154 

oC Yes 

 

Figure 4.4  Set up of the PV system  Figure 4.5 Concentration particles at the exhaust of the PV system and in the room 
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Four Air Visuals were located in different location in the room to measure the particle concentration on room 

level. Two Air Visuals were located 9 cm (BZ_9) and 27 cm (BZ_27) from the breathing zone. In addition, one Air 

Visual was located near the particle diffuser, where the particles were diffused on a height of 52 cm. Figure 4.6 

provides an overview of the location of all the measurement equipment used during the experiment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To gain insight in the distribution of the particles, the reliability of the measurement equipment and the 

background concentration the particle concentration was measured without the PV system, the begin situation. 

Figure 4.7 shows the particle distribution in the begin situation per Air Visual over time.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

An one sided paired sample T-test was conducted using IBM SPSS Statistics 25 to see whether there was a 

significant difference between the particle concentration measured at the different locations. The measured 

concentration of 1_room was used as reference, because this Air Visual measured the most average 

concentrations compared to the other locations. 

 

Null hypothesis: There is no significant difference between the results of the two different measurements.  

When the p-value <0.05 the null hypothesis was rejected. A confidence interval of 95% was used.  

 

The results show that there was a significant difference in the particle concentration measured at the different 

locations of the Air Visuals. This indicates that the particles were not equally distributed in the room in the begin 

situation. The highest deviations (36% and 83%) were measured by Air Visual room_2, therefore this Air Visual 

was taken out of consideration. The deviations of the Air Visuals, without taken Air Visual room_2 into account, 

varied from 0% to 30%. 

  

Figure 4.71 Particle distribution per monitor in the begin situation 
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Performance indicators 
The ratio between the particle concentration on room level and breathing zone, calculated by formula 2, was 
used as measure to identify the performance of the PV system.  

𝑅𝑎𝑡𝑖𝑜 =  
𝐶𝑏𝑧

𝐶𝑟
          [2] 

Where,   

Cbz= average particle concentration breathing zone     [µg/m3] 

Cr= average particle concentration room      [µg/m3] 

Result ratio: 

1, the concentration of particles at breathing zone is the same as the amount mixed in the room  

<1, the concentration of particles at breathing zone is lower than the amount mixed in the room.  

 

The ratio was calculated using the average concentration of all the measurement points (every 10 seconds) of a 

measurement set. In addition, the ratio per measurement point was used to calculate the standard deviation. 

The table below shows the ratios in the begin situation, without the PV system. 

 
Table 4.2 Ratio of particle concentration between the room and breathing zone in the begin situation 

 

 

 

 

 
 

 

The results of the other measurements were adapted to the results of the begin situation. The ratios of the begin 

situation were considered as a reference value 1, which indicate that the concentration of the particles at the 

breathing zone is the same as the amount mixed in the room.  

 

Probability of infection 

The Wells-Riley equation was used to calculate the probability of infection (formula 3). 

𝑃 =  (1 – 𝑒−𝐼∗𝑞∗𝑝∗𝑡/𝑄) ∗ 100%        [3] 

 Where,  

P = probability of infection       [%] 

I =  number of infectors        [-] 

t = exposure time        [h]  

q = quanta of airborne infection produced per infector    [m3/h]   

p = pulmonary ventilation rate of each susceptible     [quanta/h] 

Q = room ventilation rate with germfree air per minute   [m3/h]  

 

The ventilation rate was calculated using the reference situation, formula 4.  

𝑄2 =  
(𝑄1∗𝑟1)

𝑟2
          [4] 

 Where. 

Q2= calculated ventilation rate in the situation    [m3/h]  

Q1 = the ventilation rate of the room, 185 m3/h    [m3/h] 

  r1 = reference ratio, 1        [-] 

r2 = ratio in the situation       [-] 

 

  

Begin situation 

Ratio 9 cm from the breathing zone   0.98 

27 cm from the breathing zone 1.24 

Standard deviation 
9 cm from the breathing zone   0.03 

27 cm from the breathing zone 0.09 
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The probability of infection was calculated for three different scenarios, which are described in the table below.  

 
Table 4.3 Parameters per scenario for the probability of infection 
* (Buonanno, Stabile, & Morawska, 2020) 

Scenarios  Number of 

infectors 

Time Airborne infection 

produced per 

infector* 

Pulmonary 

ventilation rate* 

[-] [h] [quanta]  [m3/h] 

One visitor enters the room and talks 

slowly 75% of the time for one hour and 

the receiver is in a rest position.  

1 1 52.5 0.5 

One visitor enters the room and talks 

slowly 75% of the time for three hours 

and the receiver is in a rest position. 

1 3 157.5 0.5 

One visitor enters the room and sings 

75% of the time for one hour and the 

receiver is in a rest position. 

1 1 337.5 0.5 

 

The values that were used in the equation are based on a super spreader. What should be noted is that the final 

values for the production of airborne infection per infector is still under discussion (Buonanno, Stabile, & 

Morawska, 2020). 

 

Statistical analysis 

A statistical analysis was performed using IBM SPSS Statistics to see whether the results are statically significant. 

The following tests were conducted: 

- Paired sample T-test  

A paired sample T-test was conducted to see whether there is a significant difference between the ratio 

of the two different measurements that were done per situation .  

Null hypothesis: There is no significant difference between the results of the two different 

measurements.  

- One sample T-test 

An one sample T-test was conducted between the ratio compared to the reference value of 1 (begin 

situation). In the case of the dynamic situation the begin situation is considered as dist_0.48, which has 

the same setup up.  

Null hypothesis: There is no significant difference between the measured ratio and the ratio of the begin 

situation (ratio=1). 

When the p-value <0.05 the null hypothesis was rejected. A confidence interval of 95% is used.  

 

Comfort parameters 

Measurement equipment for the comfort was located near the forehead, in the breathing zone and in the room. 

The measurement equipment for the forehead (vf and Tf) was located at the middle of the cardboard box, 3.5 

cm above the edge with a distance of 4 cm in depth. The equipment to measure the air velocity and temperature 

in the breathing zone (vbz and Tbz) was located at the exact middle of the width of the box, 15 cm from the top of 

the box (height from ground: 116.5 cm) and 3 cm away from the box. In addition, the measurement equipment 

for the comfort on room level was located in the middle of the room (room equipment in figure 4.6). 

 

The temperature of the forehead (Tf) and breathing zone (Tbz) were measured with an Interchangeable NTC 

thermistor. The surface temperature of the mimicked resident was measured with the same equipment, but 

isolated with duct tape. This was measured at two different spots: in the middle 1 cm below the top of the box 

and 1 cm above the bottom of the box.  
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The velocities near the breathing zone, forehead and in the room were measured with a SensoAnemo meter. 

The draught rate (DR) was calculated to predict the percentage of people who are dissatisfied as a result of  

draught, based on the ISO 7730 standard. The equation, described below, is based on people at light mainly 

sedentary activity with an overall thermal sensation close to neutral (NEN, 2005).  

𝐷𝑅 = (34 − 𝑇𝑟)(𝑣𝑏𝑧 − 0.35)0.62(37 ∗ 𝑆𝐷 + 3.14)      [5] 

Where, 

DR = draught rate        [%] 

Tr = room temperature        [°C] 

Vbz = air velocity breathing zone       [m/s] 

SD  = standard deviation of air velocity      [m/s] 

 

Three different comfort levels can be distinguished based on the ISO 7730 standard. The three different levels 

are provided in the table below. 

 

Table 4.4 Quality levels based on the draught rate according ISO 7730 (NEN, 2005) 

Quality level  Draught rate [%] 

A High  >10 

B Average >20 

C Moderate >30 

 

A fixed protocol, described in the table below, was followed before, during and after a measurement. Every 

measurement was done twice to increase the reliability and test the reproducibility of the experiment. 

  

Table 4.5 Protocol before, during and after the measurements 

Measurement protocol 

Before the start of the measurement 

Check whether equipment was in operation: 

- Heat source in cardboard box 
- Lights in room  
- Measuring equipment: Air Visuals, (particle counters), temperature and velocity equipment 

  x Air Visuals measure low particle concentration (Air Visuals max 50 ug/m3) 
- Room ventilation  

 
50 minutes (based on ACH to reach a stationary situation) before the measurement: 

- Turning on particle diffuser 
- Turning on PV system 
- Turning on extra fan (only in dynamic situation) 
- Closing room  

During the measurement (10 minutes) 

- Logging Air Visuals (and particle counters) 
- Logging temperature and velocity parameters 

After the measurement 

- Set off particle diffuser  
- Set off PV system  
- Open door 
- Briefly check the results if logged correctly and unexpected/ inexplicable values, if this was the 

case it was decided whether the measurement should be repeated 
- Waited at least 30 minutes to start new measurement 
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The following five different aspects were measured to gain insight in their effect on the performance of the PV 

system: the distance of the PV system to the breathing zone, the angle of the supply head, a dynamic situation, 

the short range route and the area of the supply head. The method used during the measurements are described 

per aspect.  

 
 
Distance of the PV system to the breathing zone 

 

Different distances of the PV system to the breathing zone were 

measured to gain insight in its effect on the performance. Figure 4.8 

and table 4.6 provides the specification of the three different 

measurements that were done. These measurement were done 

with the angle of the supply head set at 30o (angel_30). 

 

 Table 4.6 Measurements distances 

 
 

 

 = breathing zone 

 = sloping distance, bottom of the PV system to the breathing zone  

 = horizontal distance, bottom of the PV system to the top of the box 

 = height of bottom of the PC system to the table 

 

Angle of the supply head 

Three different angles of the supply head of the PV system were 

measured to gain insight in its effect on the performance Figure 4.9 

and table 4.7 provides the specification of the three different 

measurements that were done. The horizontal line was measured 

with a spirit level. These measurements were done with a distance 

between the breathing zone and supply head of 0.48 m (dist_0.48). 

 

 Table 4.71 Measurements angles 

 

 

 

  

 

  

 = the slope and angle of the supply head 

 = horizontal line (angle 00) 

 = vertical line (angle 900) 

 

 

  

Measurement Sloping  

[m] 

Horizontal 

[m]  

Height  

[m] 

Dist_0.38 0.38 0.32 0.57 

Dist_0.48 0.48 0.39 0.67 

Dist_0.58 0.58 0.41 0.77 

Measurement Angle  

[o] 

Angle_30 30 

Angle_40 40 

Angle_50 50 

Figure 4.8 Distances changed in the set up 

Figure 4.9 Angle changes in the set up 
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Dynamic situation  

The performance of the PV system was measured in a dynamic situation, an extra air flow was generated in the 

room by a fan (table fan, Fuave FV1010). The fan was located in three different locations, which are shown in the 

figure below. Due to the construction, the fan could not be located exactly in front of the mimicked resident.  

 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Measurements were done with two different settings, which lead to different air velocities. The air velocity of 
the two settings of the fan were measured with a Testometer 425 and resulted in: 

- setting 1 : 2.8 to 3.2 m/s  

- setting 2 : 3.5 to 4.0 m/s. 

The setting of the PV system was the same as in dist_0.48, 0.48 m distance of the supply head to the breathing 

zone with an angle of 30o. The four different measurement that were done are showed in the table below.  
Table 4.8 Measurements dynamic setting 

 

 
 
 
 
 
 

The comfort parameters of the extra air flow was measured without the PV system in the room and breathing 

zone to gain insight in the velocities created by the fan. These results of the comfort measurement and 

specifications of the fan are provided in appendix VI. 

 
Short range route 
In the previous measurements, the focus was on the transmission of the long range airborne route. Additionally, 

the performance of the PV system was measured in a situation where the short range route was dominant. In 

the short range route, not only the small droplets enter the breathing zone but also the larger droplets. The 

setting of the PV system during these measurements was the same as in dist_0.48, 0.48 m distance of the supply 

head to the breathing zone with an angle of 30o. The particle diffuser was located in two different locations, 

indicated in figure 4.11, with a height of 1.19 m.  

 

  

Measurement Position Setting 

Dynamic_1-2 1 2 

Dynamic_2-2 2 2 

Dynamic_2-1 2 1 

Dynamic_3-1 3 1 

Figure 4.10 Location fan in dynamic situation 
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The particle concentration in the breathing zone was measured with and without the PV system. These results 
were used to calculate the ratio, formula 6. The particle concentration on room level were not considered during 
these measurements. The measurements that were done are provided in table 4.9.  

𝑅𝑎𝑡𝑖𝑜 =  
𝐶𝑤𝑖𝑡ℎ

𝐶𝑤𝑖𝑡ℎ𝑜𝑢𝑡
          [6] 

Where,   

Cwith= average particle concentration with PV system   [µg/m3] 

Cwithout= average particle concentration without PV system   [µg/m3] 

 

 
  Table 4.92 Measurements short range route 

 

 
 

 
 
 
 
 

 
 
 
 

 

Supply head  

Two different supply heads (figure 4.12) were tested to investigate whether a larger supply area influences the 
performance of a PV system.  
 
Supply head 1 
The first supply head was a circular exhaust with an area of 48.5 cm2. This supply head was tested with a 

ventilation flow rate of 65 m3/h. This is the original supply head and was also used in the previous measurements.  

 

Supply head 2 
A conical shaped head, made out of carton, was located above the original head. The exhaust of the PV system 
was 48 cm, which lead to a supply area of 1810 cm2. Two different ventilation flow rates were measured 67 and 
104 m3/h. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Measurement Position 

Short_0.7 1 

Short_1 2 

Figure 2.11 Location particle diffuser, short range 

Figure 4.12 a) Supply head 1  
   b) Supply head 2 

a) b) 
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The setting of the PV system during these measurements was the same as in dist_0.38, 0.38 m distance of the 
supply head to the breathing zone with an angle of 30o. The measurements that were done are provided in the 
table below. Appendix VI includes more information about the different supply heads and the determination of 
the ventilation flow rates. 
 
Table 4.10 Measurements supply heads 

 
 
 
 
 
 

 

In addition, the air stream of the two supply heads was visualized using a smoke generator. A dark background 

was created in the climate chamber to make the smoke visible. 

 
Clean air delivery rate (CADR) 

The CADR was measured, which indicates the volume of filtered air at room level by an air cleaner (AHAM, 2014).  
The CADR was calculated using the ventilation flow rate and filter efficiency, formula 7.  
𝐶𝐴𝐷𝑅 =  𝑄 ∗           [7] 
 Where, 
  CADR = clean air delivery rate      [m3/h]  

  Q = ventilation flow rate PV system      [m3/h] 

   = filter efficiency        [%] 

For the case of the PV that is investigated in this research (ventilation flow rate of 65 m3/h and filter efficiency of 

99.43 %) was the CADR 64 m3/h.  

 

In addition, the CADR of the PV system was measured using the decay rate. The decay of the particle 

concentration was measured with and without the PV system. The concentration of particles in the room was 

diffused and stopped after one hour. The decay of the particles in the room was measured for 3 minutes.  

 
The CADR was calculated with the following formulas (8 and 9) 
𝐶𝐴𝐷𝑅 =  𝑉 (𝑘𝑡 − 𝑘𝑛)         [8] 
 Where, 

CADR = clean air delivery rate      [m3/h]  

kt = the test decay constant (with PV system)     [-] 

kn= the natural decay constant (without PV system)     [-] 

V = volume         [m3] 

 

The decay constants were calculated as follow: 

𝐶𝑡𝑖 = 𝐶𝑡0 𝑒
−𝑘𝑡𝑖           [9] 

 Where, 
Cti = concentration at time ti       [ug/m3] 

Ct0 = concentration at t 0        [ug/m3] 

k= the decay constant        [-] 

Ti = time at t=i         [min] 

(AHAM, 2014) (Ginestet, 2012). 

 

The measured CADR was compared to the calculated CADR. A sufficient air cleaner on room level should have a 

CADR of at least two-thirds of the area of the room (AHAM, 2014). In case of the laboratory (20 m2) this means 

that the CADR should be 780 m3/h. The measured and calculated CADR was compared to this value to investigate 

whether this PV system was sufficient for the use as air cleaner on room level.  

 
  

Measurement Supply head Ventilation flow rate  

[m3/h] 

Head_1 1 65 

Head_2_67 2 67 

Head_2_104 2 104 
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4.2 Results  
The results of the different measurements are explained in this chapter. Appendix VII and VII provide a more 
detailed overview and the results of the statistical analysis.  
 
The figures below shows the particle size of the particles in the room and breathing zone with and without the 

PV system.  

These results show that the composition of the particle sizes does not change when the PV system is turned on.  
 
In the figure below the particle concentration per Air Visual/location is shown for the case dist_0.38. The course 
of the particle concentration and relationship between the locations of the other measurements are comparable 
to the results of this situation.  
 
  
 
 
 

 
 
 
  

Figure 4.13 Particle size distribution a) without PV system b) with PV system  

Figure 4.14 Particle concentration of the different locations of the AirVisuals (Case dist_0.38 measurement 1) 
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The table below shows the ratio, the standard deviation, draught rate and infection probability per situation.  

Table 4.11 Results of the measurements  

*significant difference between the ratio and the reference situation 
# significant difference between the two measurements of the same situation 
Scenario 1 : one visitor enters the room and talks slowly 75% of the time for one hour and the receiver is in a rest 
position.  
Scenario 2 : one visitor enters the room and talks slowly 75% of the time for three hours and the receiver is in a 
rest position. 
Scenario 3 : one visitor enters the room and sings 75% of the time for one hour and the receiver is in a rest position  

 

The ratio and the probability of an infection decreases when the distance of the PV system to the breathing zone 

decreases. The closest distance (dist_0.38) creates higher air velocities that increase the risk on dissatisfaction 

of draught. In this case the quality level of comfort based on the ISO 7730 standard is moderate.  

 

Measurement Ratio 

 

Standard 

deviation 

of the 

ratio 

Draught 

rate  

Infection probability 

 Distance 

from 

breathing 

zone [cm] 

Scenario 

1 

 

Scenario 

2 

 

Scenario 

3 

 

[-] [-] [%] [%] [%] [%] 

Reference 9 1 0.03 0 

0 

13.2 34.7 59.8 

27 1 0.09 13.2 34.7 59.8 

Distance Dist_0.38 9 0.38*# 0.02 23.4 5.2 14.9 29.3 

27 0.50*# 0.03 6.8 19.2 36.6 

Dist_0.48 9 0.54*# 0.03 0 7.6 20.5 38.9 

27 0.64*# 0.04 8.7 23.8 44.2 

Dist_0.58 9 0.68*# 0.04 0 9.2 25.1 46.2 

27 0.87* 0.07 11.6 30.9 54.8 

Angle Angle_30 9 0.54*# 0.02 0 7.6 21.2 40.0 

27 0.64*# 0.04 8.7 23.8 44.2 

Angle_40 9 0.57*# 0.03 14.7 7.8 21.5 40.5 

27 0.83* 0.06 11.1 29.8 53.1 

Angle_50 9 0.89*# 0.05 0.2 11.9 31.5 55.6 

27 0.79*# 0.08 10.6 28.6 51.4 

Dynamic Dynamic_1-2 9 0.93*# 0.03 8.9 12.4 32.7 57.2 

27 0.81*# 0.04 10.9 29.2 52.2 

Dynamic_2-2 9 0.71*# 0.10 2.3 9.6 26.1 47.7 

27 0.72* 0.04 9.7 26.4 48.1 

Dynamic_2-1 9 0.66*# 0.12 1.7 8.9 24.5 45.2 

27 0.72*# 0.03 9.7 26.4 48.1 

Dynamic_3-1 9 0.71*# 0.08 4.7 9.6 26.1 47.7 

27 0.75*# 0.03 10.1 27.3 49.5 

Short 

range 

Short_0.7 9 1.20# 0.32 0 15.7 40.0 66.5 

27 4.73# 0.58 48.9 86.6 98.7 

Short_1 9 0.35# 0.04 0 4.8 13.8 27.3 

27 0.35# 0.04 4.8 13.8 27.3 

Supply 

head 

Head_1 9 0.38*# 0.02 23.4 5.2 14.9 29.3 

27 0.50*# 0.03 6.8 19.2 36.6 

Head_2_67 9 1.00*# 0.03 0 13.2 34.7 59.8 

27 0.90*# 0.04 12.0 31.8 56.0 

Head_2_104 9 0.89* 0.05 0 11.9 31.5 55.6 

27 0.82* 0.08 11.0 29.5 52.7 
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The ratio and the probability of an infection decreases when the angle of the supply head decreases, which 

indicate that a more horizontal angle of the supply head leads to better performance of the PV system. An angle 

of 40o of the supply head results in a 15% higher draught rate, which indicates that there will be more people 

dissatisfied as a result of draught.  

 
The ratios of the dynamic situation are significant lower compared to the ratios of dist_0.48, which is the situation 
with the same setting of the PV system. The extra air flow has an negative effect on the performance of the PV 
system. The draught rate in the dynamic situation is slightly higher, which is caused by the created air flow in the 
room.  
 
The first location of the particle diffuser (0.7 m from the mimicked resident) in the short range situation leads to 
high ratios. The second location of the particle diffuser (1 m from the mimicked resident) shows better 
performances of the PV system, even better than for the long range route.  
 
The second supply head, with a larger area, results in lower performances of the PV system compared to the first 
supply head. The second supply head leads to a decrease in the performance of the PV system. The pictures 
below shows the air streams that were created by the PV system with the different supply heads.  
  

 

 

 

 

 

 

The pictures (figure 4.15) clearly show that a straight line of air is supplied to the breathing zone by the PV system 

with supply head 1. This is less the case for supply head 2. This is in line with the finding that the second supply 

head leads to a decrease in the performance of the PV system 

 

The CADR was calculated based on the measured decay constants. The results are shown in the table below.  
Table 4.123 Measured decay constant and CADR of the PV system 

CADR 

Decay constant  With PV system  0.061 [-] 

Without PV system  0.053 [-] 

CADR  21.6 [m3/h] 

 

The measured CADR of the PV system was 21.6 m3/h. A CADR of 780 m3/h is preferred for a room which has the 

size of 20 m2.  

 

 

a) b) c) 

Figure 4.15 Visualization of the air stream caused by the PV system 
a) Supply head 1 – smoke supplied from the front 
b) Supply head 1  - smoke supplied from the back  
c) Supply head 2 

 = breathing zone 
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4.3 Discussion  
In this research the infection probability was calculated, based on the measured particle concentration, with and 

without a PV system. The measurements showed an infection probability of 60% without the PV system, 

compared to 29% to 60% with the PV system for a situation where one visitor singing 75% of the time for one 

hour and the receiver is in a rest position. The study of Xu, et al (2020) investigated the role of a PV system in 

protecting against airborne disease transmission in close proximity (<1 m). In Xu, et al (2020)’s study the infection 

probability without the PV system was measured at 85% and with the PV system was measured between 28% 

and 85%. This research focused on the long range airborne route and measured the infection probability for 

three different cases. The measured infection probability correspond to the reference of Xu, et al (2020). What 

should be mentioned is that the results in the study of Xu, et al (2020) focus on the short range route, while this 

study focuses on the long range route.  

 
The particle concentration in the room and breathing zone was firstly measured without the PV system to test 
whether the diffused particles were spread equally in the room (a totally mixed situation). Significant differences 
were observed between the particle concentration at different locations. The measured concentration of the Air 
Visual located in the room, with an average concentration, was used to compare the concentration at the other 
locations. The Air Visual that measured the highest deviation (36-83%) was located closest to the particle diffuser. 
This could have caused the high deviation, thereby this location is not included in the calculations of the ratio 
between the concentration of the room and breathing zone. The measured deviations of the other locations 
differed from 0% to 30%. The differences in the particle concentration per location can indicate that the air is 
not totally mixed, which can cause that the amount of particles in the breathing zone is not only caused by the 
PV system. Ideally, a totally mixed situation arises and remains during the measurements.  
 
Every measurement was done twice to analyse the repeatability of the experiment. The mean ratios of these 
two different measurements were compared to each other, which revealed a maximum difference of 6%. 
Therefore, the reliability of the experiment is set at 6%.   
 
The short range route was measured by locating the particle diffuser close to the mimicked resident. Two 

locations were tested, 0.7 and 1 meter from the mimicked resident. The smaller distance resulted in a ratio higher 

than 1, which indicates that the particle concentration at the breathing zone is higher than the amount mixed in 

the room. It is possible that the contaminant airflow of the particle diffuser intersected the clean airflow of the 

PV system, causing contaminant air in the breathing zone. However, it is unlikely that this happens in a real 

setting. For the second location of the particle diffuser (1 m from the mimicked resident) the above did not occur.   

The CADR was calculated in a simplified manner using the ventilation flow rate and filter efficiency of the PV 
system. This resulted in a CADR of 64 m3/h. In addition, the CADR was measured using the decay rate which 
resulted in a CADR of 21.6 m3/h. The decay rate was based on the reduction of particles in the breathing zone 
with and without the PV system for 3 minutes. This is a relative short time to determine the decay rate and 
thereby could have caused the difference between the calculated and measured CADR.  
 
In the experiment the draught rate was used to measure the comfort of the system. The quality concerning the 
comfort is derived from the ISO 7730 range, which distinguishes three levels: high, average and moderate. Only 
the closest distance (0.38 m) of the supply head to the breathing zone leads to a moderate level of comfort. The 
experiment showed that a closer distance and a more horizontal angle of the supply head lead to a better 
performance of the PV system. It is unclear what distance and angle lead to a comfort level below moderate. 
However, residents of LTCFs are often older adults, which have an altered sensitivity to indoor environmental 
conditions (Kort, 2012). It is questionable if the ISO 7730 standard is also applicable for residents of LTCFs.  
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The results show that the performance of the PV system is dependent on different parameters: distance of supply 

head to person, angle of the supply head, extra air flows in the room, a short range situation and the area of the 

supply head. All these parameters should be taken into account when creating a PV system with lower infection 

probabilities.  

 
Further research 
The experiment showed that a PV system can reduce the probability of an infection, with a maximum measured 

decrease of approximately 60%. To optimize the system for suitability in LTCFs, also the following aspects should 

be taken into account: mobility/placing the person, the breathing pattern of the user and factors influencing the 

comfort and use. These factors are described below.  

 

The visualization using smoke shows that the PV system creates a straight stream of air. This means that the 

location of the person and PV system is very important to take into account when creating a PV system. In 

addition, the literature study showed that mobility of residents can reduce the effectiveness of a PV system. The 

measurement were done with the mimicked resident in a fixed position , it was not tested if and to what extent 

movements of the person influence the performance of the PV system. Future research should gain insights in 

this. 

 
Furthermore, future research should analyse the influence of the breathing pattern of the person on the 
performance of the PV system. Especially for the short range route it is important to analyse the air distribution 
of the source person and their air flow.  
 
In this research the draught rate, based on the room temperature, air velocity in the breathing zone and the 
standard deviation of the air velocity, was used to measure the comfort. From the literature study it became 
clear that environmental factors (air velocity, relative humidity, air temperature and the mean radiant 
temperature), individual factors (clothes and activity) and other factors (acclimatization, diet, body build and 
health conditions) have an influence on the comfort of residents. These factors should be taken into account 
when designing a PV system that is suitable for the use in LTCFs. Other studies show that PV systems can improve 
the thermal comfort as a personal micro-atmosphere (Cermak, Melikov, Forejt, & Kovar, 2006). The PV system 
in this research is not optimized for creating extra thermal comfort. It was only designed to verify the 
performance on infection control, but should not cause a decrease of comfort. 
 
In the previous phases was concluded that it is important to consider other factors (acoustics, light, safety, 

aesthetics etc.) that influence the indoor environment while implementing an improvement to reduce the spread 

of infectious diseases. In addition, energy efficiency and costs of the improvements should be considered. Further 

research can focus on these parameters.  
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4.4 Conclusion  
In phase 3, testing the performance of improvement (PV system), the performance of a PV system was measured. 

In the previous phases, seven aspects have been defined in the control of the spread of infectious diseases in 

buildings, focussing on: viability of viruses, cleanability, filtering air, dilution infected air, design and building 

systems. The results showed that suitable measures should be composed per LTCF based on the specific 

characteristics of the building. A PV system is independent of the building and ventilation characteristics, making 

it suitable for use in any LTCFs. In addition, improvements in the common rooms, where interaction takes place, 

can lead to the most effective short-term results for reducing the transmission. A PV system is an improvement 

that is focusing on the interaction between residents and visitors and is therefore suitable for use in the common 

rooms. These factors indicates that a PV system can be a potential improvement for the use in LTCFs.  

 

The results show that the PV system indeed can be a potential improvement, as it lead to a decrease of particles 

in the breathing zone. The best performance was measured with the supply head located 0.38 meter from the 

breathing zone with an angle of 30o. This was the closest distance and most horizontal angle of the supply head 

that was tested. This setting results in a decrease of infection probability of 50-60% at 9 cm from the breathing 

zone and 40-50% at 27 cm from the breathing zone compared to the situation without the PV system.  

 

Different distances to the breathing zone and the angle of the supply head were analysed. A smaller distance led 

to a better performance of the PV system, but this also led to more dissatisfaction as a result of draught. 

Furthermore, a more horizontal angle of the supply head of the PV system led to less infection risks. Additionally, 

the performance of the PV system in a dynamic situation was tested. The extra airflow in the room had a negative 

effect on the performance of the system. Furthermore, the performance for the short range route was measured 

by locating the particle diffuser 0.7 and 1 meter from the mimicked resident. The location closer to the mimicked 

resident (0.7 meter) resulted in a higher particle concentration in the breathing zone than without the PV system. 

The second location (1 meter) led however to a better performance compared to the same setting of the PV 

system for the long range route. Finally, two different supply heads were tested in this research. Increasing the 

supply area of the supply head did not increase the performance of the PV system. In order to achieve the highest 

possible performance of the PV system in practice, the following aspects should be taken into account: distance 

of supply head to person, angle of the supply head, extra air flows in the room, a short range situation and the 

area of the supply head.  

 
A PV System can achieve an higher CADR in the breathing zone with lower ventilation rates. Thus, a PV system 
can effectively decrease the particle concentration in a specific area and reduce the risk of infection for the user.  
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5. Conclusion 
This research was performed to answer the following research question: 

“Which improvements can be made to the building and system aspects to reduce the risk of airborne 

transmission of infectious agents in LTCFs?” 

 

This research question was divided into two sub question. The conclusion and discussion per phase are described 

in paragraphs 2.3, 2.4, 3.3, 3.4, 4.3 and 4.4. Below the main findings per research question is provided.  

 

“Which improvements can reduce the amount of airborne transmission of infectious agents?”  

Respiratory infectious diseases can spread efficiently among others by the long range airborne transmission 

route. Ventilation and other building services system measures are important to consider in the protection 

against airborne transmission. There is a relationship between ventilation plus air movements in buildings and 

the spread of infectious diseases. The exact contribution of ventilation to the spread of infections remains 

unclear. However, engineering controls, including sufficient and effective ventilation, targeting airborne 

transmission should be considered in the overall strategy to limit the spread of infections indoor. 

 

Based on the findings of this research seven aspects have been defined in the control of the spread of infectious 

diseases, focussing on: viability of viruses, cleanability, filtering air, dilution infected air, design and building 

systems. 

 

The results of this research showed that suitable measures should be chosen and designed per LTCF based on 

the specific characteristics of the building. Improvements focussing on interaction of residents (often in common 

rooms) can lead to the most effective short-term results for reducing the transmission. When implementing 

improvements, it is important to consider the thermal environment, safety and living situation of the residents. 

In addition, the energy efficiency and costs of the improvements should be taken into account.  

 

“What is the performance of one potential improvement to reduce the probability of an infection?” 

A PV system is a solution which focus on the interaction of residents and is independent to the existing building 

and ventilation characteristics of a building. In this research the performance of a PV system to reduce the 

airborne transmission is analysed. The experiment showed that the PV system can reduce the probability of an 

infection, with a measured maximum decrease of approximately 60% in a laboratory situation. The results show 

that several aspects influence the performances of the PV system: 

- A smaller distance of the supply head to the breathing zone increases the performance 

- A more horizontal supply head increases the performance  

- An extra air flow in the room decreases the performance  

- A larger supply area of the supply head does not increase the performance 

 

The behaviour of the user can influence the performance of the PV system, for example their mobility and 

breathing pattern. In addition, the use of a PV system in LTCFs should not decrease the feeling of comfort of the 

residents. The feeling of comfort can be influenced by the indoor environment, but also by other factors like 

acoustics, light, safety and aesthetics. To optimize the system and make it suitable to use in LTCFs, the following 

aspects should be taken into account: mobility/placing the person, the breathing pattern of the user and factors 

influencing the comfort and use. Insight into these aspects and the findings of this research, can be used to  

design a PV system that is suitable for LTCFs.   
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Appendix I 
Topic list interviews 
The topic list below was used during the semi structed interviews.  
 
Building 
- Responsibility building and systems (own management/outsourcing) 
- Building (year of construction, renovations and adjustments) 
- Occupancy (number of living groups, total number of residents and  residents per common room) 
 
Building systems 
Type of ventilation system 
Building and room level 
- Natural/mechanical/hybrid 
- Air recirculation 
- Filters (type and frequency of cleaning and replacement) 
- Heat recovery 
- Location of exhaust and supply 
- Guidelines (set points air change per hour and ventilation flow rates) 
 
Type of thermal conditioning 
Building and room level 
- Systems 
- Guidelines (setpoints temperature and air humidity) 
- Difference between types of spaces (shared and individual) 
 
- Starting points and performance requirements when choosing systems 
- Operation of the systems 

o Central/local 
o Manual/time/demand 
o Adaptability 

- Opening windows and doors and the use in practice 
- Maintenance of the systems (frequency) 
 
Infectious diseases 
- Kind of infectious diseases in LTCF 
- Preventing the spread of infectious diseases 
- Protocols to prevent infectious diseases 
- Outbreak adjustments in COVID-19 pandemic (in operating times/settings/recirculation/filters) 
- Considerations by adjustments (money/comfort/energy use) 
- Experience of adjustments  
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Appendix II 
Findings interviews and visits 
The findings per interview and visit are presented in the table below.  
 
Table Findings per interview and visit 

Findings interviews and visits 

Method: visit and interview medical doctor LTCF 

Date: 28-09-20 

Organization LTCF 
Residential tower (56 appartements) and residential groups (6/7 residents per group) 

Building Built: 2015 
6 levels 

Building systems - Mechanical and natural ventilation 

- The windows in the rooms can be opened in two positions: tilt position and fully 

opened. The windows can be opened by the residents and staff. In practice are 

residents not able to open the window due to their physical condition. 

- Recirculation by heat recovery wheel 

- Filters are maintained every year 

- Every room has an own thermostat. This thermostat can be set by the residents and 

staff. 

Infectious diseases - No changes are made to the ventilation systems and their settings during the COVID-

19 pandemic. No extra signs or walking routes are used during the pandemic. 

Wearing a face mask is not mandatory.  

- Protocols exist about hygiene and dealing with infectious diseases. The protocols 

does not translate into everyday life. 

 

Method: interview  

Date: 31-09-20 

Interviewee : medical doctor LTCF and head nursing education 

- Infectious diseases and their spread is an annual problem. 
- Environmental aspects (light, sound, air etc) have an impact on the comfort and health condition of residents.  
- Hygiene is the most important part in reducing the transmission of infectious diseases. Infectious diseases 
are mostly transmitted by visitors and staff, but are also a big part of the social life in a LTCF.  
- There should be a balance between a comfortable living situation for residents and the aim of reducing the 
spread of infectious diseases.  

Figure Individual room, entering hall and church in LTCF 
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- Cohort sections are used to isolate infected residents. It is hard for residents with cognitive problems, like 
dementia, to understand when they need to be isolated in there room or in a cohort section. Isolating 
residents is a heavy measure in LTCF, especially socially.  
- It is important to look at the possible improvements that can be done to the building and ventilation 
characteristics to reduce the possibility of transmission. Often LTCFs are located in existing buildings, which 
makes it harder to introduce improvements than in new buildings.  
- There are a lot of differences between the building and ventilation characteristics of LTCFs, even within 
different buildings of one organization.  

Method: interview  

Date: 02-10-20 

Interviewee : property manager healthcare institution 

Organization Healthcare institution: 14 locations  

Building Building characteristics differs per location 

Building management is centrally organized in the organization 

Building systems - Ventilation characteristics differs per location  

- Building system-oriented issues are outsourced  

- The operation of the systems are centrally controlled 

- Older buildings make use of natural fresh air input and mechanical output 

- The energy efficiency of building systems are becoming more important in 

considering ventilation systems. Heat recovery is an important part of the energy 

efficiency of ventilation system. In approximately two third of the buildings heat 

recovery is used and approximately two third of these building also use recirculation.  

- In closed wards, where residents have less freedom, for example due to dementia, 

it is not always possible to open a room. The tilt position is sometimes used in this 

case. 

Infectious diseases - The guidelines of the RIVM are followed during the COVID-19 pandemic. No specific 

adjustments are done to the settings of the ventilation systems, even in recirculation.  

- Maintenance of the filters is yearly, also in the COVID-19 pandemic. 

- Transmission of airborne aerosols does not yet play an important role in the choice 

of ventilation systems. The expectation is that this importance will increase due to 

the COVID-19 pandemic. 

- At the moment, no relationship is seen between the different locations with specific 

building and ventilation characteristics and the amount of infected residents in an 

outbreak. 

- Specific protocols have been drawn up during the COVID-19 pandemic to describe 

how to deal with these infections and to reduce the spread. It also includes advice 

how to deal with ventilation, for example supply as much fresh air as possible.  

- A special cohort section is created to isolate infected residents. In these sections the 

ventilation systems are adjusted to reduce the transmission risk.   

- Adjustments that are done to reduce the spread of infectious diseases during the 

pandemic is hard to understand for residents with cognitive problems, like dementia.  

Method: interview  

Date: 09-10-2020 

Interviewee: asset manager healthcare institution 

Organization Healthcare institution: LTCFs, rehabilitation or thermal care 

28 locations (10 in ownership, 18 rent) 

Building Building characteristics differs per location 

Building systems - Ventilation characteristics differ per location  

- Building system-oriented issues are outsourced  

- There are no differences in ventilation system in common rooms and individual 

rooms 
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- Requirement lists are used by the choice of ventilation system. It is not known to 

what extent the reduction of airborne transmission is involved in these requirement 

lists  

Infectious diseases - Number of infected residents in outbreaks differs per location. It is not clear which 

factors influences the transmission of the infections and this is difficult to trace. It is 

not clear if the ventilation system contributed to the spread of the infection.  

- During an outbreak of COVID-19, the ventilation system was adjusted. This resulted 

that people in the building less considered the other rules in the outbreak (like keep 

distance).  

- During the COVID-19 pandemic a protocol is composed how to deal with this 

infection disease and to reduce the spread. Ventilation aspects are also considered 

in this protocol.  

- During the COVID-19 pandemic no changes are done to the settings of the 

ventilation systems  

Additional - It is important to prevent that residents get ill due to the settings of the ventilation 

system 

Method : visit LTCF 

Date: 09-02-20 

Organization LTCF 

Residential groups (6 resident per group) and care apartments (5) 

Building Built: 2015 
5 levels 

Building systems - Mechanical ventilation and natural ventilation 
- No recirculation 
- Heat recovery wheel and heating element, no humidification 
- Windows in every bedroom and living room can be opened (tilt position and fully 
open) 
- On paper the ventilation flow rates are higher than the required ventilation flow 
rates by the Dutch government.  

Infectious diseases The visit to the LTCF was after an outbreak of COVID-19. After an inspection of the 

ventilation system it was established that the air handling unit was not in operation. 

There was no air supplied by the mechanical system. It is expected that the system 

was not in operation for a while.  

 

Figure Air handling unit and heat recovery wheel 
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Appendix III 
Setup of the expert meeting 
In the table below the setup of the expert meeting is described. The expert meeting was held in Dutch, therefore 

the exact formulation of the questions and scenarios are also given in Dutch.  

 
Table Setup expert meeting 

1. Introduction research (10 min)  

Firstly, an introduction of the research and an explanation about the purpose and setup of the expert meeting 

was given.   

 

The following questions were asked using the program Aha slides, to make sure the participants know how to 

use the program: 

- What is your favourite colour? (1 answer possible per participant)  

- Name a few sports (maximal 5 answers possible per participant) 

2. Introduction of the participants (5 min) 

The purpose of the first part of the meeting was to introduce the participants, so that they know each other 

and their background before they collaborate in the brainstorm session. The participants were asked to fill in 

their name and job description via Aha slides. This was displayed on the screen.  

3. Perception (10 min) 

To further introduce the topic and to get an idea of how the participants think about this topic, a small quiz 

followed via Aha slides. The participants could give multiple answers (maximal 5 per question) in the form of 

words or short sentences.  

• What do you consider as important for the indoor climate in LTCFs?  
Wat is voor jou belangrijk voor een comfortabel binnenklimaat in verpleeghuizen? 

• What aspects do you consider in the spread of biological agents that can lead to infectious diseases 

in LTCFs? 

Aan welke aspecten denk je als het gaat om de verspreiding van biologische agentia die kunnen leiden 
tot infectieziekten in verpleeghuizen? 

• Which building and ventilation-related aspects do you think are important in the spread of biological 
agents that can lead to infectious diseases in LTCFs?  
Hoe denkt u dat de ideale oplossing eruit ziet tegen de verspreiding (via de lucht) van biologische 
agentia die kunnen leiden tot infectieziekten in gebouwen wanneer er geen beperkingen zijn (rondom 
technologie, geld etc)? 

The purpose of this part was to generate a list of the important aspects that needs to take in consideration by 

preventing the spread of infectious agents in LTCFs according to the participants. The given answers were 

shown on the screen, so the participants could use these aspects as input for the brainstorm session.  

4. Out of the box (15 min) 

The purpose of this part was to get the participants to think out of the box before getting started with the 

brainstorm session. The following question was asked via Aha slides: 

• How do you envision the ideal solution against the spread (airborne) of biological agents that can 

lead to infectious diseases in buildings when there are no restrictions (on technology, costs, etc.)?  

 Hoe ziet u de ideale oplossing voor de verspreiding (via de lucht) van biologische agentia die kunnen 

 leiden tot infectieziekten in gebouwen als er geen beperkingen zijn (op het gebied van technologie, 

 kosten, enz.)? 

The participants had 5 minutes to formulate their solution in a few sentences (one answer was possible per 

participant). 

5. Brainstorming (50 min)  

This part of the expert meeting was focused on possible improvements to counter act the spread of biological 

agents that can lead to infectious diseases in LTCFs. It concerned building and ventilation related solutions. 

The group was divided into three different teams (3 or 4 people per team) in break-out rooms in Microsoft 
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Teams. The teams had 30 minutes to brainstorm and came to potential improvements for the following 

scenarios: 

 1. A new LTCF is being built. The board of the LTCF has formulated a goal for the building: optimal 

 prevention of the spread of biological agents that can lead to infectious diseases. Give the board a 

 brief advice on how to achieve these goals. 

 Er wordt een nieuw verpleeghuis gebouwd. Het bestuur van het verpleeghuis heeft als doel gesteld 
 de verspreiding van biologische agentia die kunnen leiden tot infectieziekten zoveel mogelijk te 
 voorkomen. Geef het bestuur een kort advies voor deze doelstelling.  
 2. Beth is 90 years old and her two grandchildren want to visit her own room during the COVID-19 

 pandemic. The seats are located with a distance of 1.5 meter and the window is opened. Beth 

 wants advice how the probability of an infection can be reduced further. 

 Beth is 90 jaar oud en haar twee kleinkinderen willen op bezoek komen tijdens de uitbraak van 
 COVID-19. De stoelen zijn op 1,5 meter gezet en het raam staat open. Beth wil advies over hoe ze 
 het risico nog meer kan verkleinen.  
 3. Despite the measures Beth is infected with the virus. The board wants advice on how they can 

 prevent the biological agents that can lead to infectious diseases from spreading further. 

 Beth is ondanks de maatregelen besmet met een virus. Het bestuur wil advies hoe ze kunnen 

 voorkomen dat de biologische agentia die kunnen leiden tot infectieziekten zich verder verspreidt. 

The improvements should take into account the following conditions for all the scenarios:  

- Comfort of the residents  

- Energy efficiency  

- Social contact and care for residents 

Ultimately, the teams briefly (max 5 min) presented their improvements for the different scenarios. At the 

end there was time to ask questions or give a reaction to the results of the solutions found by the other 

groups.   
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Appendix IV 
Results test expert meeting  
In this appendix the results of the test meeting are provided.   

 
Table4 Result of the test expert meeting 

What is important for a comfortable indoor climate in nursing homes? 

Indoor climate: atmospheric conditions (temperature, wind speed and humidity) in living environments 

Dutch: Wat is voor jou belangrijk voor een comfortabel binnenklimaat in verpleeghuizen? 

Aspect  Number of times mentioned  

Temperature 5 

Fresh air 4 

Noise 1 

No drafts of air 1 

Ventilation 1 

Moisture of air 1 

Adjustable 1 

What aspects do you consider in the spread of biological agents that can lead to infectious diseases in LTCFs? 

Dutch: Aan welke aspecten denk je als het gaat om de verspreiding van biologische agentia die kunnen leiden 

tot infectieziekten in verpleeghuizen? 

Contact 3 

Air 2 

Ventilation  1 

Hygiene 1 

Surfaces  1 

Coughing, sneezing and spitting 1 

Toilet 1 

How do you envision the ideal solution against the spread (airborne) of biological agents that can lead to 

infectious diseases in buildings when there are no restrictions (on technology, costs, etc.)? 

Dutch: Hoe ziet u de ideale oplossing voor de verspreiding (via de lucht) van biologische agentia die kunnen 

leiden tot infectieziekten in gebouwen als er geen beperkingen zijn (op het gebied van technologie, kosten, 

enz.)? 

Filters that absorb/remove particles in the air 

A ventilation system that cleans the air near the breathing zone when people are talking to each other  

A technology with filters in the room, which makes sure that all the air in the room pas through that filter. So 

that personal protection equipment is not needed.  

The best personal protection equipment that fully cover the safety of staff and residents (for example mouth 

masks etc.) 

Per unit an own system, so that the indoor environment can be controlled per building part. This way no air is 

recirculated and there is no possibility that infected air is re-used.  

Brainstorm session 

Scenario 1: New LTCF building  

- Spacious design  
- Closed ventilation system per building part  
- Systems per building part/room adjustable 
- Windows -> operable for fresh air  
- Use of filters 
- Toilet without toilet seat  
- Extra attention to visitors rooms. These rooms should be located near the entrance of the building. 

This way movements of visitors (potential infection source) is reduced.  

Scenario 2: Visitors room Beth (chamber level) 
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- Mouth mask FFP2 
- Washing hands before entering the room  
- Wearing hand cloves 
- Use air (vacuum-pomp) to remove the particles from the cloths of the visitors 
- Keep distance, more than 1.5 meter 
- Visits in the visitors room instead of the own room of Beth. This way staff can pay attention if the 

rules and distance are maintained 
- Visitors may not use the same toilets as the residents, but should use a different toilet. 
- Portable air cleaners to clean the air during and after a visit 
- Create an anteroom before entering the room. Create an air curtain in this anteroom, so that air will 

not move from the hallway to the room 

Scenario 3: Infected resident, prevention of further spread 

- Create isolation rooms with a under pressure 
- Ventilation system per room  
- Open the windows (if possible concerning the comfort and safety) 
- Everyone who is entering the room should wear mouth masks, hand cloves and special clothes. This 

have to be cleaned after the visit.  
- The infected resident should have an own toilet/douche, only the infected resident may use this.  
- Create an anteroom before entering the room. Create an air curtain in this anteroom, so that air will 

not move from the hallway to the room 
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Appendix V 
Result expert meeting  
The results of the expert meeting are described in this appendix. Firstly, the answers of the participants to the 

questions are provided. Secondly the findings of the brainstorm session are described.  

 
The table below shows the results of the different questions that were asked during the expert meeting.  

 
Table Results of the expert meeting (questions) 

What is important for the indoor environment in LTCFs? 

Indoor environment: Indoor environment: thermal, indoor climate, acoustics, etc. 

Dutch: Wat is belangrijk voor het binnenmilieu in verpleeghuizen? 

Aspect  Number of times mentioned  

Comfort 3 

Thermal  4 

Temperature 1 

Appearance/aesthetics 2 

Air quality 3 

Moisture 1 

Fresh air 2 

Outside air 1 

Clean 3 

Acoustics 4 

Stimulus dosage 1 

Light 3 

Daylight 2 

Safety 2 

Different groups 

Different users 

2 

Adjusted to elderly  1 

View 1 

Freedom 1 

Privacy 1 

Good orientation 1 

Flexible/easy adjustable 1 

Smell 1 

What aspects do you consider in the spread of biological agents that can lead to infectious diseases in LTCFs? 

Dutch: Aan welke aspecten denkt u als het gaat om de verspreiding van biologische agentia die kunnen leiden 

tot infectieziekten in verpleeghuizen? 

Hygiene 5 

Cleanability Cleanability 3 

Maintenance 1 

Ventilation Ventilation and ventilation systems 6 

Draft free ventilation 1 

Maintenance ventilation  2 

Air 2 

Contact/visitors Spread due to nurses 2 

Contact 2 

Visitors 2 

Keep distance 1 

Meetings 1 
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Design of the building Design building 1 

Seperation departments 1 

Singele rooms 1 

Direct contact to surfaces  Subjects 1 

Lighting switches 1 

Door handle 1 

Mobile phone 1 

 Mouth resuscitation masks 1 

Which building and ventilation-related aspects are important in the spread of biological agents that can 

lead to infectious diseases? 

Dutch: Welke gebouw en installatie gerelateerde aspecten zijn belangrijk bij de verspreiding van biologische 

agentia die kunnen leiden tot infectieziekten? 

Enough fresh air/ventilation 5 

Ventilation systems 4 

Draft free ventilation 1 

Air balance 1 

Ventilators  1 

Air handling unit 1 

Airconditioning 2 

Windows 2 

Maintenance 4 

Hygiene of the building systems 1 

Control ventilation 1 

Central recirculation  2 

(No) recirculation 2 

Filters 1 

Routing 1 

Space occupation  1 

Separate departments 1 

Keep distance 1 

Temperature levels 1 

Pressure differences 1 

Moisture 1 

Touching surfaces 1 

Right way of dealing with legionella 1 

Waste water systems 1 

Fool proof buttons 1 

Monitoring CO2 concentration 1 

How do you envision the ideal solution against the spread (airborne) of biological agents that can lead to 

infectious diseases in buildings when there are no restrictions (on technology, costs, etc.)? 

Dutch: Hoe ziet u de ideale oplossing voor de verspreiding (via de lucht) van biologische agentia die kunnen 

leiden tot infectieziekten in gebouwen als er geen beperkingen zijn (op het gebied van technologie, kosten, 

enz.)? 

Separate (architectural and air-technically separated) small buildings, a maximum of 6 residents for example, 

which are spread over one site: with a facility building in the middle from which the staff walks up and down 

(via semi-outside corridors) to the residents / living groups 

Spaciously designed buildings where everyone can keep sufficient distance. If the disease will only spread 
through air, this is virtually impossible to resolve with ventilation. Only personal protective measures and 
isolation rooms with source isolation help in this case. Create cohort department at building level (1 building 
= infected, another building is for non-infected residents). Good (fast) test facilities. 

Ventilation system that filters biological agents from the air and prevents them from re-spreading. 
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Lot of space per residents, no overcrowding. Good cleanability and good cleaning. All horizontal and touchable 

surfaces should be cleaned daily. Parts of ventilation systems in rooms should be cleaned every six months, 

also the air handling unit and filters. 

Bring in fresh outside air which is heated extremely high, so all bacteria die (kind of thunderstorm idea). The 
air should cool down (avoid condensation) and after that the air can be introduced into the room at the desired 
temperature. The air is then extracted again and blown out. Pay attention to the air flows in the room, proper 
flushing is necessary. 

Single pass HVAC. No heat recovery wheel. Rooms on slight negative pressure. In meeting rooms HEPA 

filtration and high ventilation rates should be used. 

Single rooms that can be easily separated with pressure hierarchies based on automatic detection of 

potentially dangerous biological agents in the air. Local exhaust in the room near the resident (bed/chair) in 

order to reduce the particle concentration produced by the source. 

Zoning in the building: different "personal" air zones. Continuous monitoring of air quality: warning at high 

particle concentration. Possibility to quickly detect infected residents and isolate them from other residents 

via air technology and contact, while contact remains possible at a distance. 

Air treatment and heating systems, whether or not combined, where no un purified air circulation takes place 

 

Results of the brainstorm session 

A summary of the findings of the brainstorm session is provided below. There was a lot of overlap between the 

solutions found by the three groups, so the results of the different groups are combined in this summary. 

 

Design 

A first step in preventing the spread of infectious diseases is keeping distance from each other. Therefore, it 

should have a spacious design with wide corridors and big common rooms. If the building is divided in personal 

areas and fixed spaces, people are more encouraged to keep distance. 

 

By the design of a new LTCF zoning of the building should be taken into consideration. The building should have 

the possibility to be divided in separate zones, both for the design, construction-technical and building systems. 

A possibility is to create per floor or building part the necessary facilities for a LTCF. This will result in less 

movements of the staff and residents in the building, which minimize the spread of infectious diseases over the 

whole building. The different zones can also be used to isolate infected residents during an outbreak. 

 
In case of a infected residents, it is important to prevent further spread. A cohort section of the building could 
be used for infected residents. In this section a fixed staff should work. Air must be prevented flowing from a 
(infected) room to another room or the hallway, a possibility is to use pressure differences between rooms. In 
addition, it should be possible to enter the section without getting in contact with other staff or residents. During 
the design of a LTCF it should be taken into account that it is possible to create a cohort section.   
 

The rooms where residents interact are particularly important in the spread of infectious diseases. In these rooms 

air curtains, screens and airflow directions could be used. Another possibility is to create a kind of driveable lab 

cabinet for visitors. 

 

During the design phase of a new LTCF it is important to collaborate with medical trained people/staff, which 

can lead to a design that is applicable for daily use.  

 

Cleanability 

By the design of a new LTCF it is important to take in consideration the cleanability on all building levels. It is 

important to think about the cleanability of all air supply grills, heating grids and finishes (for example carpets). 

A central vacuum cleaner system can be used to prevent dirt from spreading in a room. A label system can be 

used to indicate what needs to be cleaned. In addition, the storage and transport of dirty items is important. 

After a visitors it is important to clean the room.  
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Pressure differentials – airflow direction  

A difference in pressures (under pressure or over pressure) between two rooms can be created to prevent the 

spread of infectious across different rooms. It should be possible to shift a room between under pressure and 

over pressure, for example when there is an infected resident. What should be mentioned is the fact that a 

difference of pressure is sensitive to opening windows and doors, which makes it hard to create and maintain an 

effective pressure difference between rooms in LTCFs.  

 
The direction of airflows can also be used to minimize cross infections between rooms. The recovery time of the 

air can be used as starting point. Creating an airlock before entering the room can limit the spread of infected 

air. The airflow direction at room level can prevent polluted air flowing from one person to another. The direction 

of the air flow should prevent air flowing from the visitors(possible contamination source) to the residents. This 

can be achieved by the use of line grilles over the entire width of the room. Another option is to supply air near 

the residents and to exhaust air near the visitors.  

 

Personal ventilation system (PV system)  

PV systems can be used to reduce the risk of the spread of infectious diseases. A PV system by the bed can be 

used to supply and exhaust air near an infected residents.  

 

A PV system can also be used in common rooms of LTCFs. For example, a bridge table can be created with a PV 

system. A round table can be used to keep distance and to supply fresh air. Air can be supplied in the middle of 

the table and a hood above the users can exhaust the air. This can reduce the spread of infection across the 

table, as well as further in the room.  

 

A mobile air cleaner can be used temporally when there are visitors and can be used to during and after the visit.  

 

HVAC systems  

It is recommended to avoid the use of recirculation of air at building level and the use of heat recovery wheels. 

 

It is important to pay attention to (duct)systems of toilets to prevent contaminant air from toilets spreading 

through the room or building.  

 
Other measures 

Beside the measures related to the building and ventilations of LTCFs, more general measures were mentioned. 

These are listed below: 

- More than 1.5 meter distance for visitors >12 year  

- Fixed places for visitors  

- Visit time as short as possible  

- Wearing mask  

- Wearing personal protective equipment (in special cohort sections) 

- Frequently wash hands 

- Avoid sneezing and coughing  
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Appendix VI 
Additional information method experiment  
The pictures below illustrate the setup of the experiment.  

 

 

 

  

Figure a) Supply grill room ventilation 
  b) Exhaust room ventilation 
 

Figure  a) Air Visuals 1_room and 2_room 
  b) Air Visuals 3_room and 4_room 
  

Figure Particle diffuser with extra ventilator 
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PV system 

The diameter of the supply head was 16 cm, which lead to a supply area of 201 cm2. The HEPA filter, shown in 

the picture below, had a circle in the middle with an area of 9.6 cm2 (diameter:3.5 cm) where no air emerged. 

This resulted in an area of 191cm2 or 0.0191 m2 where air was supplied. The air velocity of the PV system was 

measured with the Testo 425 thermic anemometer. The velocity was measured at four different measurement 

points of the supply exhaust, 3 cm from the edge, shown in the picture below.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The results of the velocity measurements are provided in the table below.  

Table Air velocity exhaust PV system 

[m/s] 1 

Measurement point 1 - top 1 

Measurement point 2 - right  0.88 

Measurement point 3 - bottum 0.9 

Measurement point 4 - left  1 

Mean  0.945 

 

The measured air velocity was used to determine the ventilation flow rate, formula I. 

𝑄 = 𝑉 ∗ 𝑆     [I] 
 Where, 

Q = ventilation flow rate  [m3/sec] 

V = velocity    [m/sec] 

S = supply area   [m2] 

Table Ventilation flow rate of the PV system 

Ventilation flow rate [1] 1 

[m3/sec] 0.01809 

[m3/h] 65.12 

 

A Portable Aerosol Spectrometers MODEL 11-D was located against the 

supply grill of the PV system to measure whether the PV system supplied 

clean air. The set up of this measurement is shown in the picture at the right.   

Figure a) Measurement points velocity PV system 
  b) HEPA filter with the area in the middle where no air is emerged 

Figure Location of the spectrometer 
to measure the supplied air by the PV 
system 

a) b) 
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Stationary position  

The air in the climate chamber was assumed as perfectly mixed. The ACH can be used as a measure for how many 

times the air in a room is replaced each hour. The following two formulas were used to determine the ACH of 

the room.  

𝐴𝐶𝐻 =
3.6∗𝑄

𝑉𝑜𝑙
          [II] 

 Where,  
ACH = number of air changes per hour     [-] 

Q = volumetric flow rate        [l/s] 

Vol = Volume room        [m3]  

 

𝑇𝑖𝑚𝑒 𝑠𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑟𝑦 𝑠𝑖𝑡𝑢𝑎𝑡𝑖𝑜𝑛 =
60

𝐴𝐶𝐻
       [III] 

 Where,  
Time stationary situation        [min] 

 ACH = number of air changes per hour     [-] 

 

The ventilation rate flow of the ventilation in the room was between 180-190 m3/h (50-53 l/s), which resulted in 

a mean ACH of the room of 3.7. To make sure the air in the room was in a stationary position the ACH is times 3. 

This resulted in a stationary time of 48 minutes.  

 

Measurement equipment 

The figure below shows the location of the measurement equipment. A Portable Aerosol Spectrometer MODEL 
11-D GRIMM of the breathing zone was located between Air Visuals BZ_9cm and BZ_27cm (18 cm from the 
breathing zone). 
 

  

Figure Location of the measurement equipment in the breathing zone 
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The specification of the measurement equipment that was used during the measurements are provided in the table below.  
Table Used measurement equipment 

 Variable  Type sensor  Property of Output Limit Accuracy/NTC Calibration  

Concentration 

particles 

1_room 1. IQAir AirVisual (PM2.5) BBA binnenmilieu ug/m3 0 to 1798 µg/m3 ±10% - 

2_room 2. IQAir AirVisual (PM2.5) BBA binnenmilieu ug/m3 0 to 1798 µg/m3 ±10% - 

3_room 3. IQAir AirVisual (PM2.5) BBA binnenmilieu ug/m3 0 to 1798 µg/m3 ±10% - 

4_room 4. IQAir AirVisual (PM2.5) BBA binnenmilieu ug/m3 0 to 1798 µg/m3 ±10% - 

BZ_9 5. IQAir AirVisual (PM2.5) BBA binnenmilieu ug/m3 0 to 1798 µg/m3 ±10% - 

BZ_27 6. IQAir AirVisual (PM2.5) BBA binnenmilieu ug/m3 0 to 1798 µg/m3 ±10% - 

Particlediff 7. IQAir AirVisual (PM2.5) BBA binnenmilieu ug/m3 0 to 1798 µg/m3 ±10% - 

PASBZ Portable Aerosol Spectrometer MODEL 11-D GRIMM TU/e ug/m3 0 μg/m3 to 100 mg/m3 <3 % (ISO 21501-4) V 

PASR Portable Aerosol Spectrometer MODEL 11-D GRIMM TU/e ug/m3 0 μg/m3 to 100 mg/m3 <3 % (ISO 21501-4) V 

LH Lighthouse Handheld 3016-IAQ TU/e ug/m3 0 to 4,000,000/ ft3 50% (ISO 21501-4) V 

Comfort 

meters 

vr 1. Velocity 

SensoAnemo 5150NSF 

TU/e m/s 0.05 to 5 m/s 0.02 m/s  

± 1.5% of readings 

Aug 2018 

vbz 2. Velocity  

SensoAnemo 5150NSF 

TU/e m/s 0.05 to 5 m/s 0.02 m/s  

± 1.5% of readings 

Aug 2018 

vf 3. Velocity 

SensoAnemo 5150NSF  

TU/e m/s 0.05 to 5 m/s 0.02 m/s  

± 1.5% of readings 

Aug 2018 

Tsh 1. Temperature  

Interchangeable NTC thermistor 2154 

TU/e oC -55 to 80 oC 0.05oC V 

Tsb 2. Temperature  

Interchangeable NTC thermistor 2152 

TU/e oC -55 to 80 oC 0.05oC V 

Tbz 3. Temperature  

Interchangeable NTC thermistor 2431 

TU/e oC -55 to 80 oC 0.05oC V 

Tr 4. Temperature  

Interchangeable NTC thermistor 2430 

TU/e oC -55 to 80 oC 0.05oC V 

Tf 5. Temperature  

Interchangeable NTC thermistor 2435 

TU/e oC -55 to 80 oC 0.05oC V 

Air velocity  Air velocity  Testo 425 thermic anemometer TU/e m/s 0 to 20 m/s ±0.03 m/s  V 
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Calibration  
Calibration was done by locating all the Air Visuals close to each other, figure below. The door was closed during 
the measurements. The measurement was done for 15 minutes. The Air Visuals were compared with the results 
of A Portable Aerosol Spectrometer MODEL 11-D GRIMM. Due to the different time sample (Air Visual per 10 
sec, spectrometer per 6 sec), the results were first switched to one minute. In the following table the equations 
that were used to calibrate the different monitors are provided. 
 
 Table R2 value and calibration equation resulted from the calibration 

 
 
 
 
 

 

 

 

 

 

 

 
  

Air Visual R2 Equation  

Room_1 0.80 y = 0.4446x + 17.527 

2_room 0.83 y = 0.5653x + 15.869 

3_room 0.73 y = 0.3413x + 19.747 

4_room 0.72 y = 0.5097x + 24.577 

BZ_9 0.81 y = 0.5609x + 16.818 

BZ_27 0.81 y = 0.5034x + 20.142 

Particlediff 0.82 y = 0.9293x + 7.7666 

Figure Location of the Air Visuals for calibration 
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Specification fan – dynamic situation 

An extra air flow was generated by a fan to create a dynamic situation. 

Type: Fuave FV1010, table fan which recirculate (not filtered) air  

The fan was located on a construction of 0.91 m high. 

 

The height of the ventilator: 0.48 m 

The diameter of the ventilator: 0.3 m 

Self-rotating fan. turning circle: 85o.  

 

The comfort parameters at the three different locations of the fan were 
measured for 5 minutes, without the PV system and particle diffuser. The 
results are provided in the table below.   
 

 

Table Results comfort parameters per position of the fan 

  

 
Velocity [m/s] Temperature [oC] Surface temperature [oC] 

1-2 

Mean Forehead 0.22 Forehead 21.1 Head 23.6 

Breathing zone 0.08 Breathing zone 20.6 Body  28.5 

Room  0.00 Room  20.3   

Standard 

deviation 

Forehead 0.54 Forehead 0.04 Head 0.09 

Breathing zone 0.00 Breathing zone 0.04 Body   0.14 

Room 0.19 Room  0.02   

2-2 

Mean Forehead 0.12 Forehead 21.3 Head 25.3 

Breathing zone 0.08 Breathing zone 21.5 Body  29.6 

Room 0.01 Room 20.2   

Standard 

deviation 

Forehead 0.41 Forehead 0.09 Head 0.11 

Breathing zone 0.00 Breathing zone 0.13 Body   0.12 

Room 0.36 Room 0.02   

2-1 

Mean Forehead 0.12 Forehead 21.5 Head 25.5 

Breathing zone 0.07 Breathing zone 21.6 Body  29.7 

Room 0.01 Room 20.7   

Standard 

deviation 

Forehead 0.50 Forehead 0.06 Head 0.08 

Breathing zone 0.00 Breathing zone 0.16 Body   0.10 

Room 0.30 Room 0.03   

3-1 

Mean Forehead 0.15 Forehead 21.7 Head 26.5 

Breathing zone 0.00 Breathing zone 22.6 Body  29.6 

Room 0.00 Room 20.1   

Standard 

deviation 

Forehead 0.47 Forehead 0.25 Head 0.19 

Breathing zone 0.00 Breathing zone 0.16 Body   0.18 

Room 0.00 Room 0.02   

Figure Fan Fuave FV1010 
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Supply head 2 
To create the second supply head, a conical shaped head was 
made out of carton and was located above the original head. 
A carton blockage was located inside the conical to create an 
equal air stream over the entire supply area. There was 0.5 m 
between the filter located in the duct and the exhaust of the 
air. The supply area of the head had a diameter of 0.48 m, 
which led to a supply area of 1810 cm2. Figure on the right is a 
picture of the setting of the experiment with supply head 2.  
 
The supply head was tested with two different air velocities. 
The air velocity was measured with a Testometer 425 at 8 
different spots: 3 cm (outer circle) and 15 cm (inner circle) 
from the edge. The results are shown in the table below.  
 
 
 
 
Table Velocities of supply head 2 

 Setting 1 

[m/s] 

Setting 2 

[m/s] 

 Inner circle  Outer circle  Total  Inner circle Outer circle  Total 

Measurement point 1 

Top 

0.05 0.15 0.06 0.23  

Measurement point 2 

Right  

0.05 0.16 0.06 0.25 

Measurement point 3 

Bottum 

0.06 0.16 0.07 0.25 

Measurement point 4 

Left  

0.06 0.17 0.08 0.26 

Mean  0.055 0.17 0.11 0.068 0.248 0.16 

 
The measured air velocity was used to determine the ventilation flow rate, formula I. The ventilation flow rates 

of the PV system are provided in the table below.  

Table Ventilation rate of supply head 2 

Ventilation flow rate Setting 1 Setting 2 

[m3/sec] 0.019 0.029 

[m3/h] 67.14 103.63 

 
  

Figure Setting of supply head 2 
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Appendix VII 
Additional information results experiment  
In this appendix the results are showed per measurement. The ratios provided in this appendix are not adapted 

to the begin situation (without the PV system). The results included in the report have been adjusted to the ratios 

of the begin situation. 

  

Begin situation 

Below the figures of the particle concentration in the begin situation(without PV system) are provided.  

 
b) a) 

c) 
d) 

Figure Particle concentration begin situation (without PV system)  
a) Particle concentration per AirVisual - measurement 1  
b) Particle concentration per AirVisual - measurement 2  
c) Ratio breathing zone vs room - measurement 1  
d) Ratio breathing zone vs room - measurement 2 
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Table Results begin situation  

 
 

 

 

  

Begin situation 

Set 
 

Ratio [-1] Velocity [m/s] Temperature [oC] Surface temperature [oC] 

1.  Mean BZ_9 0.98 Forehead 0.00 Forehead 23.2 Head 27.6 

BZ_27 1.24 Breathing zone 0.00 Breathing zone 23.7 Body  30.4 

Room  0.00 Room  20.4 

Standard 

deviation  

BZ_9 0.03 Forehead 0.00 Forehead 0.12 Head 0.12 

BZ_27 0.06 Breathing zone 0.00 Breathing zone 0.13 Body   0.08 

Room 0.00 Room  0.06 

2.  Mean BZ_9 0.98 Forehead 0.02 Forehead 23.6 Head 27.9 

BZ_27 1.23 Breathing zone 0.00 Breathing zone 22.7 Body  30.5 

Room 0.00 Room 20.5 

Standard 

deviation 

BZ_9 0.04 Forehead 0.00 Forehead 0.16 Head 0.14 

BZ_27 0.12 Breathing zone 0.00 Breathing zone 0.09 Body   0.13 

Room 0.00 Room 0.04 

Room 0.00 Room 0.05 
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Table Results distance of PV system to the breathing zone 

Distance of PV system to the breathing zone 

Set 
 

Ratio [-1] Velocity [m/s] Temperature [oC] Surface temperature [oC] 

Dist_0.38 

1.  Mean BZ_9 0.36 Forehead 0.00 Forehead 22.5 Head 26.3 

BZ_27 0.62 Breathing zone 0.02 Breathing zone 22.5 Body  30.4 

Room  0.00 Room  20.7 

Standard 

deviation 

BZ_9 0.02 Forehead 0.00 Forehead 0.10 Head 0.05 

BZ_27 0.04 Breathing zone 0.07 Breathing zone 0.02 Body   0.10 

Room 0.00 Room  0.09 

2.  Mean BZ_9 0.38 Forehead 0.00 Forehead 22.3 Head 26.4 

BZ_27 0.63 Breathing zone 0.17 Breathing zone 22.5 Body  30.5 

Room 0.00 Room 20.7 

Standard 

deviation 

BZ_9 0.02 Forehead 0.00 Forehead 0.08 Head 0.07 

BZ_27 0.03 Breathing zone 0.61 Breathing zone 0.02 Body   0.07 

Room 0.00 Room 0.07 

Dist_0.48 

1.  Mean BZ_9 0.55 Forehead 0.00 Forehead 22.3 Head 25.8 

BZ_27 0.82 Breathing zone 0.03 Breathing zone 22.2 Body  29.7 

Room  0.00 Room  20.6 

Standard 

deviation 

BZ_9 0.02 Forehead 0.00 Forehead 0.07 Head 0.05 

BZ_27 0.03 Breathing zone 0.02 Breathing zone 0.03 Body   0.08 

Room 0.00 Room  0.06 

2.  Mean BZ_9 0.51 Forehead 0.00 Forehead 22.3 Head 25.9 

BZ_27 0.77 Breathing zone 0.02 Breathing zone 22.2 Body  29.7 

Room 0.00 Room 20.6 

Standard 

deviation 

BZ_9 0.02 Forehead 0.00 Forehead 0.06 Head 0.05 

BZ_27 0.05 Breathing zone 0.00 Breathing zone 0.03 Body   0.13 

Room 0.02 Room 0.07 

Dist_0.58 

1.  Mean BZ_9 0.69 Forehead 0.01 Forehead 22.3 Head 24.5 

BZ_27 1.08 Breathing zone 0.01 Breathing zone 22.2 Body  30.1 
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Table Results angle of the supply head  

Room  0.00 Room  20.6 

Standard 

deviation 

BZ_9 0.04 Forehead 0.03 Forehead 0.08 Head 0.10 

BZ_27 0.07 Breathing zone 0.01 Breathing zone 0.04 Body   0.07 

Room 0.00 Room  0.06 

2.  Mean BZ_9 0.65 Forehead 0.01 Forehead 22.4 Head 24.4 

BZ_27 1.08 Breathing zone 0.01 Breathing zone 22.2 Body  30.3 

Room 0.00 Room 20.7 

Standard 

deviation 

BZ_9 0.04 Forehead 0.02 Forehead 0.10 Head 0.07 

BZ_27 0.07 Breathing zone 0.01 Breathing zone 0.05 Body   0.12 

Room 0.00 Room 0.08 

Angle of the supply head 

Set 
 

Ratio [-1] Velocity [m/s] Temperature [oC] Surface temperature [oC] 

Angle_30 

1.  Mean BZ_9 0.55 Forehead 0.00 Forehead 22.3 Head 25.8 

BZ_27 0.82 Breathing zone 0.03 Breathing zone 22.2 Body  29.7 

Room  0.00 Room  20.6 

Standard 

deviation 

BZ_9 0.02 Forehead 0.00 Forehead 0.07 Head 0.05 

BZ_27 0.03 Breathing zone 0.02 Breathing zone 0.03 Body   0.08 

Room 0.00 Room  0.06 

2.  Mean BZ_9 0.51 Forehead 0.00 Forehead 22.3 Head 25.9 

BZ_27 0.77 Breathing zone 0.02 Breathing zone 22.2 Body  29.7 

Room 0.00 Room 20.6 

Standard 

deviation 

BZ_9 0.02 Forehead 0.00 Forehead 0.06 Head 0.05 

BZ_27 0.05 Breathing zone 0.02 Breathing zone 0.03 Body   0.13 

Room 0.00 Room 0.07 

Angle_40 

1.  Mean BZ_9 0.55 Forehead 0.04 Forehead 22.3 Head 24.7 

BZ_27 1.05 Breathing zone 0.15 Breathing zone 22.3 Body  31.0 

Room  0.00 Room  20.6 

BZ_9 0.03 Forehead 0.26 Forehead 0.07 Head 0.11 
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Standard 

deviation 

BZ_27 0.06 Breathing zone 0.43 Breathing zone 0.03 Body   0.07 

Room 0.00 Room  0.07 

2.  Mean BZ_9 0.57 Forehead 0.05 Forehead 22.3 Head 24.8 

BZ_27 1.01 Breathing zone 0.33 Breathing zone 22.4 Body  30.4 

Room 0.00 Room 20.7 

Standard 

deviation 

BZ_9 0.03 Forehead 0.33 Forehead 0.03 Head 0.11 

BZ_27 0.06 Breathing zone 0.74 Breathing zone 0.02 Body   0.10 

Room 0.00 Room 0.06 

Angle_50 

1.  Mean BZ_9 0.85 Forehead 0.06 Forehead 22.3 Head 24.3 

BZ_27 0.96 Breathing zone 0.04 Breathing zone 22.0 Body  30.2 

Room  0.00 Room  20.5 

Standard 

deviation 

BZ_9 0.05 Forehead 0.02 Forehead 0.03 Head 0.04 

BZ_27 0.07 Breathing zone 0.02 Breathing zone 0.05 Body   0.10 

Room 0.00 Room  0.07 

2.  Mean BZ_9 0.88 Forehead 0.10 Forehead 21.9 Head 23.9 

BZ_27 1.00 Breathing zone 0.05 Breathing zone 21.7 Body  30.2 

Room 0.00 Room 20.5 

Standard 

deviation 

BZ_9 0.04 Forehead 0.02 Forehead 0.04 Head 0.02 

BZ_27 0.08 Breathing zone 0.02 Breathing zone 0.07 Body   0.06 

Room 0.00 Room 0.08 
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Table Dynamic situation   

Dynamic situation  

Set 
 

Ratio [-1] Velocity [m/s] Temperature [oC] Surface temperature [oC] 

Dynamic_1-2 

1.  Mean BZ_9 0.89 Forehead 0.14 Forehead 21.2 Head 23.8 

BZ_27 1.00 Breathing zone 0.13 Breathing zone 21.2 Body  29.4 

Room  0.00 Room  20.4 

Standard 

deviation 

BZ_9 0.03 Forehead 0.43 Forehead 0.03 Head 0.05 

BZ_27 0.03 Breathing zone 0.46 Breathing zone 0.05 Body   0.08 

Room 0.00 Room  0.02 

2.  Mean BZ_9 0.93 Forehead 0.11 Forehead 21.2 Head 23.9 

BZ_27 1.01 Breathing zone 0.13 Breathing zone 21.2 Body  29.6 

Room 0.00 Room 20.4 

Standard 

deviation 

BZ_9 0.03 Forehead 0.22 Forehead 0.04 Head 0.05 

BZ_27 0.04 Breathing zone 0.36 Breathing zone 0.05 Body   0.08 

Room 0.00 Room 0.04 

Dynamic_2-2 

1.  Mean BZ_9 0.69 Forehead 0.12 Forehead 21.4 Head 24.4 

BZ_27 0.89 Breathing zone 0.03 Breathing zone 21.5 Body  29.7 

Room  0.00 Room  20.4 

Standard 

deviation 

BZ_9 0.10 Forehead 0.45 Forehead 0.05 Head 0.06 

BZ_27 0.04 Breathing zone 0.12 Breathing zone 0.06 Body   0.12 

Room 0.00 Room  0.02 

2.  Mean BZ_9 0.70 Forehead 0.10 Forehead 21.4 Head 24.4 

BZ_27 0.89 Breathing zone 0.08 Breathing zone 21.4 Body  29.6 

Room 0.00 Room 20.5 

Standard 

deviation 

BZ_9 0.10 Forehead 0.39 Forehead 0.06 Head 0.08 

BZ_27 0.04 Breathing zone 0.35 Breathing zone 0.06 Body   0.09 

Room 0.00 Room 0.03 

Dynamic_2-1 

1.  Mean BZ_9 0.65 Forehead 0.10 Forehead 21.5 Head 24.5 

BZ_27 0.92 Breathing zone 0.07 Breathing zone 21.6 Body  29.7 
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Room  0.01 Room  20.5 

Standard 

deviation 

BZ_9 0.12 Forehead 0.38 Forehead 0.07 Head 0.06 

BZ_27 0.03 Breathing zone 0.29 Breathing zone 0.04 Body   0.06 

Room 0.00 Room  0.02 

2.  Mean BZ_9 0.66 Forehead 0.12 Forehead 21.4 Head 24.3 

BZ_27 0.88 Breathing zone 0.02 Breathing zone 21.5 Body  29.4 

Room 0.01 Room 20.4 

Standard 

deviation 

BZ_9 0.11 Forehead 0.44 Forehead 0.06 Head 0.08 

BZ_27 0.03 Breathing zone 0.03 Breathing zone 0.06 Body   0.12 

Room 0.00 Room 0.03 

Dynamic_3-1 

1.  Mean BZ_9 0.70 Forehead 0.05 Forehead 21.7 Head 25.3 

BZ_27 0.93 Breathing zone 0.05 Breathing zone 21.9 Body  29.5 

Room  0.00 Room  20.4 

Standard 

deviation 

BZ_9 0.06 Forehead 0.24 Forehead 0.08 Head 0.16 

BZ_27 0.03 Breathing zone 0.29 Breathing zone 0.04 Body   0.05 

Room 0.01 Room  0.02 

2.  Mean BZ_9 0.70 Forehead 0.04 Forehead 21.5 Head 25.4 

BZ_27 0.93 Breathing zone 0.12 Breathing zone 21.8 Body  29.5 

Room 0.00 Room 20.3 

Standard 

deviation 

BZ_9 0.10 Forehead 0.06 Forehead 0.06 Head 0.12 

BZ_27 0.03 Breathing zone 0.50 Breathing zone 0.05 Body   0.07 

Room 0.01 Room 0.02 
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Table Comfort parameter of the short range  
 

  Short range  

Set 
 

Velocity [m/s] Temperature [oC] Surface temperature [oC] 

1 – with PV sytem 

1.  Mean Forehead 0.00 Forehead 22.0 Head 24.2 

Breathing zone 0.04 Breathing zone 21.8 Body  29.1 

Room  0.00 Room  20.4   

Standard 

deviation 

Forehead 0.00 Forehead 0.09 Head 0.06 

Breathing zone 0.02 Breathing zone 0.07 Body   0.04 

Room 0.00 Room  0.02   

2.  Mean Forehead 0.00 Forehead 22.6 Head 24.7 

Breathing zone 0.01 Breathing zone 22.0 Body  29.4 

Room 0.00 Room 20.3   

Standard 

deviation 

Forehead 0.00 Forehead 0.12 Head 0.04 

Breathing zone 0.02 Breathing zone 0.03 Body   0.03 

Room 0.00 Room 0.02   

2 – with PV sytem 

1.  Mean Forehead 0.00 Forehead 22.7 Head 25.0 

Breathing zone 0.03 Breathing zone 21.7 Body  29.5 

Room  0.00 Room  20.4   

Standard 

deviation 

Forehead 0.00 Forehead 0.09 Head 0.04 

Breathing zone 0.02 Breathing zone 0.04 Body   0.03 

Room 0.00 Room  0.02   

2.  Mean Forehead 0.00 Forehead 22.9 Head 24.9 

Breathing zone 0.03 Breathing zone 21.8 Body  29.5 

Room 0.00 Room 20.5   

Standard 

deviation 

Forehead 0.00 Forehead 0.12 Head 0.03 

Breathing zone 0.02 Breathing zone 0.05 Body   0.03 

Room 0.00 Room 0.02   
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Table Supply head 2 

 

  

Supply head 2 

Set 
 

Ratio [-1] Velocity [m/s] Temperature [oC] Surface temperature [oC] 

Head_2_67 

1.  Mean BZ_9 0.96 Forehead 0.02 Forehead 23.8 Head 28.0 

BZ_27 1.02 Breathing zone 0.00 Breathing zone 24.1 Body  30.6 

Room  0.00 Room  20.6 

Standard 

deviation 

BZ_9 0.03 Forehead 0.00 Forehead 0.07 Head 0.10 

BZ_27 0.04 Breathing zone 0.00 Breathing zone 0.13 Body   0.13 

Room 0.00 Room  0.06 

2.  Mean BZ_9 0.99 Forehead 0.02 Forehead 23.8 Head 28.0 

BZ_27 1.19 Breathing zone 0.00 Breathing zone 24.0 Body  30.6 

Room 0.00 Room 20.7 

Standard 

deviation 

BZ_9 0.03 Forehead 0.00 Forehead 0.13 Head 0.09 

BZ_27 0.05 Breathing zone 0.00 Breathing zone 0.21 Body   0.06 

Room 0.00 Room 0.07 

Head_2_104 

1.  Mean BZ_9 0.86 Forehead 0.02 Forehead 23.8 Head 28.1 

BZ_27 1.03 Breathing zone 0.00 Breathing zone 23.3 Body  30.8 

Room  0.00 Room  20.6 

Standard 

deviation 

BZ_9 0.04 Forehead 0.00 Forehead 0.13 Head 0.11 

BZ_27 0.03 Breathing zone 0.00 Breathing zone 0.14 Body   0.08 

Room 0.00 Room  0.04   

2.  Mean BZ_9 0.87 Forehead 0.02 Forehead 23.7 Head 28.2 

BZ_27 1.01 Breathing zone 0.00 Breathing zone 22.9 Body  30.3 

Room 0.00 Room 20.7 

Standard 

deviation 

BZ_9 0.07 Forehead 0.00 Forehead 0.15 Head 0.19 

BZ_27 0.08 Breathing zone 0.00 Breathing zone 0.22 Body   0.08 

Room 0.00 Room 0.08 
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Table CADR  

CADR 

PV system Measurement Particle concentration [µg/m3] Decay constant 

On 

 

1 Start (0 min) 62.7 0.064 

End (3 min) 51.8 

2 Start (0 min) 61.3 0.057 

End (3 min) 51.6 

Off 1 Start (0 min) 173.8 0.052 

End (3 min) 148.7 

2 Start (0 min) 91.0 0.054 

End (3 min) 77.3 
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Appendix VIII 
Statistical analysis  
The table below shows the statistical data per measurement. The mean, standard deviation, median and mode 

are provided per Air Visual in this table.  

 

Begin situation 

The boxplot below provide an overview of the distribution of the different Air Visuals during the begin situation. 

More statistical information is provided in the table below.  

 

  
Table 5 Statistical information begin situation 

Begin situation  

 Measurement 1 Measurement 2 

Mean Std Median Mode Mean Std Median Mode 

Room 1_room 222 13 222 207 73 3 73 71 

2_room 407 40 404 424 99 7 98 100 

3_room 156 5 156 150 70 2 69 69 

4_room 192 10 191 191 82 2 83 83 

BZ BZ_9 188 6 188 189 73 2 73 74 

BZ_27 235 22 233 233 93 5 92 91 

Diffuser Particlediff 1234 82 1221 1184 673 334 561 507 

Significance 

  Sig (2 -tailed) Significant difference 

Paired sample test  BZ_9 0.13 No 

BZ_27 0.73 No 

One sample test Measurement  1 2 1 2 

BZ_9 0.73 0.08 No No 

BZ_27 0.67 0.97 No No 

Paired sample test 

(compared to 1_room) 

Sig (2 -tailed) 2_room 3_room 4_room BZ_9 BZ_27 

Measurement 1 0.00 0.00 0.00 0.00 0.00 

Measurement 2 0.00 0.00 0.00 0.43 0.00 

 

 

Figure Boxplot begin situation, measurement 1 and 2 
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Below the statical analysis are provided per situation. For every situation a boxplot is provided, the distribution 

per Airvisual of the other measurements in this situation are comparable to this boxplot.  

 
Distance of PV system to the breathing zone and angle of the supply head 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
Table Statistical information distance of PV system to the breathing zone  

Distance of PV system to the breathing zone 

 Measurement 1 Measurement 2 

Mean Std Median Mode Mean Std Median Mode 

Dist_0.38 

Room 1_room 107 6 107 107 97 5 97 95 

2_room 219 18 218 210 187 20 184 183 

3_room 76 2 76 75 72 1 72 72 

4_room 93 4 93 94 88 1 88 88 

BZ BZ_9 33 1 34 34 32 1 33 33 

BZ_27 57 4 56 55 54 2 54 53 

Diffuser Particlediff 872 95 871 889 783 81 791 677 

Significance 

  Sig (2 -tailed) Significant difference 

Paired sample test  BZ_9 0.00 Yes 

BZ_27 0.03 Yes 

One sample test Measurement  1 2 1 2 

BZ_9 0.00 0.00 Yes Yes 

BZ_27 0.00 0.00 Yes Yes 

Dist_0.48 

Room 1_room 66 5 66 66 66 4 66 63 

2_room 132 12 129 127 115 11 116 118 

3_room 51 2 50 50 53 2 53 53 

4_room 65 3 65 68 67 2 67 66 

BZ BZ_9 33 1 34 33 32 1 31 32 

BZ_27 50 2 50 49 48 3 47 47 

Diffuser Particlediff 600 85 591 493 613 81 601 560 

Significance 

  Sig (2 -tailed) Significant difference 

Paired sample test  BZ_9 0.00 Yes 

Figure3 Boxplot dist_0.48, measurement 2 
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BZ_27 0.00 Yes 

One sample test Measurement  1 2 1 2 

BZ_9 0.00 0.00 Yes Yes 

BZ_27 0.00 0.00 Yes Yes 

Dist_0.58 

Room 1_room 79 6 78 75 97 6 97 97 

2_room 165 18 163 147 185 16 187 199 

3_room 63 1 64 64 71 1 71 72 

4_room 81 3 80 78 91 3 90 90 

BZ BZ_9 51 2 51 51 56 3 56 55 

BZ_27 80 3 79 79 93 5 93 93 

Diffuser Particlediff 673 52 663 733 787 71 795 804 

Significance 

  Sig (2 -tailed) Significant difference 

Paired sample test  BZ_9 0.00 Yes 

BZ_27 0.95 No 

One sample test Measurement  1 2 1 2 

BZ_9 0.00 0.00 Yes Yes 

BZ_27 0.00 0.00 Yes Yes 

 

Table Statistical information angle of the supply head  

Angle of the supply head 

 Measurement 1 Measurement 2 

Mean Std Median Mode Mean Std Median Mode 

Angle_30 

Room 1_room 66 5 66 66 66 4 66 63 

2_room 132 12 129 127 115 11 116 118 

3_room 51 2 50 50 53 2 53 53 

4_room 65 3 65 68 67 2 67 66 

BZ BZ_9 33 1 34 33 32 1 31 32 

BZ_27 50 2 50 49 48 3 47 47 

Diffuser Particlediff 600 85 591 493 613 81 601 560 

Significance 

  Sig (2 -tailed) Significant difference 

Paired sample test  BZ_9 0.00 Yes 

BZ_27 0.00 Yes 

One sample test Measurement  1 2 1 2 

BZ_9 0.00 0.00 Yes Yes 

BZ_27 0.00 0.00 Yes Yes 

Angle_40 

Room 1_room 96 7 96 90 69 4 69 68 

2_room 172 18 169 159 119 10 118 126 

3_room 65 2 65 66 53 1 53 52 

4_room 80 3 80 79 67 2 67 67 

BZ BZ_9 44 3 44 43 36 1 36 36 

BZ_27 84 6 83 87 64 3 64 63 

Diffuser Particlediff 735 101 721 765 471 66 478 471 

Significance 

  Sig (2 -tailed) Significant difference 
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Paired sample test  BZ_9 0.00 Yes 

BZ_27 0.06 No 

One sample test Measurement  1 2 1 2 

BZ_9 0.00 0.00 Yes Yes 

BZ_27 0.00 0.00 Yes Yes 

Angle_50 

Room 1_room 81 5 81 81 75 4 75 70 

2_room 142 11 143 145 124 11 121 120 

3_room 58 1 58 58 55 1 55 55 

4_room 70 1 70 70 65 2 65 66 

BZ BZ_9 60 2 59 58 58 2 58 61 

BZ_27 67 5 67 66 68 5 68 66 

Diffuser Particlediff 638 75 641 708 513 61 499 575 

Significance 

  Sig (2 -tailed) Significant difference 

Paired sample test  BZ_9 0.00 Yes 

BZ_27 0.00 Yes 

One sample test Measurement  1 2 1 2 

BZ_9 0.00 0.00 Yes Yes 

BZ_27 0.00 0.00 Yes Yes 

 

Dynamic situation  

Figure Boxplot dynamic_2-2, measurement 1 
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 Table Statistical information dynamic situation 

Dynamic situation  

 Measurement 1 Measurement 2 

Mean Std Median Mode Mean Std Median Mode 

Dynamic_1-2 

Room 1_room 70 3 70 70 70 2 70 73 

2_room 99 6 100 96 101 4 101 98 

3_room 65 2 65 65 67 2 66 65 

4_room 73 2 73 74 73 2 73 74 

BZ BZ_9 62 2 62 63 65 2 65 65 

BZ_27 70 3 70 68 71 3 71 72 

Diffuser Particlediff 418 51 418 395 400 48 399 363 

Significance 

  Sig (2 -tailed) Significant difference 

Paired sample test  BZ_9 0.00 Yes 

BZ_27 0.00 Yes 

One sample test Measurement  1 2 1 2 

BZ_9 0.00 0.00 Yes Yes 

BZ_27 0.00 0.00 Yes Yes 

Dynamic_2-2 

Room 1_room 89 4 89 91 78 3 78 77 

2_room 122 6 122 124 105 7 104 110 

3_room 75 3 75 76 68 2 68 69 

4_room 81 2 81 81 75 2 75 75 

BZ BZ_9 57 8 56 57 52 7 51 52 

BZ_27 73 3 73 70 66 3 66 68 

Diffuser Particlediff 376 45 366 342 352 39 316 305 

Significance 

  Sig (2 -tailed) Significant difference 

Paired sample test  BZ_9 0.00 Yes 

BZ_27 0.54 No 

One sample test Measurement  1 2 1 2 

BZ_9 0.00 0.00 Yes Yes 

BZ_27 0.00 0.00 Yes Yes 

Dynamic_2-1 

Room 1_room 80 3 80 78 67 3 67 68 

2_room 111 4 111 110 94 6 64 98 

3_room 70 2 70 70 62 2 62 61 

4_room 78 2 78 77 71 2 70 70 

BZ BZ_9 50 9 50 50 44 7 43 42 

BZ_27 70 2 70 72 59 3 59 59 

Diffuser Particlediff 339 43 332 302 309 29 304 302 

Significance 

  Sig (2 -tailed) Significant difference 

Paired sample test  BZ_9 0.00 Yes 

BZ_27 0.03 Yes 

One sample test Measurement  1 2 1 2 

BZ_9 0.00 0.00 Yes Yes 

BZ_27 0.00 0.00 Yes Yes 
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Dynamic_3-1 

Room 1_room 82 2 82 82 87 3 86 86 

2_room 103 8 101 97 104 7 102 101 

3_room 70 2 70 71 73 2 73 74 

4_room 77 1 76 76 80 2 79 79 

BZ BZ_9 52 4 52 52 56 9 55 54 

BZ_27 71 2 71 70 74 3 74 71 

Diffuser Particlediff 474 54 465 457 471 59 460 470 

Significance 

  Sig (2 -tailed) Significant difference 

Paired sample test  BZ_9 0.00 Yes 

BZ_27 0.00 Yes 

One sample test Measurement  1 2 1 2 

BZ_9 0.00 0.00 Yes Yes 

BZ_27 0.00 0.00 Yes Yes 

  



 

 Appendices 

 

Short range 
Table Statistical information short range 

Short range   

 Measurement 1 Measurement 2 

Mean Std Median Mode Mean Std Median Mode 

Short_0.7 without PV system 

BZ BZ_9 223 22 225 237 80 7 79 78 

BZ_27 208 26 209 209 105 7 106 107 

Significance 

  Sig (2 -tailed) Significant difference 

Paired sample test BZ_9 0.00 Yes 

BZ_27 0.00 Yes 

Short_0.7 with PV system 

BZ BZ_9 252 86 229 203 104 35 96 82 

BZ_27 926 0 926 926 902 110 926 926 

Significance 

  Sig (2 -tailed) Significant difference 

Paired sample test BZ_9 0.00 Yes 

BZ_27 0.91 No 

Short_1 without PV system 

BZ BZ_9 161 22 163 146 166 16 167 167 

BZ_27 272 31 269  198 17 200 187 

Significance 

  Sig (2 -tailed) Significant difference 

Paired sample test BZ_9 0.05 No 

BZ_27 0.00 Yes 

Short_1 with PV system 

BZ BZ_9 56 4 55 53 111 8 108 107 

BZ_27 106 6 106 101 100 6 97 97 

Significance 

  Sig (2 -tailed) Significant difference 

Paired sample test BZ_9 0.00 Yes 

BZ_27 0.00 Yes 
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Supply head 2 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

 
Table Statistically information supply head  2 

Supply head  2 

 Measurement 1 Measurement 2 

Mean Std Median Mode Mean Std Median Mode 

Head_2_67 

Room 1_room 52 2 53 54 58 3 58 55 

2_room 71 5 69 68 79 4 79 79 

3_room 49 1 50 50 55 1 55 55 

4_room 60 1 59 59 67 2 67 66 

BZ BZ_9 52 2 52 52 59 2 59 58 

BZ_27 59 2 60 57 72 4 71 70 

Diffuser Particlediff 493 160 473 473 702 277 703 951 

Significance 

  Sig (2 -tailed) Significant difference 

Paired sample test  BZ_9 0.00 Yes 

BZ_27 0.00 Yes 

One sample test Measurement  1 2 1 2 

BZ_9 0.00 0.00 Yes Yes 

BZ_27 0.00 0.00 Yes Yes 

Head_2_104 

Room 1_room 61 3 61 62 65 4 65 63 

2_room 84 6 82 79 85 6 85 84 

3_room 58 1 58 58 59 3 59 60 

4_room 70 1 70 70 71 3 71 70 

BZ BZ_9 55 3 56 56 57 5 57 59 

BZ_27 65 2 65 63 66 7 65 64 

Diffuser Particlediff 644 182 603 457 1042 327 1012 1679 

Significance 

  Sig (2 -tailed) Significant difference 

Paired sample test  BZ_9 0.76 No 

BZ_27 0.15 No 

One sample test Measurement  1 2 1 2 

BZ_9 0.00 0.00 Yes Yes 

BZ_27 0.00 0.00 Yes Yes 

 

Figure Boxplot head_2_67, measurement 2 


