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"...to deny or ignore the psychology involved in comfort measurements is not only 

shortsighted, but treats the human subject as a machine, which it is not." 

 
- Prof. F. Rohles - 
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ABSTRACT 

 
Operating rooms (ORs) in hospitals are sensitive environments where hygiene and safety come first. 

Air conditioning and ventilation systems in ORs primary are selected based on contamination control 

to guarantee patient safety. This choice also heavily influences thermal conditions in the room and 

with that thermal perception of the operating staff. Thermal comfort is an important, but generally 

overlooked, parameter that can influence the quality of the work of the surgical staff. In The 

Netherlands in 2014 new guidelines have been introduced for OR ventilation with respect to 

contamination control. Alternative design solutions have been developed and implemented since. 

Analyses of these systems have been limited, especially with respect to thermal comfort. This research 

focuses on the thermal sensation of surgical staff members in ORs with different ventilation systems 

including UDF, Opragon, Optimus and Halton. Based on the findings of the literature search that is 

conducted as preliminary study, the PMV/PPD model of Fanger is used for this research in 

combination with NEN-EN-ISO 7730 for thermal comfort analysis. Applying theory from literature, 

in-situ analysis of thermal comfort conditions is performed in a number of ORs. Analysis includes 

objective measurements at four locations with different ventilation systems, and subjective analysis 

through online surveys about thermal comfort perception during surgeries, filled in by 341 surgical 

staff members of 12 different Dutch hospitals. Objective and subjective measurements were not 

performed at the same time due to hygienic reasons. Both subjective and objective results indicate that 

on average, staff members are feeling cold. Statistical analysis of subjective measurements shows that 

the thermal sensation of the anesthesiology assistant is significantly colder compared to the other 

functions (anesthesiology assistant: N=100, M=2.46, SD=1.141; other functions: N=239, M=3.41, 

SD=1.14; t(337)=6.301, p<0.01), while the instrumenting nurse is having the best thermal sensation 

(instrumenting nurse: N=98, M=3.76, SD=1.293; other functions: N=241, M=2.88, SD=1.280; 

t(337)=-5.691, p<0.01) followed by the surgeon (surgeon: N=37, M=3.70, SD=1.24; other functions: 

N=302, M=3.06, SD=1.339; t(337)=-2.763, p<0.01). The low thermal sensation vote of the 

anesthesiology assistant is mainly related to their low activity level combined with short-sleeve 

uniforms, which is the other way around for the surgeon and instrumenting nurse. Cold body parts and 

draught seem to be the main problems in the ORs while vertical temperature gradients, floor 

temperatures and radiant asymmetry are on average not an issue. There are no significant differences 

between the different plenum types in terms of thermal comfort and local discomfort, except for 1T 

plenums that are often combined with radiant panels which cause significant higher levels of radiant 

discomfort at head level compared to other plenum types (1T plenum: N=72, M=0.13 i.e. 13%, 

SD=0.333; other plenums: N=267, M=0.04 i.e. 4%, SD=0.190; t(83.869), p<0.05). Overall, the 

subjective percentage of dissatisfied people is lower than predicted by the theoretical model, as in 

general surgeons and instrument nurses are feeling warmer than the model predicts. However, the 

subjective results show the same trend as the theoretical PMV/PPD model, as the subjective PD values 

are significant correlated with the theoretical PPD values (r=0.971, N=6, p<0.01). The PMV/PPD 

model is able to estimate the PPD values for surgeons, surgeon assistants and instrumenting nurses in 

the warm region and for circulators and anesthesiology assistants in the colder region. The theoretical 

Draught Rate (DR) model seems to not be applicable for the operating theatre since the objective 

measurement results highly underestimate the subjective DR values. This study point to the need of 

redefining and optimizing the theoretical PMV and DR model for application in the operating theatre. 

Further research to the specific clothing and activity levels for surgical staff is strongly desired for 

improving accuracy and quality of PMV based predictions. The study proposes for a shift in 

temperature and relative humidity settings where possible, but improving thermal sensations on 

personal level is preferred over changing environmental parameters, not only because of the stringent 

parameter boundaries for contamination control but also because of the large variations between 

individuals in terms of physical and emotional satisfaction.  

 

Keywords: Thermal sensations, operating theatre, surgical team, downflow ventilation, mixing 

ventilation  
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CHAPTER 1: INTRODUCTION 

 
This research aims to provide a detailed view of the current thermal environment in operating rooms 

(ORs) for different ventilation systems, as a first study towards optimizing the thermal comfort 

sensation for the staff. This chapter introduces the subject and summarizes the most important findings 

of the literature review of current knowledge on subjects which are relevant for this project. Appendix 

A shows the extensive results of the literature review. This chapter contains the main research question 

where this project is focusing on and the corresponding hypotheses. At the end, the scope of this 

research is defined and the structure of the report is given. 

 
CHAPTER 1.1: BACKGROUND INFORMATION 

 

An OR is one of the most controlled work environments which should provide a comfortable and 

healthy environment for all occupants since potentially high risk medical procedures are performed on 

a daily basis [1,2,3]. In an OR, two different groups of occupants are present: (i) patients, and (ii) staff 

including the surgeon, the surgical-assistant, the circulator/circulating nurse, the instrument 

nurse/scrub tech, the anesthetist and the anesthesiology assistant (Figure 1.1) [4]. The patient’s 

physical disorder and disability affect the thermoregulation which means that the patient’s body 

temperature is impaired as a result of its condition. Furthermore, using medicines or losing the sensory 

receptors in some patients can lead to thermal sensations that differ from the thermoregulation of a 

healthy person [4,5,6]. Therefore, patients and staff cannot be treated as one coherent group of users 

[7].  

 

 
Figure 1.1 OR occupants and their main positions 

 

Comfort is associated with human health in terms of a social sense of mental, social and physical well-

being. The most used definition for thermal comfort is ‘the condition of mind which expresses 

satisfaction with the thermal environment’ [8,9]. Thermal comfort is achieved when a person is 

satisfied with the thermal environment and when there is no need for the body to use their thermo-

regulator mechanism in order to compensate heat gains or losses to keep body temperature in 

equilibrium [10]. According to P.O. Fanger, the human body should meet several requirements for 

steady-state thermal comfort: (i) the body is in heat balance, (ii) mean skin temperature and sweat rate 

are within certain limits, and (iii) no local discomfort exists. Thermal comfort conditions in the OR is 

a very complex problem since the different requirements for both the surgical staff and the patient 

need to be taken into account as well as between staff. It is necessary to avoid the risk of 
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hypothermia for the anesthetized patient but a high temperature is usually intolerable for the surgical 

staff, especially during stressful surgeries such as orthopaedics surgery or those lasting hours [4,10].  

 

In an OR, the most important goal is patient safety and more specifically reducing the number of post-

operative wound infections. The postoperative infection rate depends on many variables such as the 

type of the OR, the cleaning process, the clothing of the surgical staff, the quality of the surgery and 

the ventilation system. Unlike in office buildings, where the environmental design is aimed to provide 

thermal comfort, in ORs the thermal comfort is considered as a secondary goal [11,12]. Medical 

clothing is mainly designed in order to provide safety against bacterial penetration and against fluid-

borne harmful pathogenic agents while not taken into account thermal comfort of users of the clothing. 

Current technical Heating Ventilation and Air-Conditioning (HVAC) standards focus primarily on 

lowering the number of particles and microorganisms in the air to reduce the risk of infection of the 

surgical wound, without considerable importance to the thermal comfort [2]. The effect of thermal 

(dis)comfort on the work performance and quality is therefore generally overlooked [12,13]. Although 

the protection of the patient against contamination is given the highest priority, the comfort of the 

surgical staff is of great importance since it has a direct influence on the quality and efficiency of their 

work, which in turn affects the patient. Thermal comfort of workers improves concentration, reducing 

mistakes and accidents and therefore enhancing the quality of work [1,3,6,13,14]. However, none 

study was found reporting this relationship between performance and thermal comfort for staff 

members in an OR [14]. 

 

The complexity of managing the thermal comfort in ORs is also due to the different levels and types of 

activities of the staff. Physical stress can also contribute to additional heat production, as well as a heat 

flow radiated by the light sources [15]. Usually it is not possible to adapt the clothing or alter the 

activity being performed in such a sensitive environment. Most of the time the type of surgery defines 

the requirements such as the activities of the staff, the number of people in the OR and the different 

types and numbers of equipment and lights [10,14]. Sometimes the staff is required to wear additional 

special clothing for safety reasons, e.g. lead overalls when X-rays are needed, non-transpiring paper 

overalls, protective masks and gloves, which can affect the thermal sensation [4,14]. Also the 

temperature settings can be different for each surgery. The indoor air temperature is usually higher for 

paediatric surgeries because children are more sensitive to lower temperatures, while the temperature 

may be set lower for cardiac surgery [16]. This diversity of variables results in different levels of 

comfort and discomfort among the staff in the room [13].  Several studies stated that it is impossible to 

specify a thermal environment in the OR that will satisfy all members of the staff, due to 

environmental conditions and the different clothing and activity requirements [2,4,10,11,17,18]. 

Besides, correction on a personal level is not possible in such a sensitive environment which 

contributes to discomfort. Previous research has shown that there is a strong need for future research 

concerning thermal comfort conditions in ORs [2,4,13,14,19,20] and that the quest to improve thermal 

sensations experienced by surgical staff is far from over [1]. Del Ferraro et al. [6] state that the 

assessment of thermal comfort conditions plays an important role in the determination of critical 

settings to compromise medical staff performance. 

 

Ventilation systems in ORs 

The choice of the air conditioning system in the OR is made based on patient safety. It is a meaningful 

choice as it defines not only the air flow in the room to ensure the highly demanding indoor 

environmental conditions [10,21], but also the thermal conditions [2,18,22]. The thermal sensation of 

the staff is therefore mainly determined by the standards for the HVAC systems, such as relative 

humidity, air supply temperature and ventilation rates. These HVAC standards are recorded in 

international guidelines. An overview of the main technical HVAC standards and guidelines and 

insight in the ventilation systems used in ORs are given in Appendix A. In general, two different 

ventilation principles for the operating theatre can be distinguished: (i) mixing ventilation, and (ii) 

displacement ventilation (unidirectional downflow, UDF). Mixing ventilation is based on dilution 

while the unidirectional flow displaces particles and microorganisms to prevent infection of the 

surgical wound. The two different ventilation principles are discussed in more detail in Appendix A. 

During the years, much research has been performed for performance evaluation of the different 
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ventilation systems/strategies that are available for application in ORs. An overview of previous 

research concerning the efficiency of ventilation systems in ORs is given in Appendix A, including 

reviews, numerical studies, objective measurements and subjective evaluations. In conclusion, there is 

no universal evaluation procedure applied in the investigated studies. Furthermore, the HVAC system 

itself cannot guarantee clean air as many factors influence the cleanliness of the air, such as the 

cleaning procedure, the type of surgery, the organization of the work and staff behaviour [67]. 

Therefore it is hard to determine which system design is the best for which purpose. Previous technical 

HVAC standards control the indoor air quality in an OR by prescribing the use of a UDF system [2]. 

In 2014, new guidelines concerning the air control in ORs were introduced [24,25] where the focus is 

on the performance rather than on the type of ventilation system, creating space for innovative 

ventilation systems as mentioned in Table 1.1 and Appendix A. However, at this moment there is very 

limited evidence on the efficiency of these alternative ventilation systems with regard to infection 

control or thermal comfort. 

 
Table 1.1 Information of alternative ventilation systems  

Alternative 

ventilation system 

developer 

Ventilation 

principle 

Information 

Optimus UDF Optimus is a system approach for the entire operating complex in a 

hospital. The integrated solution includes a circular air plenum that 

has surgical lighting, web cam, surgical cameras, sensors and 

microphones, and ensures a laminar flow [26]. 

Halton Mixing Halton is different compared to conventional ventilation systems, as 

the level of hygiene that is required for major operations rules in the 

entire room [27]. 

Avidicare  

(Opragon system) 

Temperature 

controlled 

airflow 

Opragon is based on displacement ventilation principle. It is a ‘two-

temperature’ system which means that in the middle the supply air 

temperature is lower than in the surrounding area [28]. 

Thermal comfort standards and guidelines 

There are various thermal comfort standards and guidelines to control the thermal comfort quality in a 

building. An overview of the main technical standards, guidelines and models concerning thermal 

comfort is given in Appendix A. For current research project, it has been decided to use the Predicted 

Mean Vote (PMV) model in combination with NEN-EN-ISO 7730 [8] for comfort analysis. NEN-EN-

ISO 7730 is an international standard that presents a method to predict the thermal sensation and the 

percentage of dissatisfied people (PPD) for moderate thermal environments. The standard is applicable 

to healthy men and women who are exposed to indoor climates where thermal comfort is desirable 

[7,29]. The standard is specifically developed for the office environment but can also be used in other 

kinds of environments [29]. In addition to the general comfort of the whole body, ISO 7730 evaluates 

local thermal discomfort as unwanted local cooling or heating of the body can also lead to overall 

thermal dissatisfaction [8]. ISO 7730 incorporates the PMV/PPD index which is created by P.O. 

Fanger (1934-2006) during the second half of the 1960s. Over years, many modifications have been 

proposed but none of them has found widespread application in engineering practice [30]. Also the 

search for alternative thermal indicators have gained interest. Recent studies indicate that using 

thermophysiological models in combination with a thermal sensation model is promising for the 

prediction of thermal sensations of local body parts in steady-state non-uniform environments 

[31,32,33]. However, more research regarding these models is needed for more accurate results. It is a 

great challenge to link the outcomes to the thermal comfort perception of the human beings (i.e. 

subjective experience). Nowadays, the original PMV/PPD model is still the number one method all 

across the globe for evaluating thermal comfort [30]. The model predicts the average thermal 

sensation of a group of persons exposed to the same environment, based on the heat balance of the 

human body. The PMV is an index on the 7-point thermal sensation scale (shown in Table 1.2), 

ranging from -3 (cold) to +3 (hot) with 0 as neutral condition wherein a person does not prefer either a 

warmer or colder environment [2,8,31]. The acceptable thermal environment for general comfort is 

recommended to be within limits of -0.5 ≤ PMV ≤ 0.5, which corresponds with comfort category B 

(see appendix B for the ISO 7730 thermal comfort categories) [1,3,7]. If the PMV is known, the 
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predicted percentage of dissatisfied (PPD) can be obtained. Due to different individual preferences, it 

is not possible to create a thermal environment in which everybody is satisfied in case clothing and 

metabolism cannot be adapted by the individuals, because even when individuals are exposed to the 

same environment, thermal sensations can be felt quite differently [18]. Figure 1.2 shows that even an 

optimal thermal environment (corresponding with PMV=0) will not satisfy all persons in that case. 

That thermal neutrality is not necessarily ideal for a significant number of people is also shown by a 

selection of studies. Local discomfort can result in even higher percentages of dissatisfied people 

[7,30].  

 

 
Figure 1.2 PMV/PPD relationship [8] 

 

Table 1.2 Seven point thermal 

sensation scale of Fanger [8] 

PMV value Thermal sensation 

-3 Cold 

-2 Cool 

-1 Slightly cool 

0 Neutral 

+1 Slightly warm 

+2 Warm 

+3 Hot 

 

 

 

 

Existing thermal comfort models are based on office situations, where the environmental design is 

aimed to provide thermal comfort. Applying one of these models to the operating theatre can possibly 

lead to different climatic experiences, since the circumstances are not entirely comparable to an office 

situation. Ventilation rates are considerably higher in ORs than in office buildings due to safety 

reasons for minimizing the risk of contamination of the surgical wound [29]. Moreover, when the OR 

is equipped with a UDF system, the flow direction does not correspond with the situation examined by 

Fanger. The heat transfer coefficient of the skin surface that is directed perpendicular to the flow 

direction will be different than in the case of a longitudinal flow. Besides, in case of a UDF system, 

the supply air temperature related to the surrounding air temperature is important for the occurrence of 

draught [30].  

 

It should also be taken into account that surgical staff is usually wearing a cap and a mask for 

contamination control, which most probably influences their thermal comfort sensation. Another 

difference with offices is that the occupants are most of the time standing in the room (except for the 

anesthesiology assistant and the circulator who usually sit) instead of sitting behind a desk. Difference 

for surgeon (and maybe also the other staff members) is that he mostly has a higher activity level than 

office workers. 

 

This research focuses on the following research question:  

What are the causes of thermal (dis)comfort of the surgical staff in operating rooms with different 

ventilation systems and how can this comfort be improved? 

 
CHAPTER 1.2: HYPOTHESES 

 

• The hypothesis is, based on the literature findings and interviews with OR staff, that it is 

impossible to have a thermal environment that satisfies all staff members [2,4,10,11,17,18]. In 

the zone underneath the plenum, higher air speeds are expected. Therefore, specialists who are 

working in this zone will experience draught and a greater convective heat loss compared to 

the ones working in the periphery [11]. On the other hand, the heat generated in this zone will 

be increased by the heat of the lighting system and the greater concentration of people [11]. 

Surgeons will tend to feel warm due to high clothing insulation and high activity level [1,2]. 
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People working under the lighting system can also experience a reduced air velocity due to the 

luminaire [2]. In contrast, hypothesis is that the anesthesiology assistant feel cold due to low 

activity and low clothing insulation [16,18]. In the zone underneath the plenum, the thermal 

comfort situation won’t be easy to adapt as the ventilation system directly affects the area. No 

microclimate can be created without affecting the efficiency of the ventilation system. 

Contradictory, it is expected that there are options to improve the comfort experience of the 

anesthesiology assistant without compromising patient safety, since the anesthesiology 

assistant is not located in the same zone as the patient. 

 

• Mora et al. [11] concluded that thermal comfort for the surgical staff could only be reached 

when the heat transfer from the surgical lights is minimized or eliminated. The surgical lights 

are causing local discomfort due to radiant temperature asymmetry. Pereira et al. [13] also 

found that the surgical lights have significant influence on the thermal discomfort sensation of 

the surgeon.  

 

• The hypothesis is that the staff members do not suffer from vertical temperature gradients as 

the number of air changes per hour is very large in an OR (ACH=15-30 [34]). However, some 

ORs are equipped with radiation panels, mounted on ceilings, in order to create a temperature 

difference between the supply air and the room air to prevent constriction of the HEPA filtered 

supply air [2]. These radiation panels may contribute to temperature differences between neck 

and ankles. 

 

• Wu et al. [15] showed that thermal discomfort in hospital wards leads to increased stress 

levels for nurses. Also Wyon et al. [17] found that thermal discomfort causes stress and 

anxiety for surgeons while they were performing surgical procedures. The hypothesis is that 

this association between thermal discomfort and stress level is also found during this research. 

 

• Sadrizadeh et al. [3] compared the PMV/PPD results in a numerical analysis for mixing 

systems and UDF systems in ORs and concluded that the mixing ventilation system has 

slightly more thermally satisfactory results. This might be due to smaller temperature 

gradients over the room as a result of strong recirculations. 

There is limited experience with the Opragon system which makes it difficult to define a 

hypothesis regarding the thermal comfort performance of this system. 

 

• Sadrizadeh et al. [3] showed that dissatisfaction can be observed mostly in the head and neck 

area of the surgical staff, regardless of the type of plenum. 

 

• Compared to office users, the surgical staff members are not able to adapt their thermal 

environment by prescribing their clothing level and activity level and it is not possible to open 

windows or to change the air temperature. The possibility of adaptation results in a larger 

comfort area, i.e. occupants that are able to change their activity level and clothing 

(behavioural adaptation) appear more tolerant to a wider range of temperatures (psychological 

adaptation) [35]. Therefore the comfort limits of the PMV/PPD model are possibly narrower 

for the operating theatre than for office environments. The survey results in the study of Van 

Gaever et al. [2] concluded that the PMV/PPD model is able to estimate the PPD values for 

the nurses and anesthetists in the colder regions. They found that in general the PMV and PPD 

are most sensitive to the activity level followed by the air temperature.  

 

• Although Fanger [36] found no significant difference between male and female in preferred 

temperature, several studies showed that gender can play a role in perceiving the indoor 

climate. Schellen et al. [31] found that in general females are more sensitive for cold 

conditions than males. Females prefer higher temperatures and therefore the actual thermal 

sensation votes of the females were lower than predicted by thermal comfort models. Del 

Ferraro et al. [6] also found in their study that ‘gender and age are factors that must be taken 
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into account in the assessment of thermal comfort in hospitals’. Their data shows that females 

tend to feel uncomfortably hot and uncomfortably cold more than males when the thermal 

environment differs from neutrality, which is in agreement with the findings of previous 

studies on the influence of gender on thermal comfort that are discussed in the same paper. 

Based on these literature findings, the hypothesis is that females feel less comfortable in 

operating rooms than males. Del Ferraro et al. [6] also discusses the findings of previous 

studies on the influence of age on thermal comfort. However, the studies considered two 

subject groups: (i) young adults of about 25 years old, and (ii) elderly of about 70 years old. 

The latter group is not relevant for this research since the surgical staff is generally younger 

than 70 years. Therefore the results of previous studies cannot be used to formulate a 

hypotheses concerning the association between age and thermal comfort. 

 
CHAPTER 1.3: RESEARCH SCOPE 

 

Other indoor parameters such as odor, lighting and noise also affect the overall comfort [30,37]. Noise 

and the presence of smell can deeply affect our comfort experiences. Another comfort parameter is 

visual comfort, affected by light levels, contrast and glare. The more intense the task, the brighter the 

light required. Therefore the light is much brighter in ORs than in offices, which are in turn brighter 

than living rooms. People also react differently to various segments of the spectrum. The light colour 

is important for the comfort sensation as well as whether the light is steady or flickering [38]. 

However, only the thermal comfort parameters are involved in this research. Frontczak and Wargocki 

[39] showed that thermal comfort is rated to be more important in comparison to the other indoor 

environmental conditions.  

 

During this project, the effect of the different parameters that contribute to the overall patient safety - 

such as the type of surgery, the cleaning process, the user behavior and the ventilation system choice - 

will not be investigated. It is assumed that the patient safety will be guaranteed by the program 

requirements. The thermal comfort of the patient is excluded from this research. The research area is 

summarized in Figure 1.3.  

 

 
Figure 1.3 Research area 

 

Next chapters consist of the research methodology, results, discussion and conclusions. At the end, 

recommendations are given for future research and for practical applications in the ORs to optimize 

the thermal comfort sensations. 
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CHAPTER 2: RESEARCH METHODOLOGY 

 
Figure 2.1 shows the study design. A literature search was conducted in the period of September 2018 

to December 2018 as a preliminary study to gather data about HVAC standards and guidelines in ORs, 

about existing thermal comfort models and about current and alternative ventilation systems in ORs. 

This information has been used to formulate hypotheses and to decide which thermal comfort model 

will be used. During observations of ORs and small conservations with several staff members 

(convenience sampling), data is gathered about the different zones in ORs and about the functions of 

staff members and clothing levels, activities and positions. This information has been used for creating 

the survey.  

 

Based on the literature search as preliminary study (the full literature results are shown in Appendix 

A), it has been determined to use ISO 7730 [8] for this research in order to determine the PMV values 

of the staff and to determine local discomfort sensations. The research consists of (i) subjective 

measurements in terms of surveys for surgical staff members about their thermal comfort level and 

thermal sensation during the last surgery that they performed, and (ii) objective measurements of the 

thermal conditions in operating rooms with different types of ventilation systems, which is further 

explained in chapter 2.1 and chapter 2.2 respectively. The average outcomes of the surveys for the 

clothing and activity levels have been used together with published tables (Appendix G) and previous 

studies [11,17] as input parameters for the PMV calculations of the objective measurements. The 

theoretical, subjective and objective results are compared with each other to see if practice matches 

theory. These results are also compared with the hypotheses and the results of previous studies. 

Analysis of the results leads to conclusions and recommendations for future research and practice.  

 

 
Figure 2.1 Schematic representation of the study design, consisting of a preliminary study, methods, analysis 

and conclusions 

 
CHAPTER 2.1: SUBJECTIVE MEASUREMENTS 

 

Firstly, to evaluate the current thermal situation subjective measurements related to the current thermal 

sensations of the staff members has been performed online in the period of December 2017 to March 

2018. Appendix C.1 shows the English version of the survey. This online survey for surgical staff 

members is inspired by surveys of previous research studies [12,19,40,41] and is in accordance with 
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the international standard ISO 1551 that provides a set of specifications on the assessment of thermal 

sensations of persons. The persons indicated their temperature experience during the last surgery that 

they co-performed, i.e. Thermal Sensation Vote (TSV) on a 7-point scale ranging from -3 cold to +3 

hot, as shown in Table 1.2. They also indicated how comfortable they found the temperature, which is 

their Thermal Acceptance Vote (TAV) on a 6-point scale ranging from 1 very comfortable to 6 very 

uncomfortable, and what thermal sensation they would have preferred, which is their Thermal 

Preference Vote (TPV) on the same 7-point scale as TSV. Appendix D shows the exact scales for 

TSV, TAV and TPV values. Other aspects that might be related to the thermal sensations such as 

personal information including gender and age, are also asked to investigate the association between 

the different parameters and the thermal sensations of the different staff members. 

 

In total, 42 Dutch hospitals have been contacted if they are willing to cooperate. There was no 

selection criteria for these hospital. All Dutch hospitals whose marketing and communication 

department contact details could be retrieved online or via the network of Unica, have been 

approached. 12 different hospitals distributed the online survey and in total 341 participants completed 

the survey. Figure 2.1.1 shows the number of completed surveys for the different functions and for the 

different ventilation systems (exact numbers shown in Appendix E). Halton systems and Optimus 

systems had not yet been applied in Dutch ORs at the time the survey was distributed. Therefore, a 

distinction is made for the subjective measurements between only three different types of plenums: (i) 

1T plenums, (ii) 2T plenums, and (iii) Opragon systems. 

 

  
Figure 2.1.1 Number of completed surveys for different OR functions and ventilation systems  

 

Based on the date and time of the surgery and exact location, environmental information has been 

requested at the corresponding technical service team of a hospital. Appendix C.2 shows the exact 

questions that have been asked. This information includes the dimensions and the type of OR, the 

dimensions and the type of plenum, the presence or absence of infrared heating panels, the exact 

temperature and relative humidity settings for each surgery. Based on the temperature and relative 

humidity settings of the OR and the position where they were standing, the air temperature, relative 

humidity, air velocity and radiant temperature at their specific position can be determined. Appendix F 

shows the details of this approach. The results are used as input parameters to calculate the theoretical 

TSV values for each surgical staff member at its own position. The input values for the clothing 

insulation levels and activity levels are derived from the average results of the surveys. The theoretical 

TSV values have been calculated according to the PMV formula (Appendix H, Equation H.1.2.), 

together with the equations in Appendix F.  
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The staff members were asked in the survey about environmental data such as temperature settings and 

relative humidity settings. The intention was to use their answers for the cases where the actual 

environmental data could not be obtained by the technical service teams. The answers were compared 

with the actual environmental data obtained by the technical service teams to decide whether the 

answers of the surgical staff members were in good agreement with the actual values. In the end, it has 

been decided to exclude the surveys where the actual environmental data is unknown from theoretical 

TSV analysis, since the significance test of the Pearson correlation coefficient show no significant 

correlation between the air temperature filled in by the staff members and the actual air temperature 

(r=0.16, N=64, p=0.206), nor between the entered relative humidity value and the actual relative 

humidity (r=-0.294, N=23, p=0.173). Therefore, 172 surveys have been used for theoretical TSV 

analysis since the actual environmental data is missing for the other surveys. 
 

Analysis 

IBM SPSS Statistics 25 software has been used to perform statistical analysis. To determine statistical 

correlations between two continuous variables, the Pearson correlation coefficient (two-tailed 

significance test) has been used, e.g. to test the correlations between the thermal sensations of the staff 

members and other parameters such as their age, clothing level, activity level and so on. The 

independent t-test has been used to determine whether there is a statistically significant difference 

between the means in two unrelated groups (for example men or women, which are independent 

because they don’t overlap: everybody is either man or woman and never both). Levene’s test for 

equal variances is performed preliminary, to test the homogeneity assumption to know if the score for 

equal variances can be used. As a rule of thumb, if Sig. > 0.05 the assumption of equal variances holds 

and otherwise the test for non-equal variances is used. 

The significant correlations/differences that are not relevant for this research, i.e. are not related to the 

research question, are not further discussed in this report but can be useful for future studies. 

 

The subjective TSV, TAV and TPV values are displayed for the different functions and types of 

plenum to see if there are significant differences between the functions and plenums.  

The theoretical TSV values that are calculated based on the theoretical model are compared with the 

corresponding subjective TSV values to see if the prediction is in good agreement with the actual 

results. A sensitivity analysis is performed by changing the values of one parameter at the time, to 

determine its influence on the theoretical TSV values.  

To estimate the Percentage of Dissatisfied people (subjective PD) according to the surveys, the TAV 

values has been used. People who selected values 1 to 3 (corresponding with ‘very comfortable’ and 

‘slightly comfortable’, respectively) are considered as ‘satisfied’ and people who selected values 4 to 6 

(‘slightly uncomfortable’ and ‘very uncomfortable’, respectively) are considered as ‘dissatisfied’. The 

subjective (mean) TSV/PD values are compared with the theoretical PMV/PPD values according to 

the theoretical model to see if the practice matches the theory, and also with the theoretical 

TSV/subjective PD values to see if the prediction is in good agreement with the actual results.  

 
CHAPTER 2.2: OBJECTIVE MEASUREMENTS 

 

Objective measurements are conducted in the period of February to May 2018 in ORs with different 

types of ventilation systems. Table 2.2.1 shows the different measurement locations including real 

ORs in hospitals and mock-up ORs. The hospitals are not mentioned by name because of anonymity. 

The measurements conducted are the same for all locations. The measurement locations have been 

chosen because of the diversity of the ventilation plenums and the availability. It was not possible to 

have equal boundary conditions for each situation, since it was not allowed to touch or to turn on/off 

any equipment in the real ORs. The mock-ups have been arranged as similar as the other ORs as 

possible. All doors have been shut during measurements since opening doors will disrupt the air 

pattern in the OR. 
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Table 2.2.1 Measurement locations, ventilation system and measurements date 

Measurement location Ventilation system Date  

Hospital A, The Netherlands Opragon system 02/03/2018 

Hospital B, The Netherlands UDF 2T plenum 28/03/2018 

Mock-up A, Finland Halton 16/05/2018 

Mock-up B, Sweden  Opragon, Optimus 24/05/2018 

 

PMV measurements and local discomfort measurements have been performed by using Indoor 

Climate Measurement Stations (ICMS) and an infrared camera to measure surface temperatures of 

ceiling, floors and walls. Five ICMS are used to measure air temperature at different heights, relative 

humidity, mean radiant temperature and air velocity at different positions in the room (Figure 2.2.1). 

These positions are chosen in such a way that they are covering the most important locations in the 

ORs.  

 

 
Figure 2.2.1 ICMS positions representing staff positions, where ICMS 1 represents the position of a standing 

surgeon/surgeon assistant, ICMS 2 represents the position of a seated anesthetist/anesthesiology assistant, ICMS 

3 represents the position of a standing instrument nurse and ICMS 4 and 5 represent the position of a seated and 

a standing circulator, respectively. 

 

The determination of the PMV values, draught rates (DR), percentage of dissatisfied people due to 

vertical temperature gradients (PDvg), floor temperatures (PDft) and radiant asymmetry (PDra) is based 

on ISO 7730 and are explained in more detail in Appendix H (Equation H.1.1 to H.1.10).   

 

Where possible, the objective measurements consisted of three different parts and the parts have been 

performed for different temperature settings. The results of the different parts are compared in order to 

analyse the effect of persons as heat sources.  

- Part 1: No subjects in the room  

- Part 2: Static subjects in the room (real persons who stand still, or heat sources such as heated 

manikins) 

- Part 3: Dynamic subjects in the room (real persons moving around in the room, pretending to 

perform a surgery)  

 

Each measurement has been repeated to test the reproducibility. Measurements A and B were 

performed after each other with the same boundary conditions, so the difference between 

measurements A and B is a measure for the reproducibility and thus the stability of the environment. 

 

Appendix H contains a detailed measurement plan for each location, including the measurement 

equipment, the temperature settings, the exact ICMS positions and so on. During the measurements in 

Mock-up A (Opragon) and Mock-up B (Halton), one velocity sensor was broken. Therefore, for these 

locations the PMV and draught rate calculations are not analysed for ICMS 2.  
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Analysis 

The environmental parameters that are needed for PMV calculations and local discomfort 

determination are measured by the ICMS. The input values for the personal parameters (clothing and 

activity levels) are based on the outcomes of the surveys (N=341), as further discussed in Appendix I. 

A MATrix LABoratory (MATLAB R2017b)-script was used to perform the calculations. 

 

The objective PMV values and draught rates are displayed for the different locations and situations to 

see if there are differences between different ventilation systems and different settings. Also the 

differences between ICMS positions are analysed.  

 

ThermaCAM Researcher Professional 2.8 has been used to calculate the (mean) surface temperature 

values for the floor, ceiling and walls to determine the percentage of dissatisfied due to radiant 

asymmetry and warm/cold floors. For determination of the ceiling temperatures by calculating the 

percentage of dissatisfied due to radiant asymmetry, the average temperature value including the 

lighting equipment has been used. Regarding to radiant asymmetry, people are more sensitive to warm 

ceilings compared to cold ceilings [8]. Therefore it has been decided to exclude the temperature of the 

plenum surface in the calculation because that would lower the average surface temperature resulting 

in an underestimated percentage of dissatisfied.  

 

Usually subjective measurements for TSV values take place at the same time as the objective 

measurements for accurate comparison. However, the OR is such a sensitive environment that it is not 

possible to perform objective measurements during a real surgery, without disturbing the clean 

environment and the activities of the staff members. Therefore, the objective measurements are 

compared with the previously mentioned subjective values coming from the surveys, where possible.  

 

To estimate the subjective DR, the percentage of people who indicated in the survey to experience 

draught has been calculated per function and per plenum type. All people who experienced any 

draught, no matter at which body parts, are included.  

 

The subjective PDra is the percentage of people who indicated to experience discomfort due to radiant 

heat in any of the body parts. 
 

The subjective PDft is the percentage of people who indicated in the survey to have cold feet and a 

negative or neutral TSV value or who indicated to have warm feet and a positive or neutral TSV value. 

This is because there were some interpretation errors in case of warm discomfort, which is further 

discussed in Appendix M.  

 

The objective PDvg values and the objective PDra values due to floor/ceiling temperature differences 

cannot be compared with subjective values since there was no related question included in the survey. 

 

The objective local discomfort values are compared with the theoretical comfort categories defined in 

Appendix B. 
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CHAPTER 3: RESULTS 

 
The results of both subjective and objective measurements are presented in this chapter. First the 

subjective measurement results are presented, second the subjective results are presented in 

combination with the theoretical model, third the objective results are presented and fourth the results 

of comparisons between the subjective and objective results are presented.  

 
CHAPTER 3.1: SUBJECTIVE MEASUREMENTS 

 

Figure 3.1.1 and 3.1.2 show the significant correlations and significant differences between the 

parameters and the thermal sensation (TSV) and the thermal acceptance (TAV), respectively. The 

search for correlations and differences between parameters has been limited to what is relevant for the 

research area for testing the hypotheses and answer the research question. The significant correlations 

and differences between the parameters and the thermal preference (TPV) are displayed in Appendix 

K and will not be discussed in further detail, since the TPV value is indirectly embedded in the TSV 

and TAV values.  

 

 
Figure 3.1.1 Overview of significant associations and differences between the parameters and the thermal 

sensation votes of staff members. The blue connection lines indicate that the correlation or difference between 

two variables is significant at the 0.05 level, i.e. p<0.05. The orange connection lines indicate a significance at 

the 0.01 level, i.e. p<0.01. The significance levels are tested by the Pearson significance test in case of two 
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continuous variables (test of correlation), or by the T-test in case of  two unrelated groups (test of difference in 

means). The red dotted lines indicate an overall association between one parameter and the different functions, 

which is shown in detail in Figure 3.1.3. 

 

 
Figure 3.1.2 Overview of significant associations and differences between the parameters and the thermal 

acceptance votes of staff members. The blue connection lines indicate that the correlation or difference between 

two variables is significant at the 0.05 level, i.e. p<0.05. The orange connection lines indicate a significance at 

the 0.01 level, i.e. p<0.01. The significance levels are tested by the Pearson significance test in case of two 

continuous variables (test of correlation), or by the T-test in case of  two unrelated groups (test of difference in 

means). The red dotted lines indicate an overall association between one parameter and the different functions, 

which is shown in detail in Figure 3.1.3. 

 

Figure 3.1.1 and Figure 3.1.2 shows that activity (MET values) and thermal sensation are significant 

correlated (r=0.303, N=338, p<0.01). The Pearson’s product-moment correlation coefficient r has a 

positive sign which indicates that as the MET value increases, the value of TSV also increases. In 

other words, the higher the activity level of the surgical staff, the higher their thermal sensation. The 

activity level is also significant correlated with the thermal acceptance of the surgical staff members 

(r=-0.141, N=336, p<0.01) which indicates that the higher the activity level of the surgical staff, the 

more comfortable they perceive the thermal environment. 

 

The subjective results show a significant difference between the thermal sensation of men and women, 

where the thermal sensation of men is higher, i.e. in ORs men are feeling warmer on average than 

women (men: N=91, M=3.51, SD=1.242; women: N=248, M=3.00, SD=1.354; t(337)=3.137, p<0.01). 
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A significant difference between men and women is also found in terms of thermal acceptance (men: 

N=91, M=2.56, SD=1.061; women: N=248, M=2.86, SD=1.092; t(335)=-2.299, p<0.05). 

 

There is a significant correlation between the temperature setting of the OR and the thermal sensation 

of the staff members (r=0.167, N=172, p<0.05). However, the temperature setting is not significant 

correlated with the thermal acceptance of the staff members.  
 

The parameters that are not significant correlated with the thermal sensation or with the thermal 

acceptance, respectively, are depicted on the right side of Figure 3.1.1 and Figure 3.1.2. There is no 

correlation between the stress level of the persons and their thermal sensation or thermal acceptance. 

Also the clothing level and age of the staff member is not significant correlated with the thermal 

sensation or thermal acceptance. 

 

Differences between functions 

The significant differences between one function and the other functions in terms of gender, activity, 

working years or position in the room are displayed in Figure 3.1.3.  

 

 
Figure 3.1.3 Overview of significant differences between functions for several parameters. Blue connection  

lines indicate significant differences (T-test) between one function and the other functions at the 0.01  

significance level. Orange connection lines indicate significant differences (T-test) at the 0.05 level. 

 

The instrumenting nurse has a significant higher activity level compared to other functions  

(instrumenting nurse: N=98, M=1.57, SD=0.202; other functions: N=242, M=1.51, SD=0.238; 

t(338)=-2.089, p<0.05) while the anesthesiology assistant has a significant lower activity level 

(anesthesiology assistant: N=101, M=1.44, SD=0.196; other functions: N=239, M=1.56, SD=0.233; 

t(220.988)=5.108, p<0.01).  

 

Figure 3.1.1 and Figure 3.1.2 also show that there are significant differences between one function and 

the other functions in terms of thermal sensation and term acceptance, which is shown in more detail 

in Figure 3.1.4 on the next page.  

 

Figure 3.1.4 shows that on average, staff members are feeling cold. The anesthesiology assistant has 

the worst thermal sensation (lowest TSV value), followed by the circulator and the anesthetist. The 

mean thermal sensation of the anesthesiology assistant is significantly lower (anesthesiology assistant: 

N=100, M=2.46, SD=1.141; other functions: N=239, M=3.41, SD=1.14; t(337)=6.301, p<0.01) 

compared to the other functions, which correlation is also visualized in Figure 3.1.1 and Figure 3.1.2. 

However, the difference in thermal sensation between the circulator and the other functions is not 

significant, nor between the anesthetist and the other functions. The thermal sensation for the 

instrumenting nurse (instrumenting nurse: N=98, M=3.76, SD=1.293; other functions: N=241, 

M=2.88, SD=1.280; t(337)=-5.691, p<0.01) and for the surgeon (surgeon: N=37, M=3.70, SD=1.24; 

other functions: N=302, M=3.06, SD=1.339; t(337)=-2.763, p<0.01) are significantly better compared 

to other functions. 
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Figure 3.1.4 Subjective TSV and TAV per function (survey results, N=340). The red line indicates the median 

and the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. The whiskers 

extend to the most extreme data points not considered outliers, and the outliers are plotted individually using the 

'+' symbol, where an outlier is defined as a value that is more than three scaled median absolute deviations away 

from the median. The black asterisks indicate the mean values per function. Note that the number of respondents 

used for this analysis is 340 instead of 341, since one person left the question related to its function blank.  

 

The mean TAV values in Figure 3.1.4, show that the instrumenting nurse, the surgeon assistant and the 

surgeon are perceiving their thermal environment as most comfortable while the anesthesiology 

assistant is perceiving the thermal environment as less comfortable compared to the other functions. 

This difference is significant for the anesthesiology assistant (anesthesiology assistant: N=99, M=3.14, 

SD=1.143; other functions: N=238, M=2.63, SD=1.034; t(335)=-4.005, p<0.001). The thermal 

acceptance of instrumenting nurses is also significantly higher compared to other functions 

(instrumenting nurse: N=97, M=2.53, SD=0.891, SD=0.09; other functions: N=240, M=2.53, 

SD=0.891; t(226.945)=3.058, p<0.01). 

 

  

Mean values (numeric): 

Msurgeon = -0.30 (N=37) 

Msurgeonass. = -0.86 (N=29) 

Manesthetist = -1.03 (N=31) 

Manes.ass. = -1.54 (N=101) 

Mcirculator = -1.07 (N=43) 

Minstr.nurse = -0.24 (N=99) 

Mean values (numeric): 

Msurgeon = 2.57 (N=37) 

Msurgeonass. = 2.55 (N=29) 

Manesthetist = 2.81 (N=31) 

Manes.ass. = 3.14 (N=101) 

Mcirculator = 2.86 (N=43) 

Minstr.nurse = 2.53 (N=99) 
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Appendix L shows the significant differences between one function and the other functions in terms of 

local discomfort in different body parts. These local discomfort results are also visualized in Figure 

3.1.5. Per function the percentage of people that indicated to experience discomfort in specific parts of 

their body is visualized. Note that the staff members can experience discomfort in multiple body parts 

at the same time. The vertical axis represents the summation of the percentage of dissatisfied people 

per function. Therefore the total percentage of dissatisfied people for each body part can exceed 100%. 

It has been decided to exclude warm discomfort from the graphs since the results concerning warm 

body parts are misleading due to interpretation errors, which is further discussed in Appendix M.  

 

 
Figure 3.1.5 Subjective PD due to local discomfort per function (N=340).   

 

Figure 3.1.5 shows that most discomfort is experienced by surgical staff members in terms of cold 

body parts and draught. The results discussed below are significant and the exact significance levels 

are shown in Table 3.1.1 on the next page. 

 

The anesthesiology assistant is significantly experiencing more discomfort due to cold body parts such 

as cold hands, cold arms and cold feet compared to other functions as also indicated by the purple bars 

in Figure 3.1.5. They also experience significant more discomfort due to draught at their hands, their 

arms, their torso and their legs. The instrument nurse has significant warmer hands, warmer arms and 

a warmer torso than the others (Appendix M). They experience a sweaty torso, which can be related to 

radiant heat as can be seen in Figure 3.1.5 and Table 3.1.1. However, the instrument nurse is 

experiencing more discomfort due to draught at head levels. The circulator suffers significantly more 

from draught at arms than other functions. 
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Table 3.1.1 Numeric significance levels regarding local discomfort. The T-test is used to test the significance 

levels for differences between one function and the other functions. The numeric results of non-significant 

differences between functions are not included in this table. M is the mean value which corresponds with the 

percentage of dissatisfied people due to local discomfort, as the each person indicated if they had discomfort 

(value 1) or no discomfort (value 0). 

Function Local 

discomfort 

Function Other functions Significance 

N M SD N M SD t(df) p 

Anes. 

assistant 

Cold hands 100 0.67 

(67%) 

0.473 239 0.34 

(34%) 

0.467 t(337=-5.781 <0.01 

 Cold arms 100 0.66 

(66%) 

0.476 239 0.24 

(24%) 

0.427 t(168.98)=-7.658 <0.01 

 Cold feet 100 0.23 

(23%) 

0.423 239 0.10 

(10%) 

0.296 t(141.13)=-2.882 <0.01 

 Draught hands 100 0.19 

(19%) 

0.394 239 0.05 

(5%) 

0.21 t(123.17)=-3.452 <0.01 

 Draught arms 100 0.24 

(24%) 

0.429 239 0.09 

(9%) 

0.290 t(138.25)=-3.159 <0.01 

 Draught torso 100 0.19 

(19%) 

0.394 239 0.08 

(8%) 

0.264 t(137.75)=-2.668 <0.01 

 Draught legs 100 0.08 

(8%) 

0.273 239 0.01 

(1%) 

0.091 t(108.41)=-2.568 <0.05 

Circulator Draught arms 43 0.28 

(28%) 

0.454 296 0.11 

(11%) 

0.319 t(48.23)=-2.292 <0.05 

Instrument 

nurse 

Warm hands 98 0.23 

(23%) 

0.426 241 0.14 

(14%) 

0.344 t(151.13)=-2.019 <0.05 

 Warm arms 98 0.33 

(33%) 

0.471 241 0.12 

(12%) 

0.326 t(136.33)=-3.962 <0.01 

 Warm torso 98 0.48 

(48%) 

0.502 241 0.34 

(34%) 

0.473 t(170.75)=-2.425 <0.05 

 Sweaty torso 98 0.22 

(22%) 

0.419 241 0.07 

(7%) 

0.263 t(129.28)=-3.282 <0.01 

 Radiant torso 98 0.06 

(6%) 

0.242 241 0.01 

(1%) 

0.091 t(107.06)=-2.119 <0.05 

 Draught head 98 0.30 

(30%) 

0.459 241 0.19 

(19%) 

0.390 t(157.057)=-2.071 <0.05 

 

Differences between plenum types 

Figure 3.1.1 and Figure 3.1.2 show that there are no significant differences between the plenum types 

in terms of thermal sensation or thermal acceptance, which is shown in more detail in Figure 3.1.6. 

These figures show, on the other hand, that the humidity settings and temperature settings are 

signficant different for the different plenum types. The temperature settings are significant higher for 

2T plenums (2T plenum: N=95, M=18.61, SD=0.579; other plenums: N=79, M=18.41, SD=0.506; 

t(172)=-2.464, p<0.05) and significant lower for Opragon plenums (Opragon: N=21, M=18.03, 

SD=0.381; other plenums: N=153, M=18.59, SD=0.543; t(172)=4.511, p<0.01) while the relative 

humidity settings are higher for 1T plenums (1T plenum: N=58, M=56.07, SD=3.867; other plenums: 

N=116, M=53.60, SD=3.550; t(172)=-4.212, p<0.01) and lower for Opragon plenums (Opragon: 

N=21, M=51.60, SD=2.984; other plenums: N=153, M=54.81, SD=3.779; t(172)=3.733, p<0.01). 
 

Figure 3.1.6 shows slightly better thermal comfort results for 1T plenums, since the TSV is closer to 

neutral and the TAV is closer to zero compared to other functions. The results for Opragon systems 

seem slightly worse than the other plenums in terms of thermal sensation while the 2T plenums seem 

slightly worse in terms of thermal acceptance. However, the differences between the plenum types are 

small and not significant with the thermal sensation nor with the thermal acceptance. 
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Figure 3.1.6 Subjective TSV and TAV per plenum (surveys results, N=261). The red line indicates the median 

and the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. The whiskers 

extend to the most extreme data points not considered outliers, and the outliers are plotted individually using the 

'+' symbol, where an outlier is defined as a value that is more than three scaled median absolute deviations away 

from the median. The black asterisks indicate the mean values per function. Note that the number of respondents 

used for this analysis is 261 instead of 341, since the type of plenum is unknown for the other 80 surveys. 

 

Appendix L shows the significant differences between one plenum type and the other plenum types in 

terms of local discomfort in different body parts. These local discomfort results are also visualized in 

Figure 3.1.7. 

 

Staff members working in an OR with a 2T plenum are having a significantly colder torso compared 

to the other plenums (2T plenum: N=164, M=0.24 i.e. 24%, SD=0.427; other plenums: N=175, 

M=0.12 i.e. 12%, SD=0.326; t(304.507)=-2.841, p<0.01), as shown in Figure 3.1.7. People experience 

most discomfort in case of 1T plenums in terms of radiant heat at head level (1T plenum: N=72, 

M=0.13 i.e. 13%, SD=0.333; other plenums: N=267, M=0.04 i.e. 4%, SD=0.190; t(83.869), p<0.05). 

The subjective results indicate better results for the Opragon system in terms of cold body parts, but 

worse results in terms of draughts compared to the other plenums. However, there are no significant 

local discomfort differences between the Opragon plenum and other plenums. 

Mean values (numeric): 

Mplenum1T = -0.64 (N=72) 

Mplenum2T = -0.86 (N=165) 

MplenumOpragon = -1.13 (N=24) 

 

 

Mean values (numeric): 

Mplenum1T = 2.57 (N=72) 

Mplenum2T = 2.86 (N=165) 

MplenumOpragon = 2.73 (N=24) 
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Figure 3.1.7 Subjective PD due to local discomfort per type of plenum (N=261).  

 
CHAPTER 3.2: SUBJECTIVE MEASUREMENTS VERSUS THEORY 

 

The red line in Figure 3.2.1 shows the theoretical PPD as a function of the PMV, according to the 

theoretical model of Fanger. The blue line shows the subjective PD as a function of the subjective 

(mean) TSV values, resulting from the subjective TAV values. The red rectangle indicates the 

theoretical PMV area that corresponds to a PPD value of 10% and the blue rectangle indicates the 

subjective TSV area that corresponds to a PD value of 10%. 

 

 
Figure 3.2.1 Subjective (mean) TSV/PD (N=341) versus theoretical PMV/PPD  
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The blue line in Figure 3.2.1 is below the red line which indicates that in practice (based on the survey 

results) the percentage of dissatisfied people in the ORs is lower than the theoretical model predicts. 

However, the subjective TSV/PD function has the same trend as the theoretical PMV/PPD model, as 

the subjective PD values are significant correlated with the theoretical PPD values (r=0.971, N=6, 

p<0.01). To comply with the thermal comfort category B in terms of PPD (10%), the theoretical model 

stated that the PMV value must be between -0.5 and +0.5, as indicated with a red rectangle in Figure 

3.2.1. The subjective TSV results show that for the operating theatre, the same PD (10%) level is 

reached when the PMV value is between -0.7 and +0.7 which corresponds to the theoretical category 

C, as indicated with a blue rectangle.  

 

Figure 3.2.2 shows the same graph, subdivided per function. Appendix N shows the graphs for each 

function individually.  

 

Figure 3.2.2 Subjective (mean) TSV/PD subdivided per function (N=340) 
 

Figure 3.2.2 shows together with the graphs in Appendix N that surgeons and surgeon assistants are 

more satisfied when their thermal sensation is cool to neutral while circulators and anesthetists are 

satisfied at higher TSV values. The PMV/PPD model seems able to estimate the PD values for 

surgeons and surgeons assistants in the warm region and for circulators and anesthesiology assistants 

in the colder region.  
 

For each survey, the subjective TSV is plotted in Figure 3.2.3 on the next page against the theoretical 

TSV, which is the value that is calculated based on the theoretical PMV model. Figure 3.2.4 on the 

next page shows the same graph but subdivided per function. Appendix O shows the graphs for each 

function individually. The dots that lie on the yellow line are cases where the subjective TSV value 

has been predicted perfectly by the theoretical model. Dots below the yellow line represent situations 

that the theoretical TSV values are calculated too high (too warm), while the dots above the line 

indicate the values that are calculated too low (too cold).  

 

Figure 3.2.3 shows that most of the theoretical TSV values are too low (103 out of 172) compared to 

the subjective TSV values, which means that in practice people are feeling less cold than expected by 

the theoretical model. 

 

Figure 3.2.4 shows together with the graphs in Appendix O that mainly for surgeons and 

instrumenting nurses the theoretical TSV values are too low (too cold) while for anesthetists most 

theoretical TSV values are too high (too warm). 
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Figure 3.2.3 Subjective TSV versus the theoretical TSV (N=172). Note that the number of respondents used for 

this analysis is 172 instead of 341, since the actual environmental data is missing for the other 169 surveys and 

therefore the theoretical TSV could not be calculated for those cases. 

 

  
Figure 3.2.4 Subjective TSV versus theoretical TSV values, subdivided per function (N=172) 

 

Figure 3.2.5 on the next page shows the theoretical TSV values plotted against the subjective PD. In 

the same graph, the subjective TSV/PD graph is plotted and the theoretical PMV/PPD model is plotted 

in red as a reference.  
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Figure 3.2.5 Subjective PD for the theoretical (mean) TSV values, versus subjective TSV/PD (N=172) 

 

Figure 3.2.5 shows large differences between the theoretical values and the subjective values since the 

blue dots should be similar to the yellow dots for a perfect prediction, which in turn has to be similar 

to the red theoretical line. 

 

The sensitivity graph in Figure 3.2.6 shows how the theoretical (mean) TSV values changes when one 

of the input parameters (clothing level, activity level, air temperature, radiant temperature, relative 

humidity or air velocity) changes, according to Equation 1. Each parameter is varied from -20% to 

+20% of its original mean value while the other parameters are held constant at their original mean 

values. 

 

∆𝑇𝑆𝑉𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 =   
𝑇𝑆𝑉𝑚𝑒𝑎𝑛,𝑜𝑙𝑑𝑣𝑎𝑙𝑢𝑒 − 𝑇𝑆𝑉𝑚𝑒𝑎𝑛,𝑛𝑒𝑤𝑣𝑎𝑙𝑢𝑒

𝑇𝑆𝑉𝑚𝑒𝑎𝑛,𝑜𝑙𝑑𝑣𝑎𝑙𝑢𝑒
  ∗ 100%                                                     (1) 

 

 
Figure 3.2.6 Sensitivity graph (based on surveys, N=172) 
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The graph in Figure 3.2.6 shows that the PMV model is most sensitive to changes in activity levels 

(MET values) or in air temperature. This graph is in agreement with the survey results, as the 

subjective results show that the thermal sensation has a significant correlation with activity levels 

(N=338, r=0.303, p<0.01) and air temperature (N=172, r=0.167, p<0.05), as visualized in Figure 3.1.1 

and Figure 3.1.2. 

 
CHAPTER 3.3: OBJECTIVE MEASUREMENTS 

 

Appendix P shows the graphs of the air temperatures, relative humidity, air velocity and radiant 

temperature over time for each measurement location. It also contains a selection of the infrared 

pictures that have been taken. The numeric results of all the objective PMV measurements and local 

discomfort calculations are shown and discussed in Appendix Q.  

 

The results of the differences between measurement A and B, which indicate the reproducibility and 

thus the stability of the environment, are discussed in detail in Appendix Q, together with the results 

for measurements part 1, 2 and 3 (no subjects, static subjects and dynamic subjects). Appendix Q 

shows that the reproducibility for the objective measurements is high for all cases since the differences 

between measurements A and B are small. In general, the objective measurment differences between 

part 1 and 2 tends to be larger than those between part 2 and 3 which indicates that the influence of 

dynamic people on the thermal conception compared to static people is less than the influence of static 

people compared to no people in the room. However, the differences are negligible considering the 

PMV uncertainty since the differences are within the accuracy limits of the measuring devices [8]. 

There are no clear differences in reproducibility or robustness between the ventilation systems or 

ICMS positions, so the measurement method that is used for current research yields relevant results.  

 

Predicted Mean Vote 

For all situations pictured in Figure 3.3.1 the room temperature is around 20 °C (for Hospital B (UDF) 

the set temperature T1 is 18 °C which means that the room temperature was around 20 °C), apart from 

Hospital A (Opragon) where the room temperature was around 19 °C. Figure 3.3.1 shows the objective 

PMV values as a result of the measurements performed at different locations, which indicate a thermal 

sensation on the cold side.  

 

 
Figure 3.3.1 Objective PMV values at different measurement locations for part 1 (no subjects in the room). 

ICMS 1 represents the position of a standing surgeon/surgeon assistant, ICMS 2 represents the position of a 

seated anesthetist/anesthesiology assistant, ICMS 3 represents the position of a standing instrument nurse and 

ICMS 4 and 5 represent the position of a seated and a standing circulator, respectively. 
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The objective measurements in Hospital A (Opragon), Hospital B (UDF) and Mock-up A (Opragon) 

show similar trends as the subjective measurements: the best PMV values for the surgeon/surgeon 

assistant and instrumenting nurse (ICMS 1 and ICMS 3, respectively) and the worst for the 

anesthetist/anesthesiology assistant and the circulator (ICMS 2, 4 and 5) as shown in Figure 3.3.1 

(note that ICMS2 is excluded from Mock-up A (Opragon) and Mock-up B (Halton), which 

corresponds to the position of the anesthetist/anesthesiology assistants). Hospital B (UDF) is the only 

measurement location where the surgeon has the best thermal sensation instead of the instrumenting 

nurse. For the Opragon system and UDF system, the PMV value for the surgeon is significantly better 

than for the circulators, while for the Halton system there is no significant difference between the 

PMV for the surgeon (ICMS 1) and for the circulator (ICMS 4 and 5).  

 

For Mock-up B (Halton), nozzle setting 1 shows significantly better results than setting 2 for every 

measured position in the room.  

 

Looking at the average objective results (for each measurement situation all parts are averaged, 

numeric results are shown in Table Q.9 in Appendix Q), the only measurement situations where the 

objective PMV values comply with the comfort category C are those where the room temperature is 

set higher than usual (the surgeries of the surveys have an average set temperature of 18.4 °C (N=172) 

which corresponds to a room temperature of around 20 °C).  

 

Overall, the instrumenting nurse (ICMS 3) is having the best thermal environment according to the 

objective PMV values, but these values still exceed the limits of comfort category C in most cases.  
 

Local discomfort 

Figure 3.3.2 shows the objective DR values. The DR values at ICMS2 are excluded from the figure for 

all cases where the air velocity sensor was broken. The objective results at both Hospital B (UDF) and 

Mock-up B (Halton) show overall higher DR values when the set temperature is lower (Table Q.9 in 

Appendix Q). Figure 3.3.2 shows the highest DR values underneath the plenum (ICMS 1 and 2), 

except for the measurements in Hospital B (UDF) where the DR values are not significant higher for 

the positions underneath the plenum compared to the other positions.  

 

Overall, there are no significant differences in terms of DR values between the different systems. Also 

the nozzle setting in Mock-up B (Halton) does not influence the DR values.  

 

In general, the objective results exceed comfort category C limits in most cases. 

 

 
Figure 3.3.2 Objective DR values at different measurement locations for part 1 (no subjects in the room).  

ICMS 1 represents the position of a standing surgeon/surgeon assistant, ICMS 2 represents the position of a 

seated anesthetist/anesthesiology assistant, ICMS 3 represents the position of a standing instrument nurse and 

ICMS 4 and 5 represent the position of a seated and a standing circulator, respectively.  
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Figure 3.3.3 shows the objective PDvg values. The objective measurement results show no high 

percentages of discomfort due to vertical temperature gradients for any location. Although the PDvg 

values for Hospital B (UDF) are about twice as large as for the other locations, the values are still 

within the comfort limits of category A. 
 

 
Figure 3.3.3 Objective PDvg values at different measurement locations for part 1 (no subjects in the room). 

ICMS 1 represents the position of a standing surgeon/surgeon assistant, ICMS 2 represents the position of a 

seated anesthetist/anesthesiology assistant, ICMS 3 represents the position of a standing instrument nurse and 

ICMS 4 and 5 represent the position of a seated and a standing circulator, respectively. 

 

The PDft and PDra values for each location at each temperature setting are shown in Figure 3.3.4. The 

PDra values are calculated for both radiant asymmetry between walls and radiant asymmetry between 

floor and ceiling. The figure shows that the objective results for discomfort due to radiant asymmetry 

between ceiling and floor complies with the comfort boundaries of category A. This is not the case for 

Mock-up A (Opragon) when the ceiling mounted heating panels that represent the circadian lighting 

system of the Optimus concept were on (PDra = 5.17%). Figure 3.3.4 shows that the objective results 

for discomfort due to radiant asymmetry between walls complies with the comfort category A as well. 

There are no large temperature differences measured between the OR walls. 
 

 
Figure 3.3.4 Objective PDft values, PDra values (floor/ceiling) and PDra values (walls) at different measurement 

locations 



 

I.M. Jacobs – July 2018   27  

The floor temperature must be between 17 and 31 °C to comply with comfort category C and between 

19-29 °C to comply with comfort category A (Appendix B). The floors in Mock-up A (Opragon) and 

Mock-up B (Halton) should therefore be a bit higher in temperature. Overall, the objective results 

show no clear differences between the different systems (Figure 3.3.4). 

 
CHAPTER 3.4: OBJECTIVE MEASUREMENTS VERSUS SUBJECTIVE 

MEASUREMENTS 
 

To compare the objective local discomfort measurements with the subjective local discomfort 

measurements, the subjective DR, PDft and PDra have been determined based on the survey answers. 

The results of the subjective DR per function and per type of plenum can be found in Figure 3.4.1. 

Figure 3.4.3 show the results of the subjective PDft and Figure 3.4.2 shows the PDra for the different 

functions and plenums. The numeric results are shown in Appendix J.  

 

Local discomfort 

The objective results in terms of DR (Figure 3.3.2) are not in agreement with the subjective results 

(Figure 3.4.1) which show almost no discomfort due to draughts for surgeons. Besides, the graph 

shows that unless people are having the same position (surgeon and surgeon assistant, and anesthetist 

and anesthesiology assistant), there is a difference between discomfort. 

 

Also the subjective measurements for the different plenums in terms of draught are not reflected in the 

objective results. The subjective results show higher DR values for the Opragon plenum compared to 

other plenums (Figure 3.4.1) while the objective results show no clear difference between the DR 

values for the different systems. The mean objective DR value for all measurement parts at Hospital B 

(UDF) is 24% while the subjective results show 34% for 2T plenums. The average DR for all 

measurement parts at Mock-up A (Opragon) is 27% and at Hospital A (Opragon) is 24%, while the 

subjective results show 46% for Opragon systems. The mean DR value for all measurement parts at 

Mock-up B (Halton) is 24%, which cannot be compared with the subjective DR values since no 

subjects working in hospitals with a mixing system filled in the survey. On average, the objective 

results are underestimating the subjective DR values. 

 

 
Figure 3.4.1 Subjective DR values subdivided per function (l) and per type of plenum (r) as a result of the 

surveys. The bars in the graphs that are representing the ‘total subjective DR values’ includes the data of all 

cases where the staff member indicated their local discomfort, even for the cases where the type of plenum  

or the function of the staff member is unknown. 
 

The subjective PD values due to radiant heat (Figure 3.4.2) are higher than the objective PDra values 

(Figure 3.3.4), especially for surgeon assistants and instrument nurses where the PD percentages even 

exceed the limits of comfort category C.  
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The subjective results of the 1T plenum does not comply with comfort category C in terms of PDra, 

while the other plenums do and the Opragon system even complies with comfort category A in terms 

of PDra.  

 

 
Figure 3.4.2 Subjective PDra values subdivided per function (l) and per type of plenum (r) as a result of the 

surveys. The bars in the graphs that are representing the ‘total subjective DR values’ includes the data of all 

cases where the staff member indicated their local discomfort, even for the cases where the type of plenum  

or the function of the staff member is unknown. 
 

The subjective results in Figure 3.4.3 show that the total number of people experiencing discomfort 

from cold floors is the same as the total number of people experiencing discomfort from warm floors. 

The anesthesiology assistants suffer most from cold floors while the instrumenting nurses suffer most 

from hot floors. In total, instrumenting nurses experience most discomfort due to warm/cold floors and 

anesthetists least. 

 

The subjective results  in Figure 3.4.3 show no big differences between the different plenums and the 

discomfort due to warm/cold floors. However, in case of an Opragon system, there are significantly 

more people who suffer from cold floors compared to warm floors. 

 

 
Figure 3.4.3 Subjective PDft values per subdivided per function (l) and per type of plenum (r) as a result of the 

surveys. The bars in the graphs that are representing the ‘total subjective DR values’ includes the data of all 

cases where the staff member indicated their local discomfort, even for the cases where the type of plenum  

or the function of the staff member is unknown.  
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CHAPTER 4: DISCUSSION 

 
This chapter discusses the research limitations and the research results. At the end, recommendations 

for future research are given.  

 
CHAPTER 4.1: RESEARCH LIMITATIONS 

 

Subjective measurement limitations 

• In both the subjective as the objective measurements, the clothing level and metabolic rate of 

the staff members is estimated based on existing tables [8] and previous studies [11,18]. 

However, there are no specific tables for surgical clothes or surgical activities. During field 

work in ORs, it was noted that each hospital is having its own surgical clothes. Some surgical 

T-shirts are having round necks while others have V-necks. There is also difference in 

material and therefore in permeability and so on. These aspects can have large impact on the 

thermal sensation of the person that is wearing it, as shown by Zwolinska and Bogdan [42]. In 

this study, the exact materials and designs of the surgical clothes are not taken into account. 

 

• In this study, also no distinction has been made between standard ORs or e.g. cardio ORs 

which have a different room layout due to different equipment. 

 

Analysis limitations 

• Only the correlations and differences that are relevant for this research are discussed in 

Chapter 3.1. Besides, indirect correlations are not further investigated during this research. For 

example, why do temperature settings have a significant correlation with thermal sensation 

and type of plenum while type of plenum are not significant correlated with thermal 

experience, or, why is there no significant correlation between thermal sensation and stress 

level as the duration of surgery and stress level are both significant correlated with thermal 

sensation and with each other. It is interesting to investigate the strength of correlations whilst 

controlling for the influence of other variables. Just because two variables are associated, it 

does not necessarily mean that one directly causes the other. The causality is not always clear. 

Are surgeons feeling warmer because of their activity level or because of their gender, as the 

subjective results based on the surveys showed a snigificant difference in thermal sensation 

between men and women, or is it a combination of multiple factors? A path-analysis can 

provide relevant insights. 

 

• In the survey, staff members are asked about local discomfort in terms of cold body parts, 

warm body parts, draught at body parts, radiant heat at body parts and sweaty body parts. 

However, their answers in terms of warm discomfort are misleading since the results would 

suggest that warm body parts are the main problems in the ORs, which is clearly not the case 

when looking at the subjective TSV values. It seems that they misinterpreted the question and 

that they have understood ‘warm body parts’ as ‘not cold’ instead of ‘warm discomfort’, i.e. 

they confused ‘warm discomfort’ with ‘warm comfort’. Therefore the warm discomfort is 

excluded from the analysis as the results are not reliable due to a non-validated survey 

question. 

 

• The objective PDvg values and the objective PDra values due to floor/ceiling temperature 

differences could not be compared with subjective values since there was no related question 

included in the survey. It was also not reliable to compare the objective PDft values with 

subjective values based on the survey, due to the same aforementioned interpretation error in 

terms of ‘warm discomfort’. 
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Objective measurement limitations 

• The biggest limitation was the impossibility to perform objective and subjective 

measurements at the same time. Due to hygienic reasons, it is not possible to perform 

measurements during surgery. Besides, it was not possible to have equal boundary conditions 

for each measurement location, since it was not allowed to touch or to turn on/off any 

equipment in the real ORs. The amount of equipment is affecting the air flow because of the 

heat loads. The air flow might also be affected by the position of the equipment, the 

dimensions of air exhaust ducts, the shape and size of the OR, the position of the doors, and so 

on. The influence of these parameters is excluded from this research. Ho et al. [22] showed 

with CFD simulations that the location of the exhaust grilles in ORs does not have influence 

on the thermal comfort conditions. 

 

• It was not always possible to perform the measurements for different temperature settings due 

to lack of time. It was intended to measure at the same temperature settings for all cases, for 

an accurate comparison of the results, however this was not possible for Hospital A (Opragon) 

since somehow no stable environment could be created.  

 

• The objective measurements consisted of three different parts: (i) without subjects in the 

room, (ii) with static subjects in the room and (iii) with dynamic subjects in the room. 

However, for the measurements at Mock-up A (Opragon) and Mock-up B (Halton) it was not 

possible to perform all three measurement parts due to lack of persons or lack of time. In 

Mock-up B (Halton) several heat sources (80W and 100W for seated and standing persons, 

respectively) have been used as static persons instead of real persons.  

 

• The persons who stood in the OR during part 2 and part 3 of the measurements answered a 

short questionnaire about their thermal sensations during several moments (questionnaire is 

shown in Figure H.2.4 in Appendix H). IR pictures have been made of the bodies of the 

persons. In this research, this data has not been analysed due to the limited number of persons. 

The data is not representative since there was only one person per position in the room. It was 

obvious that some people were always feeling cold while others were feeling warm unless 

their position. However, the data can be used for future research.  

 

• The ORs where the objective measurements took place, are performance class 1 level 1, 

except for the Mock-up B (Halton). A higher air flow rate will be necessary to meet the 

requirements of a level 1 OR, which will also affect the thermal conditions. However, this is 

not taken into account in this research.  

 

• The PMV values of Mock-up B (Halton) when the temperature was set 24 °C, are closest to 

neutral. This is due to the high temperature combined with a low relative humidity level 

(around 25%). In practice this humidity won’t be that low but in this case it was in a 

laboratory and outside air has been supplied to the room without humidity control. However, 

if the relative humidity were controlled at a more realistic value of 50%, the PMV values 

would increase with ΔPMV=+0.06 at maximum as shown in Appendix P.5. This low 

influence of the relative humidity levels on PMV values is also reflected in the sensitivity 

analysis in Figure 3.2.6. 

 
CHAPTER 4.2: DISCUSSION OF THE RESULTS  

 

Subjective measurement results 
Subjective results (Figure 3.1.4) show that on average, staff members in the ORs are feeling cold. 

Previous studies [1,2,11,13] found that surgeons tend to feel warm, however the results of both 

subjective and objective measurements (Figure 3.1.4 and Figure 3.3.1) indicate a thermal sensation on 

the cold side for all staff members. The anesthesiology assistant has a significant lower thermal 

sensation (anesthesiology assistant: N=100, M=2.46, SD=1.141; other functions: N=239, M=3.41, 
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SD=1.14; t(337)=6.301, p<0.01) compared to others, while the thermal sensations of the surgeon 

(surgeon: N=37, M=3.70, SD=1.24; other functions: N=302, M=3.06, SD=1.339; t(337)=-2.763, 

p<0.01) and the instrumenting nurse (instrumenting nurse: N=98, M=3.76, SD=1.293; other functions: 

N=241, M=2.88, SD=1.280; t(337)=-5.691, p<0.01) are significant better compared to the other 

functions. The significant higher activity level for the instrumenting nurse (instrumenting nurse: N=98, 

M=1.57, SD=0.202; other functions: N=242, M=1.51, SD=0.238; t(338)=-2.089, p<0.05) and 

significant lower activity level for the anesthesiology assistant (anesthesiology assistant: N=101, 

M=1.44, SD=0.196; other functions: N=239, M=1.56, SD=0.233; t(220.988)=5.108, p<0.01) is most 

possibly one of the reasons for the significant differences in thermal sensation between the functions. 

This is in agreement with the results of previous studies [1,2,15,17] who found that the anesthesiology 

assistant feel cold due to low activity and low clothing insulation while the surgeons tend to feel warm 

due to high clothing insulation and high activity level.  

 

The hypothesis was that clothing levels and stress levels are correlated with the thermal sensation, 

based on previous studies [15,17]. However, the subjective results show no significant correlation. 

This can be due to the limited variation of allowable clothing. Regarding the stress level, a limited 

number of people indicated to experience any stress during surgery. Therefore the variation in answers 

is too small to find significant correlations and to test the hypotheses. 

 

The subjective results in Figure 3.1.5 and 3.1.7 show that cold body parts and draught are the main 

problems in the ORs according to the surveys. This is also reflected in small conversations with staff 

members (convenience sampling) who mentioned that they suffer from draughts which gives them 

neck and back complaints.  

 

Results of previous studies [11,13] showed that radiant heat in head regions of the surgeons as a result 

of surgical lighting was a major problem. This is not reflected in both subjective (Figure 3.1.5) and 

objective measurements (Figure 3.3.4) during this research. Only 2.9% of the surgeons (1 out of 37) 

indicated to experience discomfort due to radiant heat. This improvement can be a result of the 

application of LED lamps that do not radiate much heat, as can be seen in the IR photos of surgical 

lamps in Appendix P. 

 

The subjective thermal comfort results in Figure 3.1.7 show that people experience most discomfort in 

case of 1T plenums in terms of radiant heat at head level (1T plenum: N=72, M=0.13 i.e. 13%, 

SD=0.333; other plenums: N=267, M=0.04 i.e. 4%, SD=0.190; t(83.869), p<0.05). This can be due to 

the radiant panels which are often present in ORs with 1T plenums (65% according to the surveys, 47 

out of 72) to ensure a higher temperature in the periphery for a better downflow. ORs with 1T plenums 

have significantly more often radiant panels in the room compared to ORs with other plenums (1T 

plenum: N=60, M=0.78 i.e. 78%; other plenums: N=165, M=0.64 i.e. 64%, SD=0.483; t(120.633)=-

2.244, p<0.05). People are more sensitive to warm ceilings compared to cold ceilings. The heat load of 

the circadian lighting system of Optimus should be reduced for better thermal comfort, since the PDra 

value do not match the boundary conditions for comfort category A when the heating panels that 

represent the circadian lighting system are on in Mock-up A (Opragon). 

 

Even though the air temperature settings (Opragon: N=21, M=18.03, SD=0.381; other plenums: 

N=153, M=18.59, SD=0.543; t(172)=4.511, p<0.01) and relative humidity settings (Opragon: N=21, 

M=51.60, SD=2.984; other plenums: N=153, M=54.81, SD=3.779; t(172)=3.733, p<0.01) were 

significant lower for Opragon systems, the subjective results in terms of cold body parts seems better 

for Opragon systems compared to other plenums. However, these differences are not significant and 

neither confirmed by the objective measurements. 

 

Subjective measurements versus theory 

The survey results show a lower percentage of dissatisfied people than the theoretical model predicts 

(Figure 3.2.1). The hypothesis was that the comfort limits are narrower for the operating theatre than 

for office environments due to lack of adaptation possibilities [35]. However, it is possible that 

surgical staff members are more focused on the patient and therefore pay less attention to their own 
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comfort since patient safety is the primary goal in the OR. Figure 3.2.3 shows that in practice people 

are feeling less cold than expected by the theoretical model, which can be due to the fact that the 

theoretical model is based on office situations and such low temperatures in an office environment 

(where thermal comfort is the primary goal [11]) would be perceived as very cold without wearing 

warm clothes. It is also possible that the face masks contribute to a warmer sensation which is not 

included in the theoretical model. Adaptation of the theoretical model to the operating theatre is 

difficult since there is no uniformity in the differences between the theoretical TSV (calculated based 

on the theoretical model) and subjective TSV as can be seen in Figure 3.2.4. Based on Figure 3.2.2 

together with Appendix N, it seems that the PMV/PPD model is able to estimate the PD values for 

surgeons and surgeon assistants in the warm region and for circulators and anesthesiology assistants in 

the colder region, which is in agreement with Van Gaever et al. [2] who also found that the 

applicability of the PMV/PPD model for the nurses and anesthetists in the colder regions. 

 

Figure 3.2.5 indicates large differences between the theoretical values and the subjective values. It is 

possible that this is caused by wrong input parameters. For example, the assumption is that the air 

velocity underneath the plenum is 0.3 m/s (based on the guidelines and on the information given by 

the technical service teams of the hospitals) but in reality it can be higher/lower as is reflected in the 

objective measurement reuslts, which can be due to for example vortices, surgical lamps or equipment 

set-ups. The objective measurements also show that the temperature and relative humidity is 

fluctuating over time. Besides, the hospitals indicated if there were radiant panels in the ORs but it is 

possible that the panels were switched off or not fully open during a surgery. It is also possible that the 

assumptions for the thermal environment for each position are not right. Besides, it is possible that the 

respondents did not correctly fill in the surveys. Sometimes the survey answers where questionable, 

e.g. people not wearing clogs or face masks. Another uncertainty is the activity level since people also 

mentioned that their activity level was not constant over time. All these uncertainties can contribute to 

a wrong prediction of the individual theoretical TSV values.  

 

The graph in Figure 3.2.6 shows that the PMV model is most sensitive to changes in MET values or in 

air temperature, which is also found by Van Gaever [41]. This graph is in agreement with the survey 

results, as the subjective results show that the thermal sensation has a significant correlation with 

activity (N=338, r=0.303, p<0.01) and air temperature (N=173, r=0.167, p<0.05). The deflection in the 

graph for the activity levels that occurs between -20% and -10% variation is not explainable. 

 

Objective measurements versus subjective measurements 

The objective measurements results (Table Q.9 in Appendix Q) show overall higher DR values when 

the set temperature is lower, which is in agreement with ISO 7730 that shows a higher sensation of 

draught for people who are feeling cold. The objective results show significant higher DR values 

underneath the plenum than at the other positions which is in agreement with the findings of Mora et 

al. [11], except for the measurements at the UDF plenum. It is possible that the luminaire causes this 

reduced air velocity [2], as the ICMS was positioned underneath the surgical lamp as can be seen in 

Figure H.3.4 (Appendix H). 

 

The theoretical DR model seems to not be applicable for the operating theatre. The objective results in 

terms of DR (Figure 3.3.2) underestimate the subjective results (Figure 3.4.1) for all functions, except 

for the surgeon. The graph in Figure 3.4.1 shows that unless people are having the same position, there 

is a difference between discomfort. This indicates that the same environment can be perceived 

different by individuals which is probably due to personal parameters as activity and clothing level 

which are not taken into account by the theoretical DR model. It is possible that surgeons do not 

perceive the draught as discomfort due to their high activity level and their covered arms, while the 

effect of draught is exacerbated for anesthesiology assistants and circulators by their low activity 

levels and short-sleeve uniforms.  

 

Sadrizadeh et al. [3] found in their study slightly more thermally satisfactory results for mixing 

ventilation systems compared with UDF systems in ORs. This is not reflected in the objective 

measurements since there are no significant differences between the different types of plenums.  
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The objective measurements show no remarkable discomfort due to vertical temperature gradients for 

any location (Figure 3.3.3), which is in agreement with the hypothesis that staff members do not suffer 

from vertical temperature gradients due to the large number of air changes per hour.  

 

The objective PD values due to radiant heat (Figure 3.3.4) are lower than the subjective PDra values 

(Figure 3.4.2). It is hard to determine whether this discomfort is due to warm/cold walls or due to for 

example equipment that radiate heat. It can also be the result of radiant panels as mentioned before. 

The same applies to the objective PD values due to floor temperature (Figure 3.3.4) which are lower 

than the subjective PDft values (Figure 3.4.3). Figure 3.4.3 shows that in general anesthetists suffer 

least from cold and warm floors. Most anesthetists are not present during the entire operation (74% of 

the anesthesists, based on survey results N=31), but only at the beginning and the end for example. 

This can be a reason for the low number of anesthetists experiencing discomfort. However, it is 

difficult to determine whether the differences in subjective PDft values between the different functions 

is actually due to the floor temperature or due to the overall temperature. Most probably it is in 

combination with the overall comfort perception, as no large floor temperature gradients have been 

found on the infrared pictures. Therefore it is not reliable to compare the subjective PDft values with 

the objective PDft values. There are no significant differences between the subjective PDft values for 

different plenum types (Figure 3.4.3), since the temperature of the floor has probably more to do with 

the construction and the location than with the ventilation system itself.  

 
CHAPTER 4.3: RECOMMENDATIONS FOR PRACTICE 

 

Solutions can be found in different areas to improve the thermal sensations of the staff members. To 

meet the stringent boundary limits of comfort category A, draught rates should be drastically reduced 

while the PMV values should be higher. Besides, it is advised to avoid strong heating sources on the 

ceilings since warm ceilings are perceived as uncomfortable. Cold floors should be avoided as well. 

Since overall the staff members feel cold, temperature and relative humidity settings should be higher 
for a warmer sensation which also result in lower draught rates as seen in the objective results. 

However, the temperature and relative humidity settings need to be within limits prescribed by 

technical HVAC guidelines to not lose the protective properties for infection prevention. Besides, the 

settings cannot be increased much because otherwise it is no longer acceptable for the surgeon and the 

instrumenting nurse. Improving thermal sensations on personal level is preferred over changing 

environmental parameters, not only because of the stringent parameter boundaries for contamination 

control but also because of the large variations in individual preferences. 

 

Negative judgments are reported in terms of draught, mainly at head level and at arms. The simplest 

solution for improving thermal sensations without disrupting the airflow, can be found in the surgical 

clothing: increasing the clothing insulation levels while covering the arms and the neck to protect 

these body parts from draughts. Also for the anesthesiology assistants gloves need to be available, 

possibly with higher insulation values as these do not need to be sterile (non-sterile zone). The surgical 

clothing needs to be designed according to hygiene standards for ORs. Solutions can also be found in 

the design of a personalized local heating system such as chair heating or heated clothing. 

 
CHAPTER 4.4: RECOMMENDATIONS FOR FUTURE RESEARCH  

 

The link between (thermal) discomfort and performance aspects such as productivity and accuracy has 

been studied before but never specifically for the operating theatre. It is interesting for future studies, 

since that may allow to assess its influence on the post-operative outcomes. 

 

Currently, there are no specific tables for surgical clothes or surgical activity levels. The assumptions 

that have been made during this research regarding clothing and activity levels should be verified in 

future studies. Especially measuring activity levels of staff members during surgery would be of high 

relevance as the PMV/PPD model is high sensitive to changes in activity levels. 
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This study shows that the theoretical PMV and DR model need to be redefined and optimized for 

application in the operating theatre.  
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CHAPTER 5: CONCLUSIONS  

 
Both subjective and objective measurements show that on average staff members in ORs are feeling 

cold. Subjective measurements show that the surgeon (surgeon: N=37, M=3.70, SD=1.24; other 

functions: N=302, M=3.06, SD=1.339; t(337)=-2.763, p<0.01) and instrumenting nurse (instrumenting 

nurse: N=98, M=3.76, SD=1.293; other functions: N=241, M=2.88, SD=1.280; t(337)=-5.691, p<0.01) 

are significantly having the best thermal sensation while the anesthesiology assistant is feeling 

significantly colder  (anesthesiology assistant: N=100, M=2.46, SD=1.141; other functions: N=239, 

M=3.41, SD=1.14; t(337)=6.301, p<0.01) than the others, which is also reflected in the objective 

results. These thermal sensation differences amongst functions is most probably a result of their 

variance in activity levels. Besides the overall thermal sensation, cold body parts and draught are the 

main problems in the ORs while radiant asymmetry and vertical temperature gradients seems to not be 

a problem, possibly because of the high number of air changes. Due to the special ventilation 

requirements in the ORs for infection prevention and considering that the ORs are crowded and small, 

it is difficult to supply the required quantity of air without causing draughts. Besides, high air 

velocities are necessary to obtain a downward-directed displacement flow around persons. 

Anesthesiology assistants and circulators are suffering most from draught compared to other functions, 

which can partly be dedicated to their short-sleeve uniforms since the effect of draught can be 

exacerbated by clothes that leaves body parts exposed. The simplest solution for improving their 

thermal sensations without disrupting the airflow, can be found in the design of surgical clothing with 

higher insulation levels that cover the arms and the neck. Improving the thermal comfort conditions on 

individual level is preferred over changing environmental parameters because of the stringent 

parameter boundaries for contamination control and the large variations between individuals in terms 

of physical and emotional satisfaction. 

 

The subjective TSV/PD results show the same trend as the theoretical PMV/PPD model, as the 

subjective PD values are significant correlated with the theoretical PPD values (r=0.971, N=6, 

p<0.01). However, the subjective results based on surveys show more satisfied persons than the 

theoretical PMV/PPD model predicts. Most important reason is that overall surgeons and instrument 

nurses are feeling warmer than the model predicts. However, the PMV/PPD model is able to estimate 

the PPD values for surgeons and surgeons assistants in the warm region and for circulators and 

anesthesiology assistants in the colder region. The theoretical values which are calculated based on the 

theoretical model do not agree with the subjective values. An accurate prediction of the individual 

activity levels is hard which may be the cause for the large differences between the theoretical and the 

subjective values, as the study shows that the theoretical model is most sensitive to changes in activity 

levels and air temperature. The subjective and objective measurements results point to the need for 

optimizing the PMV/PPD model for application to operating theatres. Also the theoretical DR model 

should be redefined for ORs since the model seems to not be applicable for these special 

environments.  

 

Overall, there are no significant differences between plenum types in terms of thermal sensation and 

thermal acceptance. Regarding local discomfort, subjective measurements show that people working 

under an 1T plenum are experiencing more radiant heat (mainly at head level) compared to other 

plenums (1T plenum: N=72, M=0.13 i.e. 13%, SD=0.333; other plenums: N=267, M=0.04 i.e. 4%, 

SD=0.190; t(83.869), p<0.05), which is most probably caused by radiant panels. Strong heat sources 

mounted on the ceiling needs to be avoided when designing an OR since warm ceilings are perceived 

as uncomfortable. The subjective measurements indicate better results for the Opragon system in terms 

of cold body parts, but worse results in terms of draughts compared to the other plenums. However, 

there are no significant local discomfort differences between the Opragon plenum and other plenums. 

It is possible that the amount of respondents that is working in an OR with an Opragon system is too 

small compared to the overall amount of respondents (24 out of 341) to find significant correlations. 

 

In general, the influence of the presence of persons in the room on the thermal comfort measurements 

seems negligible considering the PMV uncertainty related to measuring devices accuracy. Therefore it 
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is possible to measure the environmental conditions for PMV determination in an ‘empty’ operating 

room, without any persons. 

 

 

 

  



 

I.M. Jacobs – July 2018   37  

REFERENCES 

 
[1] Zwolinska, M., Bogdan, A. (2013). Thermal sensations of surgeons during work in surgical gowns.   

  International Journal of Occupational Safety and Ergonomics (JOSE) 19, No. 3, pp. 443-453. 

 

[2] Van Gaever, R., Jacobs, V.A., Diltoer, M., Peeters, L., Vanlanduit, S. (2014). Thermal comfort of   

  the surgical staff in the operating room. Building and Environment 81, pp. 37-41. 

 

[3] Sadrizadeh, S., Holmberg, S. (2016). Thermal comfort of the surgical staff in an operating theatre:  

  a numerical study on laminar and mixing ventilation systems. Proceedings of the 14th  

  International Conference of Indoor Air Quality and Climate (Ghent, Belgium). 

 

[4] Khodakarami, J., Nasrollahi, N. (2012). Thermal comfort in hospitals – a literature review.  

  Renewable and  Sustainable Energy Reviews 16, pp. 4071-4077.  

 

[5] Azizpour, F., Moghimi, S., Salleh, E., Mat, S., Lim, C.H., Sopian, K. (2013). Thermal comfort  

  assessment of large-scale Hospitals in tropical climates: a case study of University  

  Kebangsaan Malaysia Medical Centre (UKMMC). Energy and Buildings 64, pp. 317-322. 

 

[6] Del Ferraro, S., Iavicoli, S., Russo, S., Molinaro, V. (2015). A field study on thermal comfort in an  

  Italian hospital considering differences in gender and age. Applied Ergonomics 50, pp. 177- 

  184.  

 

[7] Verheyen, J., Mollaert, M., Descamps, F. (2012). Thermal comfort of patients in healthcare  

  facilities. Doctoral Research Project, Vrije Universiteit Brussel. Facility of Engineering  

  Sciences, Department of Architectural Engineering.  

 

[8] International Organization for Standardization (ISO). NEN-EN-ISO 7730: 2005. Ergonomics of  

  the thermal environment – Analytical determination and interpretation of thermal comfort  

  using calculation of the  PMV and PPD indices and local thermal comfort criteria.  

 

[9] American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE).  

  ASHRAE Handbook 2005 Fundamentals.  

 

[10] Patania, F., Gagliano, A., Nocera, F., Galesi, A. (2011). Thermal comfort in operating rooms: a  

  case study. WIT Transactions on Biomedicine and Health 15, pp. 105-114. 

 

[11] Mora, R., English, M.J.M., Athienitis, A.K. Assessment of thermal comfort during surgical  

  operations. ASHRAE Transactions 107, pp. 52.  

 

[12] Derks, M.T.H., Loomans, M.G.L.C., Mishra, A.K., Kort, H.S.M. (2017). Resolving the influential  

  parameters of thermal comfort perception amidst indoor-outdoor spatial transitions: case study  

  in a lecture room. Healthy Buildings 2017 Europe, pp. 1-6. 

 

[13] Pereira, M.L., Vilain, R., Felix, V., Tribess, A. Evaluation of thermal comfort in an operating  

  room ventilated with spiral diffuser jet. HVAC&R Research 19, pp. 1016-1022. 

 

[14] Melhado, M.D.A., Hensen, J.L.M. & Loomans, M.G.L.C. (2006). Literature review of staff  

  thermal comfort and patient "thermal risks" in operating rooms. Proceedings of the 8th  

  International Healthy Buildings Conference, International Society of Indoor Air Quality and  

  Climate, pp. 11-14.  

 

[15] Wu, Z. (2011). Evaluation of a sustainable hospital design based on its social and environmental  

  outcomes. Graduate Master Thesis, Cornell University.  



 

38              Thermal comfort of surgical staff 

[16] Balaras, C.A., Dascalaki, E., Argiriou, A.A., Gaglia, A. (2002). HVAC systems and indoor  

  conditions in hellenic hospital operating rooms. ASHRAE Transactions 108, Part 2, pp. 23-38. 

 

[17] Wyon, D.P., Lidwell, O.M., Williams, R.E.O. (1968). Thermal comfort during surgical  

  operations. The Journal of Hygiene 66, pp. 229-48. 

 

[18] Sadrizadeh, S., Loomans, M.G.L.C. (2016). Thermal Comfort in Hospital and Healthcare  

  Facilities – a Literature Review. 9th International Conference on Indoor Air Quality  

  Ventilation & Energy Conservation in Buildings. 

 

[19] Ottenheijm, E.M.M., Loomans, M.G.L.C., Kort, H.S.M. & Trip, A. (2016). Thermal comfort  

  assessment in a Dutch hospital setting – model applicability. Proceedings of the 14th  

  International Conference on Indoor Air Quality and Climate. 

 

[20] Melhado, M.D.A., Hensen, J.L.M. & Loomans, M.G.L.C. (2007). Performance based design for  

  ventilation  systems of operating rooms supported by numerical simulation - discussing the  

  methodology. Proceedings of the 9th REHVA World Congress: WellBeing Indoors, pp.7. 

 

[21] Ho, S.H. (2004). Numerical simulation of thermal comfort and contaminant transport in air  

  conditioned rooms. Graduate Thesis and Dissertation. University of South Florida. 

 

[22] Ho, S.H., Rosario, L., Rahman, M.M. (2009). Three-dimensional analysis for hospital operating  

  room thermal comfort and contaminant removal. Applied Thermal Engineering 29, pp. 2080- 

  2092.   

 

[23] Werkgroep Infectie Preventie WIP. (2010). WIP-richtlijn Preventie van Postoperatieve  

  Wondinfecties.  

 

[24] Werkgroep Infectie Preventie WIP. (2016). Luchtbehandeling in operatiekamer en opdekruimte in  

  operatieafdeling klasse 1.  

 

[25] Vereniging voor Contamination Control Nederland (VCCN). (2017). VCCN richtlijn 7. Methode  

  voor testen en classificeren van operatiekamers en opdekruimten in rust. 

 

[26] Optimus Integrated Surgical Environment. Integrated Air Plenum. Retrieved November 2017, via  

  www.optimusise.com/components/integrated-air-plenum/  

 

[27] VOS - Halton Vita OR Space. Retrieved November 2017, via  

  www.halton.com/nl_NL/halton/products/-/product/VOS 

 

[28] De Block, A. HEPA gefilterde downflow in de gehele OK – Opragon: Innovatief lucht  

  inblaassysteem voor de OK. Retrieved November 2017, via  

  www.deblockconsultant.nl/files/docs/627.pdf  

 

[29] Krombeen, M., Kraaijeveld, A. (2017). Beoordeling opragonsysteem. Innovatie operatiekamers.  

  Retrieved October 2017, via Michel Krombeen (Unica). 

 

[30] Van Hoof, J. (2008). Forty years of Fanger’s model of thermal comfort: comfort for all? Indoor  

  Air 18, pp. 182-201. 

 

[31] Schellen, L., Loomans, M.G.L.C., Kingma, B.R.M., De Wit, M.H., Frijns, A.J.H., Van Marken  

  Lichtenbelt, W.D. (2013). The use of a thermophysiological model in the built environment to  

  predict thermal  sensation: Coupling with the indoor environment and thermal sensation.  

  Building and Environment 59,  pp. 10-22. 

 



 

I.M. Jacobs – July 2018   39  

[32] Liu, C., Zhou, G., Li, H. (2015). Analysis of Thermal Environment in a Hospital Operating  

  Room. 9th International Symposium on Heating, Ventilation and Air Conditioning (ISHVAC).  

  3th International Conference on Building Energy and Environment (COBEE). Procedia  

  Engineering 121, pp. 735-742. 

 

[33] Cheng, Y., Niu, J., Gao, N. (2012). Thermal comfort models: A review and numerical  

  investigation. Building and Environment 47, pp. 13-22. 

 

[34] Gormley, T., Markel, T.A., Jones, H.W., Wagner, J., Greeley, D., Clarke, J.H., Abkowitz, M.,  

  Ostojic, J. (2017). Methodology for analysing environmental quality indicators in a dynamic  

  operating room environment. American Journal of Infection Control 45, pp. 354-359. 

 

[35] Van Hoof, J., Mazej, M., Hensen, J.L.M. (2010). Thermal comfort: research and practice.  

  Frontiers in Bioscience 15, pp. 765-788.  

 

[36] Fanger, P.O. (1970). Thermal Comfort: Analysis and Applications in Environmental 

  Engineering. Danish Technical Press 92, pp. 164. 

 

[37] Jensen, K.L. (2008). Development of a model to calculate the economic implications of  

  improving the indoor climate. Kgs. Lyngby, Denmark. Technical University of Denmark  

  (DTU).  

 

[38] Boduch, M., Fincher, W. (2009). Standards of Human Comfort: Relative and Absolute. Centre for  

  Sustainable Development. The University of Texas at Austin, School of Architecture. 

 

[39] Frontczak, M., Wargocki, P. (2011). Literature survey on how different factors influence human  

  comfort in indoor environments. Building and Environment 46, pp. 922-937. 

 

[40] Van Osta, M., Kort, H.S.M., Loomans, M.G.L.C., Mishra, A.K., Maassen, W. (2017). Thermal  

  comfort in hospital wards – a comparison between two indoor conditioning systems. Graduate  

  Master Thesis, Eindhoven University of Technology.  

 

[41] Van Gaever, R. (2015). Design Considerations of the Operating Room Ventilation System – a  

  numerical and experimental study. Doctoral Research Project, Vrije Universiteit Brussel. 

 

[42] Zwolinska, M., Bogdan, A. (2012). Impact of the Medical Clothing on the Thermal Stress of  

  Surgeons. Applied Ergonomics 43, pp. 1096-1104 

 

[43] College bouw ziekenhuisvoorzieningen. (2004). Operatieafdeling – Bouwmaatstaven voor  

  nieuwbouw.  

 

[44] Nielsen, P.V. (2009). Control of Airborne Infectious Diseases in Ventilated Spaces. Journal of the  

  Royal Society Interface 6.  

 

[45] Beheersplan Luchtbehandeling voor de Operatieafdeling. (2005). Retrieved September 2017, via  

  www.deblockconsultant.nl/ 

 

[46] American Society of Mechanical Engineers (ASME). (2004). ASME AG-1a-2004, Addenda to  

  ASME  AG-1-2003 Code on Nuclear Air and Gas Treatment. 

 

[47] Khalil, E.E. (2008). Thermal management in hospitals: comfort, air quality, and energy  

  utilization. Cairo University, Faculty of Engineering. Indoor Air 2008.   

 

[48] Bilkert, M. (2015). OK-luchtbeheersing toetsbaar?. Inspectie voor de Gezondheidszorg. Retrieved  

  2017, via: www.vccn.nl/wp-content/uploads/2013/12/Hand-out-presentatie-Bilkert.pdf 

http://www.deblockconsultant.nl/
http://www.vccn.nl/wp-content/uploads/2013/12/Hand-out-presentatie-Bilkert.pdf


 

40              Thermal comfort of surgical staff 

[49] Olmsted, R.N. Airborne Disease and Surgical Site Infection – The floating danger. Retrieved  

  November 2017, via www.medlineuniversity.com/DesktopModules/Documents/ 

 

[50] Loomans, M. G. L. C., Houdt, van, W., Lemaire, A. D., & Hensen, J. L. M. (2008). Performance  

  assessment of an operating theatre design using CFD simulation and tracer gas measurements.  

  Indoor and Built Environment 17, pp. 299-312.  

 

[51] Zoon, W.A.C., Heijkant, S.A.M., Hensen, J.L.M., Loomans, M.G.L.C. (2007). Assessment of the  

  performance of the airflow in an operating theatre. Proceedings of the SCANVAC Roomvent  

  2007 Conference, pp. 8. 

 

[52] Zoon, W. A. C., Loomans, M. G. L. C. and Hensen, J. L. M. (2011). On the numerical accuracy  

  of particle dispersion simulation in operating theatres. Proceedings of the 12th International  

  Conference, International Society of Indoor Air Quality and Climate, pp. 5. 

 

[53] Zoon, W.A.C., Van der Heijden, M.G.M., Loomans, M.G.L.C. & Hensen, J.L.M. (2010). On the  

  applicability of the laminar flow index when selecting surgical lighting. Building and  

  Environment 45, pp. 1976-1983. 

 

[54] Pasquarella, C., Sansebastiano, G.E., Ferretti, S., Saccani, E., Fanti, M., Moscato, U., Giannetti,  

  G., Fornia, S., Cortellini, P., Vitali, P., Signorelli, C. (2007). A mobile laminar airflow unit to  

  reduce air bacterial contamination at surgical area in a conventionally ventilated operating  

  theatre. Journal of Hospital Infection 66, pp. 313-319. 

 

[55] Zoon, W.A.C., Van der Heijden, M.G.M., Hensen, J.L.M., Loomans, M.G.L.C. (2009). Influence  

  of the shape of surgical lights on the disturbance of the airflow. Proceedings of the 11th  

  International Conference on Air Distribution in Rooms (ROOMVENT 2009), pp. 8. 

 

[56] Memarzadeh, F., Manning, A. (2002). Comparison of operating room ventilation systems in the  

  protection of the surgical site. ASHRAE Transactions 108, pp. 3-15. 

 

[57] Andersson, A.E., Petzold, M., Bergh, I., Karlsson, J., Eriksson, B.I., Nilsson, K. (2014).  

  Comparison between mixed and laminar airflow systems in operating rooms and the influence  

  of human factors: Experiences from a Swedish orthopedic center. American Journal of  

  Infection Control 42, pp. 665-669. 

 

[58] Zoon, W.A.C., Loomans, M.G.L.C., Hensen, J.L.M. (2011). Testing the effectiveness of  

  operating room  ventilation with regard to removal of airborne bacteria. Building and  

  Environment 46, pp. 2570-2577. 

 

[59] Forejt, L., Drkal, F., Hensen, J.L.M. (2007). Assessment of operating room air distribution in a  

  mobile  hospital: field experiment based on VDI 2167. Proceedings of the SCANVAC  

  Roomvent 2007 Conference, pp. 57-69. 

 

[60] Melhado, M. A., Loomans, M. G. L. C., Hensen, J. L. M., Lamberts, R. (2016). Design of air  

  distribution system in operating rooms – theory versus practice. Proceedings of the 14th  

  International Conference on Indoor Air Quality and Climate, pp. 1102-1109. 

 

[61] Melhado, M.D.A., Hensen, J.L.M. & Loomans, M.G.L.C. (2006). Review of ventilation systems  

  in operating rooms in view of infection control. Proceedings of the 6th International  

  Postgraduate Research Conference. Built and Human Environment, pp. 478-487.  

 

[62] Swati D. Rahate, Sainath A. Waghmare, Prashant D. Deshmukh. (2015). Review of flow analysis  

  of conditioned air in operation theatre. Journal of The International Association of Advanced  

  Technology and Science (JIAATS).  



 

I.M. Jacobs – July 2018   41  

[63] ISSO-publicatie 74. (2014). Thermische behaaglijkheid.  

 

[64] Ham, J. (1996). Het thermisch comfort in de operatiekamer. Retrieved October 2017, via Michel  

  Krombeen (Unica).  

 

[65] Relative humidity to absolute humidity and vise versa calculators. Retrieved February 2018, via  

  https://planetcalc.com/2167/  

 

[66] ISSO Researchrapport 5. Ontwerp Binnencondities en Thermische Behaaglijkheid in Gebouwen.  

  Retrieved March 2018, via Wim Plokker (VABI). 

 

[67] Grönvall, I. HALTON, Air Flow Rate Calculation for Operation Rooms with Mixing Ventilation.  

  Retrieved May 2018, via Ismo Grönvall (Halton) 

 

[68] MATLAB SD definition. Retrieved March 2018, via nl.mathworks.com/help/matlab/ref/std.html 

 



 

42              Thermal comfort of surgical staff 

  



 

I.M. Jacobs – July 2018   43  

APPENDICES 
  



 

44              Thermal comfort of surgical staff 

APPENDIX A: LITERATURE RESEARCH 
 

This appendix provides the findings of interviews with OR staff members and the findings of literature 

review of current knowledge on subjects which are relevant for this project. The literature search is 

divided into two categories: (i) air handling systems in ORs, and (ii) thermal comfort in ORs. Part i is 

subdivided into (a) standards and guidelines concerning ventilation in ORs, (b) different HVAC 

systems in ORs, and (c) previous research. Part ii is subdivided into (a) standards and guidelines 

concerning the efficiency of ventilation systems for ORs, (b) thermal comfort models, and (c) previous 

research concerning thermal comfort. 

This literature search was conducted in the period of September 2018 to December 2018 as a 

preliminary study to define gaps in the knowledge, to formulate the research method and to gather data 

about existing thermal models. However, it was not intended to include all thermal models but only 

those that are relevant for this research project and which are most used in practice. The literature 

search was conducted in electronic databases of scientific publications as ScienceDirect, ResearchGate 

and TU/e Respository. Table A.1 and A.2 show an overview of the different keywords and keyword 

combinations that have been used to select relevant papers for this research. The reference list from 

each retrieved article has been reviewed for additional literature research. The literature search was 

performed with no limitations with regard to the research date. Articles providing relevant background 

information were also taken into account.  

 
Table A.1 Literature review concerning air handling systems in an OR and the infection control efficiency. 

Keyword combinations and its synonyms. One keyword of a column combined with at least one keyword from 

another column has been used for the literature search. 

Operating rooms 

Operation rooms 

Operating theatre 

Operation theatre 

Operating departments 

Operation departments 

Surgical suites 

Hospital environment 

 

 

HVAC systems 

Air handling systems 

Air treatment systems 

Ventilation systems 

Ventilation principles 

Displacement ventilation 

Mixing ventilation 

Plenum ventilation 

Conventional ventilation 

Laminar airflow  

Turbulent airflow 

Unidirectional airflow 

Horizontal ventilation 

Vertical ventilation 

Airflow pattern 

Infection control 

Air pollution 

Air particles 

Colony forming units 

Airborne bacteria 

Surgical site infections 

Surgical wound infections 

Post-operative wound 

infections 

Ultraclean ventilation 

Ultraclean air 

Patient safety 

Air bacterial contamination 

Contaminant removal 

Standards 

Guidelines 

Parameters 

Requirements  

Recommendations 

 

Table A.2 Literature review concerning thermal comfort of the staff in an OR. Keyword combinations and its 

synonyms. One keyword of a column combined with at least one keyword from another column has been used. 

Operating rooms 

Operation rooms 

Operating theatre 

Operation theatre 

Operating departments 

Operation departments 

Surgical suites 

Hospital environment 

 

 

Thermal environment 

Temperature zones 

Thermal comfort 

Thermal discomfort 

Thermal sensation 

Thermal experience 

Thermal preferences 

Thermal conditions 

Personalised comfort 

Local discomfort 

Thermal improvements 

Thermal satisfaction 

 

Standards 

Guidelines 

Models 

Parameters 

Requirements 

Recommendations 

OR staff 

Surgical staff 

Operating staff 

Medical staff 

Surgical staff 

Operating personnel 

Surgical personnel 

OR team 

Operating team 

Surgical team 

Anesthetist 

Anesthesiologist 

Anesthesiology assistant 

Surgeon 

Surgeon assistant 

Circulator 

Circulating nurse 

Instrument nurse 

Scrub tech 

Surgical assistant 
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(i) Air handling systems in ORs 
A hospital OR is one of the most controlled work environments [1] where potentially high risk 

medical procedures are performed on a daily basis [34]. There are strict and detailed procedures for 

sterilization of instruments, hand washing, medical clothing and the design of the air handling system 

to provide a safe environment for the patient. The thermal sensation of the staff is mainly determined 

by the standards for the HVAC systems, such as relative humidity, air supply temperature and 

ventilation rates. These HVAC standards are recorded in international guidelines. This work provides 

a short overview of the main technical HVAC standards and guidelines and insight in the ventilation 

systems used in ORs, including the upcoming systems. The goal of the design of a HVAC system is to 

prevent the risk of infections while maintaining a comfortable environment for the patient and the staff 

[22]. 

 

(a) Standards and guidelines 

There are technical HVAC standards and guidelines to guide the design criteria of ventilation systems 

for ORs around the world [22]. Van Gaever et al. [2] summarize the environmental design parameters 

that influences the thermal comfort of the five main technical HVAC standards and guidelines. These 

guidelines prescribes the parameters for a laminar air flow1 (LAF) system. The results are presented in 

Table A.3 below. For specialized surgeries these environmental parameters may differ. The indoor air 

temperature is usually higher for paediatric surgeries because children are more sensitive to lower 

temperatures, while the temperature may be set lower for cardiac surgery [16]. 

 
Table A.3 International technical HVAC guidelines for environmental parameters in an OR [2] 

Room air 

temperature 

Troom [°C] 

Supply air temperature 

Tsupply [°C] 

Relative 

humidity [%] 

Supply air 

velocity [m/s] 

Standards and guidelines 

Not specified 19 or Troom – Tsupply = 1 – 2 55-65 0.3 ≤ v < 0.35 WIP guideline 

19-26 Tsupply < Tr oom Not specified v ≥ 0.23 DIN 1946 

22 Tsupply < Troom  30-50 v ≥ 0.23 VDI 2167 

20-24 Not specified 30-60 0.13-0.18 ASHRAE 170 

17-27 Not specified 45-55 1.3-1.8 ASHRAE app. handbook 

 

For all types of surgery there needs to be a pressure hierarchy between the OR and the operating 

department to prevent air flowing from non-clean zones to sterile zones. The standards and guidelines 

recommend a design value of 5-20 Pa pressure difference between every pressure zone [2]. 

 

For UDF ventilation systems, the temperature of the supply air should be lower than the air 

temperature in the surrounding zone because otherwise the thermal plumes will disrupt the flow 

pattern. However, if the temperature difference (ΔT) is too large, the air column constricts and causes 

a size reduction of the sterile flow area (Figure A.1) [2].  

 

   
Figure A.1 Example flow pattern [43] 

(l): Good situation, (m): Inlet air too warm (ΔT too small), (r): Inlet air too cold (ΔT too large)  
 

 

 

____________________________ 
1 laminar air flow is an incorrect term since the flow is not really laminar. Internationally the term unidirectional flow (UDF) 

is mostly used. It is a turbulence-poor flow in one direction. 
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Ventilation rates, measured in air changes per hour, are considerably higher in ORs than in other 

spaces in a hospital due to safety reasons for minimizing the risk of contamination of the surgical 

wound [34]. Figure A.2 shows a manikin that is located in a downward air flow. Smoke is released 

from the surface of the manikin to illustrate the thermal boundary layer of a person. The upward 

velocity of the thermal plume above a person is approximately 0.25 m/s. Therefore a large flow rate is 

required to obtain a downward-directed displacement flow around standing or lying persons without 

mixing movement [44]. 

 

 
Figure A.2 Smoke shows the boundary layer around a manikin at different downward air flow velocities [44] 

 

The relative humidity in the OR must be controlled between 40-60% for a comfortable indoor 

environment [16,45]. Humidity levels should not be too high in order to prevent creating favourable 

conditions for the growth of microorganisms resulting in an increase of infection risk. However, 

dehydration of the surgical wound can occur when the RH value is too low [15]. Another reason to 

have higher humidity levels is to prevent the accumulation of static electricity because of the possible 

use of inflammable gases [4]. 

 

(b) Different HVAC systems in ORs 

In general, two different ventilation principles for the operating theatre can be distinguished: (i) 

mixing ventilation (turbulent mixed airflow, TMA), and (ii) displacement ventilation (unidirectional 

flow, UDF). The flow patterns are shown in Figure A.3. 

 

(i) In case of a mixing ventilation system, the entire OR has the same air quality (ideal mixing). 

HEPA-filtered air2 is blown into the OR at high velocities, causing turbulence and a directly mixing of 

the supply air with the room air. This reduces the concentration of particles, but the operating area will 

never contain sterile air since there is no displacement of particles and microorganisms [24]. This 

principle is based on dilution.   

(ii) A ceiling-mounted system that provides a continuous, UDF of clean air protects the operating zone 

and instrument table by displacement of particles and microorganisms, in order to prevent infection of 

the surgical wound. UDFs can be distinguished in air conditioning systems with vertical and 

horizontal airflow. It was found that compared to vertical downflow, horizontal crossflow is much 

more sensitive to disturbance of airflow by the positioning of personnel, materials and equipment 

related to the airflow in the OR [24].   

 

 
Figure A.3 Mixing ventilation system (l) and UDF ventilation system (r) [17] 

 

____________________________ 
2 HEPA-filtered air is air that is filtered through a high efficiency particulate air filter. The filter must remove 99.97% of the 

particles that have a size of 0.3 μm from the air that passes through, to be qualified as HEPA by US government standards 

[46]. 
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Both the mixing principle and the displacement principle are having its own (dis)advantages in 

relation to the patient safety. There are different factors that influence the effectiveness of air treatment 

systems. The number of persons in the OR, the surgical clothing, the movements in the OR and 

opening doors are having a large effect on the mixing principle while the temperature of the supply air, 

the position of the operating table, the surgical staff and the lighting system are the influencing factors 

for the displacement ventilation systems in view of infection prevention. Table A.4 shows to what 

extent the factors affect a mixed system and a UDF system [24]. UDF systems achieve air purity that 

is suitable for all types of operations (performance class 1 as well as performance class 23). Mixing 

systems may be suitable to meet the stringent requirements for performance level 1, depending on the 

boundary conditions. The OR can be tested and classified with VCCN guideline 7 [25] and WIP 

guideline [24]. 

 
Table A.4 Different factors are classified to the extent to which they affect the infection control effectiveness of 

a mixing system and a displacement system. The number of pluses (+) indicates how much the effect is on the 

principle [24] 

Factor Mixing system UDF system 

Position of operating table and operating staff + +++ 

Position of instrument table + +++ 

Position of lighting system + +++ 

Change temperature supply air + +++ 

Number of persons in the OR +++ + 

OR clothing +++ + 

Opening doors +++ + 

Movements in the OR ++ + 

Covering instruments after instruments preparation ++ ++ 

 

Previous technical HVAC standards control the indoor air quality in an OR by prescribing the use of a 

UDF system [2,43,45]. Khalil [47] states that the most effective air movement pattern is probably a 

ceiling-mounted air distribution system that delivers air from the ceiling with a downward movement 

to several opposite exhausts. However, in 2014 the Dutch infection prevention group (WIP) 

introduced a new guideline concerning the air handling in ORs, where the focus is on performance (in 

terms of air pressure, temperature, relative humidity and dust classification) rather than on type of 

installation [24]. This rule makes it possible to look beyond conventional systems and offers 

possibilities for alternative systems developed by (i) Optimus – system based on UDF principle 

(Figure A.4), (ii) Halton - system based on mixing principle (Figure A.5), and (iii) Avidicare - system 

based on temperature-controlled airflow (Figure A.6). 

 

 
Figure A.4 Optimus Integrated Surgical Environment – UDF ventilation principle [26] 

 

 

 

____________________________ 
3 The operating theatre can be divided into performance class 1 and class 2, where class 1 ORs meet stricter requirements 

than class 2 ORs. Class 1 is further subdivided into performance level 1 and level 2. An level 1 OR meets the most stringent 

requirements in terms of recovery time and colony forming units [48].  
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(i) Optimus offers a system approach for the entire operating complex in a hospital. The integrated 

solution includes an air plenum structure that is integrated with the HVAC system ducting of the 

hospital. The circular plenum includes surgical lighting, web cam, surgical cameras, sensors and 

microphones, and ensures a laminar flow. The room air volume will be replaced 30 times per hour at 

very low velocities, reducing the number of potential pathogens that can infect a surgical wound [26]. 

 

(ii) Halton announced a new clean air technology for modern ORs in 2015. This technology is 

different compared to conventional ventilation systems in the operating theatre, as the level of hygiene 

that is required for major operations rules in the entire room. The ventilation solution is based on the 

controlled dilution principle (mixing system). The HEPA filtered air supply is partially directed to the 

operating table and partly to the room periphery. The internal air supply displaces the contamination 

generated around the operating table and prevents the displacement of the outgoing air to the centre. 

Halton is the only solution where the room temperature can be set higher by the staff during surgery 

without affecting the microbial cleanliness level [27]. 

 

 
Figure A.5 Halton - mixing ventilation principle [27] 

 

(iii) Avidicare developed the Opragon system, a newly developed ventilation technique that uses 

temperature-controlled airflow (TCAF). It is a UDF two-temperature system that operates on the basis 

of a certain room temperature and a slightly cooler middle zone (ΔT up to 2K). HEPA filtered air is 

supplied over the entire surface of the ceiling from half-spherically shaped air diffusers mounted in a 

circle, and only extracted in four lower corners to enhance the displacement effect. No additional 

cooling or heating is needed in the OR, since the system controls the temperature itself based on the 

room settings [28].  

 

 
Figure A.6 Avidicare – Opragon temperature-controlled airflow principle [28] 

 

Worldwide there are different requirements for air control. In the Netherlands there is a cleanroom 

approach: the number of airborne particles in the air is a measure of the air quality in the room. 
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Although a direct connection between airborne contaminants and surgical wound infections has never 

been thoroughly defined, it is obvious that if the contaminant is not present in the air, it has no 

opportunity to land on the surgical site [49]. It can be expected that fewer contaminants near the 

surgical site result in fewer surgical site infections [49]. The Opragon system is tested in Sweden and 

validated for the presence of germs in the air. The number of colony forming units (CFU) in the 

wound area is measured during multiple live operations, and should then comply with the in Sweden 

applicable maximum values. When looking for alternative air ventilation systems, it is important to 

match the different measurement and validation methods for a reliable comparison [29]. So far, clear 

results concerning the alternative air handling principles are missing. 

 

(c) Previous research 

During the years, much research has been performed for performance evaluation of the different 

ventilation systems/strategies that are available for application in ORs. Table A.5 on the next pages 

provides a summarized overview of previous research concerning the efficiency of ventilation systems 

in ORs, including reviews, numerical studies, objective measurements and subjective evaluations.  

 

One way for performance evaluation of ventilation in ORs is CFD modelling, as conducted by 

[22,50,51,52]. Zoon et al. [51] found that an accurate prediction of the indoor climate is necessary for 

a reliable prediction of the amount of particles in the OR. Ho et al. [22] concluded that an overall 

better performance can be achieved when the supply grilles are located closer to the vertical centreline 

of the wall. Zoon et al. [52] compared different CFD simulations variations with measurements of the 

same situation and concluded that not all simulation models are able to predict the performance of OR 

ventilation. CFD is also used by Zoon et al. [53] as an additional study to test if the infection risk is 

proportional to the projected surface area of the lamp. It was found that the infection risk was 

proportional to the projected surface area of the lamp.  

Another approach involves microbacterial samples to classify the air distribution efficiency. 

[50,54,55,56,57,58,59] use tracer gas or particle measurements for their study. Zoon et al. [58] found 

that the LAF systems tested always performed better with regard to removal of airborne bacteria than 

mixing systems with the same ventilation rate. Also the results of Pasquarella et al. [54], Memarzadeh 

and Manning [56], and Andersson et al. [57] confirmed the efficacy of the LAF unit in reducing 

bacterial and particle contamination. Memarzadeh and Manning [56] concluded that in a LAF system, 

a mixture of exhaust location levels works better than either low or high level locations only. The 

overall result of the reviews in Melhado et al. [60,61], and Swati et al. [62] is that vertical LAF 

systems are the most efficient systems in terms of infection control.  

 

In 2004, German Verein Deutsche Ingenieure (VDI) proposed a new standard VDI 2167 to present a 

simple, uniform validation and classification procedure for ventilation systems in ORs. Apart from 

that standard, there is no general assessment methodology available to compare ventilation systems for 

a given design problem. The VDI standard is used in several studies [51,58,59].  

 

In conclusion, there is no universal evaluation procedure applied in the investigated studies. 

Furthermore, the HVAC system itself cannot guarantee clean air as many factors influence the 

cleanliness of the air, such as the cleaning procedure, the type of surgery, the organization of the work 

and staff behaviour. Therefore it is hard to determine which system design is the best for which 

purpose. 
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Table A.5 Summarized overview of previous research concerning the efficiency of ventilation systems in ORs 

Research Method Findings 

Zoon et al. (2007). 

Assessment of the 

performance of the airflow 

in an operating theatre. [51] 

 

Full scale measurements are compared to numerical CFD results. A 

smoke tube is used for particle generation. 

The aim of this research was to assess the applicability of CFD simulation 

methods for assessment of the performance of air handling systems of an 

OR, according to VDI 2167.  

 

• The predicted results of the particle concentrations were all lower than the 

measurement results. The measured temperatures were considerably higher than 

the simulated temperatures. 

• A more accurate prediction of the indoor climate is necessary for a reliable 

prediction of the amount of particles that arrive on the operating table.  

 

Zoon et al. (2009). Influence 

of the shape of surgical 

lights on the disturbance of 

the airflow. [55] 

 

 

The influence of operating lamp on the airflow should be minimized. 

Laminar Air Flow (LAF) indices are indicating the disturbance on the 

airflow. In this research three different shapes of lamps were positioned 

underneath a downflow plenum. The particle dispersion was visualized by 

a smoke test and the concentrations of particles were measured. 

 

• A relationship is found between the particles measurement and the laminar flow 

index of the different operating lamp shapes. 

• The results of the experiments are useful for comparison with numerical results 

and for discussion of the laminar air flow indices. 

 

Zoon et al. (2010). On the 

applicability of the laminar 

flow index when selecting 

surgical lighting. [53] 

 

 

It was tested whether the infection risk is proportional to the project 

surface area of the operating lamp, as suggested by the LAF. A simulation 

study of a small room with an operating lamp was performed and an 

experimental study was performed for validation of the CFD calculations. 

A fixed smoke source was placed on the floor and the particle 

concentration was examined for different lamp shapes. The validated 

CFD-model has been applied to perform a sensitivity analysis on the size 

of the three different lamp shapes that were investigated.  

 

• It was found that the infection risk was proportional to the projected surface 

area of the lamp. 

• It seemed that the lamp shape has some influence on the relative infection risk, 

but the results of the CFD simulations were not accurate enough to differentiate 

between the shapes. 

• The LFI formula are not suited for lamps that have a low heat output. 

 

Zoon et al. (2011). On the 

numerical accuracy of 

particle dispersion 

simulation in operating 

theatres. [52] 

 

 

 

CFD simulations are performed and compared to measurements of the 

same situations. In the simulations, variations are made in the method 

used in calculating the turbulence in the room. A laminar downflow 

system is present with air supplied through a plenum divided into four 

zones.  

• Although the transient simulations produced lower particle concentrations than 

the measurements, they showed the same tendency of lower concentrations on 

the operating table and higher concentrations on the instrument tables.  

• Simulations of other cases are needed to see if measured improvements are also 

predicted as improvements in order to know whether the transient simulations are 

accurate enough to make design decisions. 

• A steady state simulation using a k- ω turbulence model is not able to predict 

the performance of a ventilation system in an OR. The particle concentration 

predicted by a Large Eddy simulation are closer to the measured values.  

 

Zoon et al. (2011). Testing 

the effectiveness of 

operating room ventilation 

with regard to removal of 

airborne bacteria. [58] 

 

In a full scale OR mock-up with three different air handling systems, 

measurements have been performed to evaluate the VDI2167 model. 

Variations have been made to the use of the room and the influence of 

these changes on the performance is measured. Variations include 

changing internal heat load, addition of instrument tables, different 

surgical lighting systems and a change in the ventilation exhaust.  

Particles were released on the floor and smoke concentrations were 

measured on the operating table.  

 

• The VDI2167 method seemed able to distinguish the different ventilation 

systems, but did not provide for a complete evaluation. Although the thermal  

balance in the OR is of high importance for the working of a laminar downflow 

system, the VDI method does not incorporate this into the tests in an adequate 

matter. Moreover, the effect of surgical lighting on the airflow is not 

implemented in the test method in an effective way.  

• The tested LAF systems always performed better than mixing systems with the 

same ventilation rate. However, there was a large variation in the performance of 

the different HVAC systems, especially when assessed on the instrument tables.  
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Research Method Findings 

Pasquarella et al. (2007). A 

mobile laminar airflow unit 

to reduce air bacterial 

contamination at surgical 

area in a conventionally 

ventilated operating. [54] 

 

 

This aim of this research was to evaluate the efficacy of a mobile LAF 

unit in reducing the bacterial contamination at the surgical site in an OR 

with turbulent air ventilation.   

The study was performed during 76 clean  laparotomies. 42 laparotomies 

were performed in ordinary conditions and the other 34 were performed 

with a functioning mobile LAF unit.  

All patients received antibiotic prophylaxis 30 minutes before general 

anesthesia and followed up for a one-month period to detect any wound 

infections. 

 

• The LAF unit was able to reduce bacterial and particle contamination at the 

instrument table and near the surgical wound. 

• As regards the infection rate, no conclusion can be drawn as to the efficacy of 

the LAF unit in reducing wound infections. 

 

Loomans et al. (2008). 

Performance assessment of 

an operating theatre design 

using CFD simulation and 

tracer gas measurements. 

[50] 

 

 

 

 

In this paper, the development of a performance assessment methodology 

for the assessment of the efficiency of an air handling system in an OR is 

described.  

This assessment is performed in the design phase and in the actually built 

situation to adhere to the performance based approach definition. 

A real case study with an innovative downflow plenum is performed to 

test the developed methodology. The results are obtained with the 

CFDcode WISH3D. Tracer gas technique was applied for the 

experimental part.  

 

• The case study results indicated that the assessment methodology functions and 

that the innovative downflow system adheres to the requirements set.  

• The correct functioning of a downflow system is determined by the heat load in 

the room. 

 

Memarzadeh and Manning. 

(2002). Comparison of 

operating room ventilation 

systems in the protection of 

the surgical site. [56] 

 

 

 

Modelling and particle-tracking methodologies are used during this 

research for comparing the risk of contaminant deposition on an OR for 

11 different air handling systems.  

Particles were released from three locations and tracked for a certain 

period of time in the room, to determine whether they would impinge on 

the surgical site.  

It is assumed in this study that the squames can be simulated as particles 

being released from several sources surrounding the occupants.  

 

• Laminar airflow systems result in the smallest percentage of particles impacting 

the surgical site. They are the best choice for an OR in terms of contamination 

control, although some care needs to be taken in the design.  

• The data of the ventilation system that is generally recognized as the cleanest 

type is conflicting. 

• A mixture of exhaust location levels works better for a laminar flow system 

than either high or low level locations only. 

• The surgical lights and the staff members represent a large heat density in the 

middle of the OR. 

 

Melhado et al. (2016). 

Design of air distribution 

system in operating rooms –

theory versus practice. [60] 

 

 

An overview is given of the design and decision process of air handling 

systems in an OR. A literature review was conducted, interviews with 

designers and decision makers, and observations in different ORs. 

Literature, experiments and numerical simulations have been used to 

support designers.  

 

 

• The results indicated that vertical laminar airflow systems are regarded most 

promising in view of patient protection. However, it is difficult to determine 

which system design is the best option since no universal evaluation procedure 

has been applied in the investigated studies.  

• There is a need for a procedure with information that should be evaluated and 

minimum aspects that should be considered in the performance assessment of 

ventilation systems. Evaluation and comparison of different air handling system 

designs, for different types of surgery and performance aspects is a fundamental 

step in the design process. 
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Research Method Findings 

Melhado et al. (2006). 

Review of ventilation 

systems in operating rooms 

in view of infection control. 

[61] 

 

 

Different types of ventilation systems are described and then evaluated, 

considering the airflow dynamic, the layout of the OR, the type of surgery 

and the infection control. The conventional ventilation system is 

evaluated, the plenum and the laminar air flow.  

 

 

• Different layouts were observed in different types of surgery. Therefore the 

subject is very complex. 

• The literature showed that the vertical LAF system is most efficient in view of 

infection control. Satisfactory results were also reported in the large-plenum and 

unidirectional linear systems. However, it was verified that this efficiency is 

affected by the heat load in the room, which, in turn, is affected by the amount 

and type of equipment, occupants and lighting system. 

 

Swati et al. (2015). Review 

of flow analysis of 

conditioned air in operation 

theatre. [62] 

 

Laminar flow in an OR is maintained by its flow velocity. It was analysed 

by a mathematical model or CFD tool and the behaviour of the airflow 

inside the OR was studied.  

 

 

• Laminar air flow helps to maintain the relative humidity and the temperature in 

a critical zone and reduces the formation of bacterial colony in the surgical area. 

Therefore the main task for a HVAC engineer is to maintain the laminar air 

through the OR.  

 

Andersson et al. (2014). 

Comparison between mixed 

and laminar airflow systems 

in operating rooms and the 

influence of human factors: 

Experiences from a Swedish 

orthopedic center. [57] 

 

This aim of this research was to explore the differences in air 

contamination rates between displacement air handling systems and 

laminar airflow systems during planned and acute orthopaedic implant 

operations. During 63 orthopedic implant surgeries, active air sampling 

and observations were performed.  

 

 

• The main end point, colony forming units per cubic meter (CFU/m³), could be 

regarded as a surrogate end point which may be a limitation in the study. 

However, a much larger sample size is needed when SSI rates would be included 

in the study. Due to the difficulties related to air sampling, this would not have 

been feasible.  

• It was shown that LAF ventilated ORs offer high-quality air during surgery 

with very low levels of CFU close to the wound area.  

• The technical air handling systems are of high importance but do not guarantee 

clean air since many other factors influence the air cleanliness.  

 

Forejt et al. (2007). 

Assessment of operating 

room air distribution in a 

mobile hospital: field 

experiment based on 

VDI2167. [59] 

 

In this research, two set-ups of field experiments are compared based on 

VDI2167. The aim of this research was to classify the performance of the 

air handling system in the mobile OR.  

The original set-up and a modified set-up based on the VDI procedure 

were assessed, using cylinders as persons. Tracer gas was used for 

concentration measurements under steady state conditions. 

 

• The results showed slightly moderate performance of the air handling system. 

 

Ho et al. (2009). Three-

dimensional analysis for 

hospital operating room 

thermal comfort and 

contaminant removal. [22] 

 

 

In this research, a 3D analysis is presented for thermal comfort and 

contaminant removal in an OR. The contaminant removal effectiveness 

(CRE) and the mean contaminant concentration in the breathing zone are 

used for the assessment of the ventilation performance.  

 

 

 

• It was found that placing the supply grilles closer to the vertical centreline of 

the wall will result in an better overall performance, while the location of the 

exhaust grilles is somewhat insignificant. 
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(ii) Thermal comfort in ORs  
 

Thermal comfort standards and guidelines are set to control the thermal comfort quality in a building. 

These thermal comfort criteria are combinations of environmental parameters [2]. At this moment, 

there are various thermal comfort standards in use in engineering and research practice [7]. Most of 

the comfort models are related to normal groups of occupants in general such as office workers [4,19]. 

This work provides a short overview of the main technical standards and guidelines concerning 

thermal comfort, and corresponding comfort models. At the end, the findings of previous studies 

covering the same research area are reported.   

 

(a) Standards and guidelines 

For several building types, thermal comfort criteria are set in the following guidelines: (i) NEN-EN-

ISO 7730, (ii) ASHRAE standard 55, (iii) NEN-EN 15251, and (iv) ISSO 74. ISO 7730 is the standard 

in European countries for evaluating thermal comfort, together with EN 15251. In North-America, 

ANSI/ASHRAE 55 is the standard that deals with thermal comfort [35]. In the Netherlands, ISO 774 

can be used [40]. ISO 10551 can be used for the onsite questioning of building occupants to obtain 

insight in the subject of thermal comfort perception [7]. 

 

(i) NEN-EN-ISO 7730 is an international standard that presents a method to predict the thermal 

sensation and the percentage of dissatisfied people for moderate thermal environments. The standard is 

applicable to healthy men and women who are exposed to indoor climates where thermal comfort is 

desirable [7,8]. The standard is specifically developed for the work environment but can also be used 

in other kinds of environments [29]. Additional references and corrections are given in the standard 

which can be applied when considering persons with special requirements, e.g. people with physical 

disabilities or children. These references are not relevant for this project since assumption has been 

made that the surgical staff is older than 15 years and healthy (both physical and mental). Therefore 

these references are not discussed in further detail.  

 

In addition to the general comfort of the whole body, ISO 7730 evaluates local thermal discomfort as 

unwanted local cooling or heating of the body can also lead to overall thermal dissatisfaction [8,29]. 

The most common local discomfort factors are vertical temperature gradients (temperature difference 

between neck and ankles), draught (local cooling of the body caused by air movement), radiant 

thermal asymmetry and floor surface temperature (cool or warm floors) [7,30]. However, Schellen et 

al. [31] discussed that draught under warm conditions can be comfortable and therefore not all 

combinations of local and general discomfort are perceived as uncomfortable. 

 

(ii) ASHRAE standard 55 applies to healthy adults in mainly sedentary activity. In addition, this 

standard determines values of acceptable temperature changes per time interval in order to better 

anticipate the dynamic effects of the indoor environment [2]. 

 

(iii) The adaptive comfort algorithms of NEN-EN 15251 can be applied to hospitals but no criteria are 

included for local discomfort [7]. This standard is applicable for free-running buildings which are 

neither being heated nor cooled mechanically, so that thermal conditions are controlled primarily by 

the occupants through opening or closing of windows [35].  

 

(iv) ISSO 74 is an adaptive comfort standard that combines elements of traditional non-adaptive 

comfort standards with those of adaptive standards. This standard is mainly developed as a guideline 

when designing offices. However, via simple calculations it is also possible to give an indication for 

situations other than work environments [63]. Van Osta et al. [40] used this standard in his study for 

hospital rooms with openable windows.  

 

(b) Thermal comfort models 

The current two most commonly used prediction models for thermal comfort are further introduced 

below; (i) the predicted mean vote (PMV) model, and (ii) the adaptive thermal comfort (ATC) model. 

Both models can predict the thermal comfort level for the building occupants based on temperature 
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and determine the percentage of dissatisfied persons caused by hot or cold discomfort [12,19]. The 

PMV model is most frequently used in current standards, sometimes extended with an ATC model for 

naturally ventilated buildings [7]. The PMV/PPD index is incorporated in ISO 7730 and in ASHRAE 

55 [2,7,35] while the ATC model is included in recent versions of EN 15251, and also in ASHRAE 55 

as an optional method, applicable in naturally ventilated office buildings [37].  

 

(i) The PMV model is created by P.O. Fanger (1934-2006) during the second half of the 1960s. Over 

years, many modifications have been proposed but none of them has found widespread application in 

engineering practice. Nowadays, the original PMV/PPD model is still the number one method all 

across the globe for evaluating thermal comfort [30]. The model predicts the thermal perception of the 

biggest part of a group of persons exposed to the same environment, based on the heat balance of the 

human body. Therefore the model is also known as the heat balance model [15]. The model of Fanger 

distinguishes the following heat flows between the people and its environment: radiation exchange 

between skin or clothing surface and the environment; convective heat transfer between skin or 

clothing surface and the air; sensible heat dissipation through breathing; latent heat dissipation through 

breathing (evaporation heat); evaporation of perspiration on the skin surface; heat transfer by water 

vapor diffusion through the skin [64]. The model is based on laboratory experiments in climate rooms 

under steady-state uniform conditions which is why the PMV model is often referred to as a static or 

constancy model [35,40].  

 

The PMV can be calculated by using variables which can be divided into two different groups: 

environmental parameters and personal parameters. Environmental parameters include air 

temperature, mean radiant temperature, air velocity and air humidity and personal parameters include 

the physical activity and clothing. The model gives the possible combinations of the different 

parameters to achieve thermal comfort. Literature research conducted by Van Hoof et al. [35] shows 

that the accuracy of input parameters highly influences the quality of the thermal comfort predictions. 

The PMV is especially sensitive to the measured air velocity and the estimation of clothing insulation 

and activity level. Van Hoof et al. [30] also mentions that the quality of the outcomes of the model is 

as good as that of the input parameters and that the accuracy of the PMV model gains in strength when 

the model’s input values are precisely determined, especially for clothing and activity levels. This is 

also found by Van Gaever et al. [41]. 

 

The PMV is an index on the 7-point thermal sensation scale (shown in Table A.6), ranging from -3 

(cold) to +3 (hot) with 0 as neutral condition wherein a person does not prefer either a warmer or 

colder environment [31]. Thermal balance is obtained ‘when the internal heat production in the body is 

equal to the loss of heat to the environment’ [29]. The index is derived for steady-state conditions but 

is also applicable with good approximation for small fluctuations of one or more variables. The 

acceptable thermal environment for general comfort is recommended to be within limits of -0.5 ≤ 

PMV ≤ 0.5 [1,3,7,29], which corresponds with comfort category B (Appendix B). 

 

For an appropriate use of the PMV-model, the values of the involved parameters need to be within 

certain boundaries, recorded in ISO 7730 [8]. However, Van Hoof et al. [35] states that the bandwidth 

of these parameters are subject to discussion.  

 

Individual votes are scattered around the predicted mean value and therefore it is useful to predict the 

number of dissatisfied people who perceive the environment as uncomfortably warm or cool. If the 

PMV is known, the predicted percentage of dissatisfied (PPD) can be obtained since the PDD is 

directly linked with the PMV value [29]. Due to different individual preferences, it is not possible to 

create a thermal environment in which everybody is satisfied in case clothing and metabolism cannot 

be adapted by the individuals. Figure A.7 shows that even an optimal thermal environment 

(corresponding with PMV=0) will not satisfy all persons. That thermal neutrality is not necessarily 

ideal for a significant number of people is also shown by a selection of studies. Local discomfort can 

result in even higher percentages of dissatisfied [7,30]. 
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Figure A.7 PMV/PPD relationship [8] 

 

 
Table A.6 Seven point thermal 

sensation scale of Fanger [8] 

PMV value Thermal sensation 

-3 Cold 

-2 Cool 

-1 Slightly cool 

0 Neutral 

+1 Slightly warm 

+2 Warm 

+3 Hot 

(ii) The ATC model is developed by De Dear and Brager. According to them, it is incorrect to use the 

PMV model for naturally ventilated buildings because it only partly accounts for thermal adaptation to 

the indoor environment. They found that for buildings that are naturally ventilated, the indoor 

temperature that is regarded as most comfortable increases significantly in warmer climatic context 

while in colder climate zones it decreases. It was also found that the neutral temperature observed in 

air-conditioned buildings is different for naturally ventilated buildings in the same climatic context 

[30]. These findings led to the development of a model of ATC. This model assesses the thermal 

comfort by including people’s expectations [2] and implementing a running mean outdoor temperature 

(RMOT) to cope with seasonal differences [12]. The model assumes that the past thermal history and 

contextual factors modify the thermal expectation and preferences of occupants. In the model, neutral 

indoor temperatures are related to prevailing outdoor weather conditions (Figure A.8) [30,35].  

 

 
Figure A.8 Acceptable operative temperature ranges for naturally conditioned spaces according to ASHRAE 55 

 

The ATC model takes the possibility to personally control the thermal environment into account [2]. 

The model is applicable for occupant-controlled naturally ventilated buildings: buildings with spaces 

without mechanical cooling or heating, where people have access to operable windows and where 

people are free to alter their clothing level [35]. The main advantage of the ATC model is the relative 

simple comfort assessment. A disadvantage of this model is that it is limited to workspaces and offices 

only whereas the PMV model has a wider application range and a larger flexibility [30,35]. 
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Alternative models 

Much research effort has focused on developing indices for evaluating the thermal comfort, such as 

operative temperature, Effective Temperature (ET*) and Standard New Effective Temperature (SET*) 

[15,35]. These days, the PMV model is still prescribed by thermal comfort standards as ‘the most 

important method to evaluate thermal comfort’ [35]. However, over the last decades, the search for 

alternative thermal indicators has gained interest. A thermophysiological model can be used to model 

the dynamic physiological responses as the core and skin temperatures. These models are mentioned 

by Ottenheijm et al. [19] as an interesting alternative to better align with the actual conditions and 

individualized activities in hospitals.. Liu et al. [32] used CFD thermophysiological occupant models 

for a numerical thermal comfort analysis in a hospital environment. Verheyen et al. [7] discusses 

different models which are recently developed such as the IESD Fiala model, the UC Berkeley thermal 

sensation model and the 65MN model. These models are mainly based on the energy balance equation 

or bioheat equations of the human body. Other models mentioned in their paper, are the 2-node model 

and 3-node model using thermal comfort indices based on skin temperature and wettedness. Cheng et 

al. [33] and Schellen et al. [31] discuss the use of dynamic thermoregulation models such as the UC 

Berkeley model and the thermal manikin based equivalent temperature method, developed by Nilsson 

and adopted in the ISO 14505. Both models are developed to evaluate thermal comfort asymmetrical 

environments or transient conditions, based on the skin and core temperature of a human body. In the 

studies, the comfort models were coupled to CFD numerical simulations to simulate the thermal 

conditions. Schellen et al. [31] found that using a thermophysiological model in combination with a 

thermal sensation model is promising for assessing the thermal comfort on a more individualized level 

in an environment where local effects have a significant influence. However, before the thermal 

sensation models can be used in daily building design practice, further development of the models is 

necessary. The results of the study of Cheng et al. also show that the ISO 14505 index could be 

applied with caution as a convenient method for assessing thermal comfort in non-uniform 

environments.  

 

(c) Previous research 

In a wide range of field studies, the most commonly used models are validated [35,37]. Wu [15] 

reported studies who found that the PMV/PPD indexes ‘hold reasonably well across national-

geographic locations, age and gender after correcting for the effects of clothing and activity levels’. 

However, field validations have raised discussions on the reliability of different thermal comfort 

models for use in real-world settings [30]. Criticism is summarized in the work of Van Hoof et al. 

[30], involving various aspects such as the geographic application range, the models’ input parameters 

and the application in various types of buildings. Several researches have been questioning the validity 

of the models and especially its application for particular groups of people such as hospital occupants 

[7,19,30]. Van Osta et al. [40] studied the thermal comfort in different hospitals and concluded that 

current comfort models are not completely able to predict the thermal comfort of hospital patients. Del 

Ferraro et al. [6] also shows in his study that the PMV model is not suitable to predict thermal 

sensations of patients and that age and gender are factors that must be taken into account in the 

assessment of thermal comfort in health care facilities. However, the correlation diagrams (AMV 

versus PMV) for the medical staff were concordant. Contradictory, Ottenheijm et al. [19] documented 

large differences between the predicted and the actual mean vote for staff members in hospital settings 

and also the adaptive model was not able to capture the thermal comfort in detail.  

Verheyen et al. [7] states that the PMV model can be used to predict the thermal comfort for patients 

for certain groups with respect to their health status. The survey in the study of Van Gaever et al. [2] 

showed a similarity between the comfort standards and the actual situation in the OR and concluded 

that the PMV/PPD model is able to estimate the PPD values for the nurses and anesthetists in the 

colder regions. However, a reflection of these studies in forms of standards is still missing [4].  

 

Several studies [4,2,10,11,17,18] showed that it is impossible to specify a thermal environment in the 

OR that will satisfy all members of the staff, due to environmental conditions and the different 

clothing and activity levels. Besides, correction on a personal level is not possible in such a sensitive 

environment which contributes to discomfort. The studies found that anesthetists and nurses feel 

slightly cool to cold, surgeons feel slightly warm to hot and the patient feels slightly cool to very cold. 
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Preferable thermal conditions were reported by Sadrizadeh et al. [18] as 23-24.5 °C for anesthetists, 

22-24.5 °C for nurses, and 18-19 °C for surgeons. This is in agreement with the findings of Balaras et 

al. [16], who reported slightly warm to warm thermal sensation for surgeons when the air temperature 

is around 21 °C, while anesthetists and nurses tend to feel slightly cool to cold. Zwolinska and Bogdan 

[1] show a clear lack of thermal comfort when wearing the medical clothing that is designed for the 

operating theatre. The experiments were performed with an average air temperature of 24 °C, relative 

humidity 60% and air velocity 0.02 m/s. They mention a lower thermal insulation of surgical clothes 

as a potential solution. Contradictory, staff members of different hospitals who are interviewed for 

current research project, indicated that they experience the OR mainly as cold, since most of the time 

the air temperature is about 18 °C in order to lower the risk of infections.  

 

Mora et al. [11] studied the thermal comfort in two ORs according to the model of Fanger in 

combination with questionnaires. It was concluded that thermal comfort for the surgical staff could 

only be reached when the heat transfer from the surgical lights is minimized or eliminated. The 

surgical lights are causing local discomfort due to radiant temperature asymmetry. They reported a 

radiant asymmetry over the operating table (ranging from 6 °C to 7 °C) and over the floor level 

(ranging from 10 °C to 12 °C). The effect of the ventilation system on the thermal comfort sensation 

was not investigated. 

Pereira et al. [13] also found that the surgical lights have significant influence in the thermal 

discomfort sensation of the surgeon. The local conditions of thermal discomfort are assessed by using 

the concept of the thermal manikin based equivalent temperature method, developed by Nilsson. The 

variation of equivalent temperature is very small in most of the body parts of the surgeon, the nurse 

and the patient. However, only one manikin has been used for this study, which means that the effect 

of other surgical team members on the environmental conditions are neglected. The study was 

performed in an OR ventilated with a spiral diffuser jet. 

Sadrizadeh et al. [3] compared the PMV and PPD results in a numerical analysis for two different 

ventilation systems in the OR: (i) mixing systems, and (ii) LAF systems. They concluded that the 

mixing ventilation system has slightly more thermally satisfactory results. The study showed that in 

both cases dissatisfaction can be observed mostly in the head and neck area of the surgical staff and 

that surgical staff may experience the environment as slightly warm.  

Ho et al. [22] used CFD simulations with various combinations of the locations of the supply and 

exhaust grilles in the OR, in order to investigate the effect of these locations on thermal comfort and 

contaminant removal. The study showed that the horizontal location of the supply grilles has 

significant effects on both the thermal comfort and contaminant removal, while that of the exhaust 

grilles does not. They concluded that the performance is better when the supply grilles are located 

closer to the centre of the OR. 
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APPENDIX B: THERMAL COMFORT CATEGORIES 
 

Table B.1 Three categories of thermal environment (ISO7730)[8] 

 
 

Table B.2 Permissible ranges for the local discomfort parameters (ISO7730)[8] 

 
 

Three different quality levels: 

Category A:  High; 

Category B:  Medium; 

Category C:  Low; 

(Category D:  Insufficient).  



 

 

APPENDIX C.1: SURVEY FOR SURGICAL STAFF MEMBERS  
 

 

 

My name is Ilse Jacobs. At this moment, I am graduating for the mastertrack  

Building Physics and Services at the Technical University of Technology in Eindhoven. My 

graduation project is supported by the company Unica. The project is about mapping the thermal 

(dis)comfort of the surgical staff in an operating room for different types of ventilation 

systems. 
 

In order to outline the current situation, it would be really helpful if you ware willing to fill out this 

survey! It will take approximately 5 to 10 minutes to complete. All data will be processed 

anonymously. 
 

Thank you very much for your cooperation! If you have any questions or comments,  

please contact me by email: i.m.jacobs@student.tue.nl. 
 

Please fill in the entire circle, e.g.:    Yes    No 

 

 

 

General information:  
 

Your gender:   Your age in years:     For how long have you been working in  

⃝ Male     ⃝ <20       ⃝ 21-30     ⃝ 31-40  the OR? 

⃝ Female    ⃝ 41-50    ⃝ 51-60     ⃝ 60+  ⃝ <1 yr ⃝ 1-2 yrs  ⃝ 2-5 yrs   
         ⃝ 5-10 yrs ⃝ > 10 yrs   

        

In which hospital are you currently working?   For how long have you been working in  

Please mention the location in case there are more locations this hospital so far? 

         ⃝ <1 yr  ⃝ 1-2 yrs  ⃝ 2-5 yrs 
____________________________________   ⃝ 5-10 yrs ⃝ > 10 yrs 
 

 

 

Questions about the last surgery you (co-) performed: 
 

Date and time of surgery:            In which operating room was the surgery performed? 
 

_ _ / _ _ / _ _ _ _      time: _ _:_ _          OR number: _ _   

 
How long did the surgery last approximately?  
 

⃝ < 30 min. ⃝ 30-60 min. ⃝ 1-1.5 hours ⃝ 1.5-2 hours ⃝ 2-3 hours ⃝ > 3 hours 

 

What kind of surgery was performed? 
 

⃝ General surgery ⃝ Cardio surgery ⃝ Dental surgery ⃝ Gynaecology 

⃝ Neuro surgery ⃝ Oncological surgery ⃝ Transplant ⃝ Orthopaedic 

⃝ Paediatric surgery ⃝ Urology ⃝ Vascular  

⃝ Anders: ____________________________________________________________________________ 

  

What was your function during the surgery? 

⃝ Surgeon   ⃝ Surgeon assistant ⃝ Anesthetist ⃝ Anes. assistant 

⃝ Circulator ⃝ Instrumenting nurse ⃝ Co-assistent  

⃝ Else: ____________________________________________________________________________ 

 

For how long have you been present in the operating room? 

⃝ During the entire surgery     ⃝ Mainly during the first part of the surgery   

⃝ Mainly during the second part of the surgery ⃝ Mainly at the beginning and at the end of the surgery 

⃝ Else: ______________________________________________________________________________ 
 

Thermal comfort survey 

Page 1 of 3 
 



 

 

What was your position in the room (most of the time):  

You can select multiple options. 
 

⃝ O1  ⃝ O2  ⃝ P1  ⃝ P2   ⃝ P3 ⃝ P4   

   

In which wall(s) is/are the door(s) located? 

⃝ Wall A  ⃝ Wall B  ⃝ Wall C  ⃝ Wall D  

 

Are you able to choose your own clothes (except for 

your underpants?) 

⃝ Yes     ⃝ No 
 

 

 
 

 

 

What clothes did you wear during the surgery? 

U
n

d
er

w
ea

r 

 
⃝  

Singlet 

 
⃝  

T-shirt 

 
⃝  

Thermo T-shirt 

 
⃝  

Leggings  

S
o

ck
s/

sh
o

es
 

 
⃝  

Clogs 

 
⃝  

Ankle socks 

 
⃝  

Long socks 

 
⃝  

Thick / Thermo socks  

S
u

rg
ic

al
 c

lo
th

es
 

 
⃝  

Surgery trousers 

 
⃝  

Surgery shirt 

 
⃝  

Coat (for warmth) 

 
⃝  

Disposable surg. coat  

E
x

tr
a 

 
⃝  

Disposable baclava 

 
⃝  

Disposable cap 

 
⃝  

Disposable mask 

 
⃝  

Disposable gloves 

 
⃝  

Lead vest and skirt 
 

 

 

What was your activity during the surgery? 

Passive = no physical movement, active = physical movement 
 

⃝ Seated, passive ⃝ Seated, active   ⃝ Standing, passive  ⃝ Standing, active ⃝ Walking 

⃝ Else: ____________________________________________________________________________ 

 

Did you experience any stress during the surgery? 

⃝ No stress          ⃝ Slightly stressed       ⃝ Stressed       ⃝ Extremely stressed 
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The operating room: 
 

Was it a hybrid operating room? 

⃝ Yes             ⃝ No                  ⃝ I have no idea 

 

What were the settings during the surgery?    

In case you have no idea, you can skip the question.   

 

Supply air temperature in degrees Celsius: 

 

Relative humidity in %: 

 

 

Thermal comfort experience: 
 

What was your temperature experience? 
⃝ ⃝ ⃝ ⃝ ⃝ ⃝ ⃝ 

Cold Cool Slightly cool Neutral Slightly warm Warm Hot 

 

How did you find this? 
⃝ ⃝ ⃝ ⃝ ⃝ ⃝  

Very 

acceptable 

Acceptable Somewhat 

acceptable 

Somewhat 

unacceptable 

Unacceptable Very 

unacceptable 

 

 

 

How did you prefer the temperature? 
⃝ ⃝ ⃝ ⃝ ⃝ ⃝ ⃝ 

Cold Cool Slightly cool Neutral Slightly warm Warm Hot 
 

 

 

In which body part(s) did you experience discomfort due to:  

You can select multiple options per row. 

 

  Hands Arms Torso Legs Feet Head 

Cold  ⃝ ⃝ ⃝ ⃝ ⃝ ⃝ 

Warm  ⃝ ⃝ ⃝ ⃝ ⃝ ⃝ 

Draught  ⃝ ⃝ ⃝ ⃝ ⃝ ⃝ 

Radiant heat (e.g. due 

to surgical lighting) 
 ⃝ ⃝ ⃝ ⃝ ⃝ ⃝ 

Sweating  ⃝ ⃝ ⃝ ⃝ ⃝ ⃝ 

  
 

Did you experience any discomfort concerning: 

 

 Yes No 

Lighting ⃝ ⃝ 

Sound ⃝ ⃝ 

Odor ⃝ ⃝ 

Dry air ⃝ ⃝ 

 
 

If I am allowed to contact you for more information, please enter your contact information: 
 

Name:    ______________________ 

Email address: ______________________ 

Phone number: ______________________  

Thank you very much  

for your cooperation! 
 

Page 3 of 3 
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APPENDIX C.2: QUESTIONS ASKED TO THE TECHNICAL SERVICE 

TEAM OF THE HOSPITALS   

 
- How many operating rooms does this hospital have? 

- Are these operating rooms identical to each other, in terms of e.g. dimensions and ventilation 

system? Or are there any hybrid operating rooms/specialized operating rooms? 

- What are the performance classes/performance levels for the operating rooms? Performance 

class 1 level 1? 

- What are the dimensions of the operating rooms?  

- With what type of ventilation system(s) are the operating rooms equipped?  

- What are the dimensions of the air plenum? 

- In case of a 2T plenum, what is the temperature difference between T1 and T2? 

- Are there any heating panels mounted on the ceiling of the operating room?  

- Are there different temperature zones created in the operating room, e.g. between the centre of 

the room and the periphery of the room? If yes, what is the temperature difference?  

- What is the velocity of the supply air? 

- Do the staff members in the operating room have the possibility to change the 

temperature/relative humidity settings? If yes, to what extent?  

- What are the limits for the temperature settings?  

- What are the limits for the relative humidity settings? 

- What are the default values?  

- Are there different modes, e.g. day/night mode?   
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APPENDIX D: TSV, TAV AND TPV SCALES 
 

This Appendix shows the scales of the TSV, TAV and TPV values, including the corresponding 

questions that have been asked in the surveys. The answers of the respondents on these questions, are 

called their individual thermal sensation vote, thermal acceptance vote and thermal preference vote. 

The thermal acceptance vote is used to determine if the person is satisfied (1 ≤ TAV ≤ 3) or 

dissatisfied (4 ≤ TAV ≤ 6) with their thermal sensation. 

 

 

Thermal Sensation Vote (TSV) 

 

What was your temperature experience? 

⃝ ⃝ ⃝ ⃝ ⃝ ⃝ ⃝ 

Cold Cool Slightly cool Neutral Slightly 

warm 

Warm Hot 

 

 

      

Thermal Acceptance Vote (TAV) 

 

How did you find this? 

⃝ ⃝ ⃝ ⃝ ⃝ ⃝  
Very 

acceptable 

Acceptable Somewhat 

acceptable 

Somewhat 

unacceptable 

Unacceptable Very 

unacceptable 

 

 

 

      

 

Thermal Preference Vote (TPV) 

 

How would you have preferred the temperature to be? 

⃝ ⃝ ⃝ ⃝ ⃝ ⃝ ⃝ 

Cold Cool Slightly cool Neutral Slightly 

warm 

Warm Hot 
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APPENDIX E: NUMBER OF SURVEY RESPONDENTS  
 

Table E.1 Number of completed surveys for different functions and ventilation systems  

Ventilation system Surgeon Surgeon 

assistant 

Anesthetist Anes. 

assistant 

Circulator Instrument 

nurse 

Unknown Total 

1T plenum 7 8 2 14 11 30 0 72 

2T plenum 26 11 20 41 24 42 0 165 

Opragon plenum 1 2 0 11 3 7 0 24 

Optimus plenum 0 0 0 0 0 0 0 0 

Mixing ventilation system 0 0 0 0 0 0 0 0 

Unknown 3 8 9 35 5 20 0 80 

Total 37 29 31 101 43 99 1 341 
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APPENDIX F: THEORETICAL TSV APPROACH 
 

People indicated in the survey (Appendix C.1) what their main position was during the surgery (Figure 

F.1). In the analysis, P1, P2, P3 and P4 have been combined to P1234, assuming that the conditions 

are similar underneath the plenum. So in total there are three different areas: P1234 zone (plenum 

area), O1 zone (periphery) and O2 zone (in between). 

 

 
Figure F.1 Different positions in the OR 

 

Air temperatures, air velocities, radiant temperatures and relative humidity are different for each 

location. Therefore assumptions have been made to estimate the conditions at each location, 

summarized in Table F.1. These assumptions are based on the information given by the technical 

services of the hospitals, on measurement data and on information obtained by Unica. The equations 

are formulated on the next pages. 

 
Table F.1 Assumptions for environmental conditions for different zones in the OR. The position of staff 

members can be subdivided in three different zones: (i) P1234 zone, which is underneath the plenum as indicated 

in Figure F.1, (ii) O2 zone, which is the ‘middle’ zone as indicated in Figure F.1, and (iii) O1 zone, which is the 

periphery that can be equipped with radiation panels. 

Ventilation 

system Parameters 

Position of the staff member in the OR  

P1234 zone O2 zone O1 zone –  

no heating panels 

O1 zone –  

heating panels on 

1T plenum Temperature T [°C] T1 = Tset T2 = T3 T3 = T1+1 T3 = T1+1.5 

 Air velocity v [m/s] v1 = vset v2 = Equation 1 v3 = Equation 1 v3 = Equation 1 

 Relative humidity RH [%] RH1 = RHset RH2 = Equation 3 RH3 = Equation 3 RH3 = Equation 3 

 Absolute humidity x [g/kg] x1 = Equation 2 x2 = x1+0.15 x3 = x1+0.25 x3 = x1+0.25 

 Radiant temperature Tr [°C] Tr1 = T1+0.5 Tr2 = T2+0.5 Tr3 = T3+0.5 Tr3 = T3+0.5 

      

2T plenum Temperature T [°C] T1 = Tset T2 = T1+deltaT T3 = T2 T3 = T2+1.5 

 Air velocity v [m/s] v1 = vset v2 = v1 v3 = Equation 1 v3 = Equation 1 

 Relative humidity RH [%] RH1 = RHset RH2 = Equation 3 RH3 = Equation 3 RH3 = Equation 3 

 Absolute humidity x [g/kg] x1 = Equation 2 x2 = x1+0.15 x3 = x1+0.25 x3 = x1+0.25 

 Radiant temperature Tr [°C] Tr1 = T1+0.5 Tr2 = T2+0.5 Tr3 = T3+0.5 Tr3 = T3+0.5 

      

Opragon Temperature T [°C] T1 = measured T2 = (T1+T3)/2 T3 = Tset Not applicable 

 Air velocity v [m/s] v1 = vset v2 = 0.10 v3 = 0.15 Not applicable 

 Relative humidity RH [%] RH1 = RHset RH2 = Equation 3 RH2 = Equation 3 Not applicable 

 Absolute humidity x [g/kg] x1 = Equation 2 x2=x1+0.15 x3 = x1 Not applicable 

 Radiant temperature Tr [°C] Tr1 = T1+0.5 Tr2 = T2+0.5 Tr3 = T3+0.5 Not applicable 
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Temperatures: 

- The temperature in P1234 zone is equal to the temperature of the plenum supply air.  

- In case of a 2T plenum, the temperature in O2 zone will be equal to T2, which is T1+ΔT. The 

value of ΔT (difference between T1 and T2 of the 2T plenum) is given by the technical 

services of the hospitals. 

- In case of a 1T plenum and no heating panels in the periphery, the air in O1 and O2 zone will 

be 1K higher in temperature due to persons and equipment. 

- In case of a 2T plenum and no heating panels in the periphery, the temperature in O1 zone will 

be equal to the temperature in O2 zone (which is equal to T2).  

- In case there are heating panels in the periphery, the air temperature in O1 zone will rise 1.5K. 

- In case of an Opragon ventilation system, the set temperature is the room temperature 

measured at two opposite walls at table height. Both the room temperature and the Opragon 

supply air temperature are measured, so the temperature in O1 zone and the temperature in 

P1234 zone are known. The temperature in O2 zone is assumed to be in the middle of the two 

temperatures.  

 

Air velocity: 

- The air velocity in P1234 zone is equal to 0.3 m/s, unless the technical service specified 

another value. 

- In case of a 1T plenum, the air velocity in O2 zone is equal to the air velocity in O1 zone, and 

is calculated according to Equation 1, in which v1 is the plenum supply air velocity, A is the 

area of the plenum, h is the height of the OR and l and w are the length and width of the 

plenum, respectively. The height of the OR is assumed to be 2.9 metres unless otherwise 

specified by the technical services. 

- In case of a 2T plenum, the air velocity in O2 zone is equal to the air velocity in P1234 zone. 

- In case of a 2T plenum, the air velocity in O1 zone is calculated according to Equation 1. 

- In case of an Opragon ventilation system, the air velocity in O1 zone is assumed to be 0.15 

m/s due to the air showers in the periphery.  

- In case of an Opragon ventilation system, the air velocity in O1 zone is assumed to be 0.10 

m/s. 

- In all cases, the air velocity is assumed to be at least 0.1 m/s, even when a lower value had 

been calculated. 

 

Radiant temperatures: 

- The radiant temperature is assumed to be 0.5K higher than the air temperature, based on the 

measurements. It is hard to determine the influence of surgical lamps and ceiling lamps on the 

radiant temperature since it differs for every lamp and thus for every OR and for each specific 

position. 

 

Relative humidity: 

- The relative humidity in P1234 zone is equal to the relative humidity of the plenum supply air.  

- The absolute humidity in P1234 zone can be calculated according to Equation 2 [65] in which 

x is the absolute humidity in g/kg, RH is the relative humidity in % and T is the air 

temperature. The absolute humidity in P1234 zone is needed to calculate the relative humidity 

in the other zones. 

- To calculate the relative humidity in O1 and O2 zone, first the absolute humidity has been 

determined for the different positions. The absolute humidity increases due to persons. Six 

persons will increase the absolute humidity with about 0.25 g/kg and four persons will 

increase the absolute humidity with 0.15 g/kg. The absolute humidity in O2 zone is assumed 

to be 0.15 g/kg higher than the absolute humidity of the supply air, while the absolute 

humidity in O1 zone is assumed to be 0.25 g/kg higher than the absolute humidity of the 

supply air in case of a 1T or 2T plenum. When the absolute humidity is known, the 

corresponding relative humidity can be calculated according to Equation 3 [65], in which RH 

is the relative humidity in %, x is the absolute humidity in g/kg and T is the air temperature. 
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- In case of an Opragon ventilation system, air will also be supplied in the periphery so 

therefore the aforementioned method cannot be used for the O1 zone. It is assumed that the 

absolute humidity in O1 zone is equal to the absolute humidity in P1234 zone. Again, the 

relative humidity follows from Equation 3.  

 

Equations: 
 

𝑣𝑝𝑒𝑟𝑖𝑝ℎ𝑒𝑟𝑦 =
𝑣1 ∗ 𝐴𝑝𝑙𝑒𝑛𝑢𝑚

2 ∗ ℎ𝑂𝑅 ∗ (𝑙𝑝𝑙𝑒𝑛𝑢𝑚 + 𝑤𝑝𝑙𝑒𝑛𝑢𝑚)
                                                                                                 (1) 

         

 

𝑥 =
𝑅𝐻 ∗ 0.622 − (exp (

𝑇𝑎𝑖𝑟 + 24.6752
17.6 )) ∗ 𝑅𝐻 ∗ 0.622

(exp (
𝑇𝑎𝑖𝑟 + 24.6752

17.6
)) ∗ 𝑅𝐻 − 506.65 − 𝑅𝐻

∗ 1000                                                           (2) 

 

𝑅𝐻 =
𝑥 ∗ 506.65

𝑥 ∗ (exp (
𝑇 + 24.6752

17.6
)) − 622 ∗ (1 − (exp (

𝑇 + 24.6752
17.6

)))

                                                 (3) 

 

 

 

  



 

68              Thermal comfort of surgical staff 

APPENDIX G: CLOTHING INSULATION LEVELS AND  

METABOLIC RATES  
 

Table G.1 Thermal insulation values for garments, based on published tables [8] and previous studies [11,18] 

Category Garment Iclo[clo] 

Underpants Woman 0.03 

Man 0.04 

Underwear Singlet 0.06 

T-shirt 0.09 

Thermo T-shirt 0.16 

Leggings 0.06 

Footwear Clogs 0.02 

Ankle socks 0.02 

Long socks 0.04 

Thick / thermos socks 0.10 

Surgical clothes Surgery trousers 0.20 

Surgery shirt 0.15 

Coat (for warmth) 0.30 

Disposable surgical coat 0.15 

Extra Disposable baklava 0.02 

Disposable cap 0.01 

Disposable mask 0.03 

Disposable gloves 0.02 

Lead vest and skirt 0.30 

 
Table G.2 Metabolic rates, based on published tables [8] and previous studies [11,18]  

Activity Metabolic rate [met] 

Seated, passive 1.2 

Seated, active 1.4 

Standing, passive 1.45 

Standing, active 1.8 

Walking  2.0 
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APPENDIX H: MEASUREMENT PLAN INCLUDING  

DETERMINATION OF PMV AND LOCAL DISCOMFORT 
 
This appendix shows the measurement plans used for this research. Appendix H.1 discusses the 

overall measurement plan and Appendix H.2, H.3, H.4 and H.5 show the details of the measurements 

performed in the different hospitals and mock-ups with different types of plenums. Appendix H.6 

gives a detailed overview of the equipment that has been used. 

  

APPENDIX H.1: OVERALL MEASUREMENT PLAN 
 

PMV measurements and local discomfort measurements have been performed by using Indoor 

Climate Measurement Stations (ICMS) and an infrared camera to measure surface temperatures (Table 

H.1.1). Table H.6.1 at the end of this appendix shows an overview of the measurement equipment with 

its corresponding measurement output, measurement range and measurement accuracy. 

 
 Table H.1.1 Measurement parameters and corresponding equipment 

Measurement parameter Measurement equipment 

PMV: 

- Air temperature 

- Relative humidity 

- Mean radiant temperature 

- Relative air velocity 

- Activity level / Clothing level 

 

ICMS (1.1 m / 0.6 m) 

ICMS (1.1 m / 0.6 m) 

ICMS (1.1 m / 0.6 m) 

ICMS (1.1 m / 0.6 m) 

ISO 7730 tables 

Draught 

- Turbulence intensity 

- Local air temperature 

- Local mean air velocity 

 

ICMS (1.1 m / 0.6 m) 

ICMS (1.1 m / 0.6 m) 

ICMS (1.1 m / 0.6 m) 

Vertical temperature gradients 

- Air temperature 0.1 m height 

- Air temperature 1.1/1.7 m height 

 

Air temperature sensor 

Air temperature sensor 

Radiant asymmetry (ceiling/wall) 

- Ceiling and walls surface temperature 

 

IR camera  

Warm and cold floors 

- Floor temperature 

 

IR camera  

                  Figure H.1.1 ICMS 
PMV measurements  

The ICMS consists of equipment that is able to measure air temperature, mean radiant temperature, 

omnidirectional air velocity, air humidity and CO2 concentrations. The relative air velocity, var, that is 

needed for PMV calculation (Equation H.1.2 on the next page), can be derived from the measured 

absolute air velocity, v, and the metabolic rate, M, according to Equation H.1.1 [65].  

 

𝑣𝑎𝑟 = 𝑣 + 0.3 ∗ (𝑀 − 58.2)/58.2                                                      (H.1.1) 

 

These measurements are performed at five different positions at the same time, representing the 

positions of the staff members (surgeon/surgeon assistant, anesthesiology assistant/anesthetists, 

instrument nurse and circulators). In case of a non-homogeneous environment, the PMV needs to be 

measured at three different heights for each position according to the standards. However, in this case 

this was not feasible due to the large amount of equipment that would then be required. Therefore it 

has been chosen to measure PMV at the centre, and measure the air temperature at three heights to see 

if there is stratification. The exact ICMS positions are discussed later. The measurements are carried 

out at a height of 0.6 or 1.1 meters (approximately the body’s centre of gravity for a seated person and 

a standing person, respectively) based on the results of the surveys that showed that surgeons, surgeon 

assistants and instrument nurses are on average standing persons, while anesthesiology assistants and 

circulators are seated most of the time. Measurement data was averaged over a maximum of ten 

minutes, i.e. the data has been averaged over a continuous period during which there was no 

disturbance or interruption.  
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PMV = TS * (MW-HL1-HL2-HL3-HL4-HL5-HL6)                                (H.1.2) 

PA Partial water vapour pressure [Pa] 

RH Relative humidity [%] 

TA Air temperature [°C] 

TCL Surface temperature of clothing [°C] 

TR Mean radiant temperature [°C] 

VAR Relative air velocity [m/s] 

W External work [W/m²] 

WME External work [met] 

 

 
_____________________

* Based on ISO7730 [8] 

TS: Thermal  

sensation trans 

coefficient 

HL2: Evaporation of 

perspiration on the skin 

surface (sweating) 

HL4: Sensible heat 

dissipation through 

breathing 

HL6: Convective heat 

transfer between skin or 

clothing surface and the air 

MW: Internal heat 

production in the human 

body 

HL1: Heat transfer by 

water vapour diffusion 

through the skin 

HL3: Latent heat dissipation 

through breathing 

(evaporation heat) 

HL5: Radiation exchange 

between skin or clothing 

surface and the environment 

TS=0.303*e-0.036M+0.028 

if MW>58.15 then 

HL2=0.42*(MW-58.15) 

else HL2=0 HL4=0.0014*M*(34-TA) 

MW=M-W 

 

M=MET*58.15 W/m² 

W=WME*58.15 W/m²  

HL6=FCL*HC*(TCL-TA) 

HL3=1.7*0.00001*M* 

(5867-PA) 
HL5=3.96*FCL*(XN4-

(TRA4/1004)) 

 

 XN=(TCL+273)/100 

TRA=TR+273 K 

TCL=35.7-0.028*(MW-ICL*(3.96*10-8*FCL 

* ((TCL+273)4-TRA4)+FCL*HC*(TCL-TA)) 

 

 

ICL=0.155*CLO 

if ICL ≤ 0.078 then FCL=1+1.29*ICL  

else FCL=1.05+0.645*ICL 

 

 

HL1=3.05*0.001*(5733

-6.99*MW-PA) 

 

PA=RH*10* 

e16.6536-(4030.183/(TA+235)) 

 

 CLO Clothing [clo] 

HCF Heat transfer coefficient by forced convection [-] 

FCL Clothing area factor [-] 

HC Heat transfer coefficient [-] 

HCN Heat transfer coefficient by natural convection [-] 

ICL Thermal insulation of the clothing [m²K/W] 

M Metabolic rate [W/m²] 

MET Metabolic rate [met] 

 

HCF=12.1*√VAR 

HCN=2.38*|TCL-TA|0.25 

if HCF>HCN then HC=HCF 

 else HC=HCN 
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Draught DR [8] 

The draught is calculated by using the local air temperature and the local mean air velocity that is 

measured by the ICMS. The discomfort due to draught is expressed as the percentage of people 

predicted to be bothered by draught. The draught rate (DR) is calculated using Equation H.1.3 (model 

of draught): 

 

𝐷𝑅 = (34 – 𝑡𝑎,𝑙)( 𝑣𝑎,𝑙 −  0.05)0.62 (0.37 ∗  𝑣𝑎,𝑙 ∗  𝑇𝑢 +  3.14)               (H.1.3) 

 

For 𝑣𝑎,𝑙 < 0.05 m/s  use 𝑣𝑎,𝑙  = 0.05 m/s 

For DR > 100%  use DR = 100% 

 

where 

DR  is the draught rating, i.e. the percentage of people dissatisfied due to draught, %; 

𝑡𝑎,𝑙 is the local air temperature, in degrees Celsius, 20 °C to 26 °C; 

𝑣𝑎,𝑙  is the local mean air velocity, in metres per second, < 0.5 m/s; 

Tu is the local turbulence intensity, in percent, 10% to 60% (if unknown, 40% may be used). 

 

The turbulence intensity, Tu, of the airflow is defined as the standard deviation divided by the mean 

velocity, va, and is expressed in percent, Equation H.1.4.   

 

𝑇𝑢 =
𝑆𝐷

𝑣𝑎
∗ 100                      (H.1.4) 

 

The model applies to people at light, mainly sedentary activity with a thermal sensation for the whole 

body close to neutral and for prediction of draught at the neck. At the level of arms and feet, the model 

could overestimate the predicted draught rate. The sensation of draught is lower at activities higher 

than sedentary (> 1.2 met) and for people feeling warmer than neutral as is displayed in Figure H.1.2.  

 

 
Figure H.1.2 Impact of general thermal sensation on draught discomfort [8] 

 

Vertical temperature gradients PDvg [8] 

A high vertical air temperature difference between head and ankles can cause discomfort. People are 

less sensitive under decreasing temperatures.  

 

Air temperature is measured with two calibrated NTC thermistors (U-type) placed on the same stand 

as the ICMS, at 0.1 and 1.1 or 1.7 meters height in accordance with ISO 7726, to measure vertical 

temperature gradients at ankle/head levels (for seated and standing person).  
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The Percentage of Dissatisfied due to vertical temperature gradients (PDvg) is determined by using  

Equation H.1.5:  

 

𝑃𝐷𝑣𝑔 =
100

1+exp(5.76−0.856∗∆𝑡𝑎,𝑣)
                               (H.1.5) 

 
where 

𝑃𝐷𝑣𝑔  is the percentage of dissatisfied people due to vertical temperature gradients, %; 

∆𝑡𝑎,𝑣 is the vertical air temperature difference between head and feet, °C. 

 

Equation H.1.5 should only be used at ∆𝑡𝑎,𝑣 < 8 °C. 
 

Radiant asymmetry [8] 

Radiant asymmetry can also cause discomfort. People are most sensitive to radiant asymmetry caused 

by warm ceilings or cool walls (windows).  

 

The wall/ceiling temperatures has been measured by an infrared camera, where the radiant heat flux 

from the surface is measured and converted to a temperature.  

 

The Percentage of Dissatisfied people due to radiant asymmetry (PDra) is determined using equations 

H.1.6 to H.1.9 as applicable: 

 

a) Warm ceiling 

 

𝑃𝐷𝑟𝑎 =
100

1+exp(2.84−0.174∗∆𝑡𝑝𝑟)
− 5.5                 (H.1.6) 

 

∆𝑡𝑝𝑟 < 23 °C 

 

b) Cool wall 

 

𝑃𝐷𝑟𝑎 =
100

1+exp(6.61−0.345∗∆𝑡𝑝𝑟)
                              (H.1.7) 

 

∆𝑡𝑝𝑟 < 15 °C 

 

c) Cool ceiling 

 

𝑃𝐷𝑟𝑎 =
100

1+exp(9.93−0.50∗∆𝑡𝑝𝑟)
                  (H.1.8) 

 

∆𝑡𝑝𝑟 < 15 °C 

 

d) Warm wall 

 

𝑃𝐷𝑟𝑎 =
100

1+exp(3.72−0.052∗∆𝑡𝑝𝑟)
− 3.5                      (H.1.9) 

 

∆𝑡𝑝𝑟 < 35 °C 

 

Where 

𝑃𝐷𝑟𝑎  is the percentage of dissatisfied people due to radiant asymmetry, %; 

∆𝑡𝑝𝑟  is the radiant temperature asymmetry. i.e. the difference between the plane radiant temperature

 of the two opposite sides of a small plane element, °C. 
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Warm/Cold floors [8] 

If the floor is too warm or too cool, the occupants could feel uncomfortable owing to thermal sensation 

of their feet. For people wearing light indoor shoes, it is the temperature of the floor rather than the 

material of the floor covering which is important for comfort. For people sitting or lying on the floor, 

similar values may be used.  

 

The floor temperature has been measured by an infrared camera, where the radiant heat flux from the 

surface is measured and converted to a temperature.  

 

The Percentage of Dissatisfied due to warm or cold floors (PDft), is calculated by using Equation 

H.1.10: 

 

𝑃𝐷𝑓𝑡 = 100 − 94 ∗ exp (−1.387 + 0.118 ∗ 𝑡𝑓 − 0.0025 ∗ 𝑡𝑓
2)                            (H.1.10) 

 

where 

𝑃𝐷𝑓𝑡  is the percentage of dissatisfied people due to the floor temperature, %; 

𝑡𝑓 is the floor temperature, °C. 

 

For longer occupancy the results are not valid for electrically heated floors.  

 

ICMS (and subjects) locations: 

Table H.1.2 and its corresponding Figure H.1.3 show the measurement  

positions, where ICMS 1, 3 and 5 represent standing persons and ICMS  

2 and 4 represent seated persons. 

 
         Table H.1.2 ICMS centre heights 

Number ICMS and corresponding function Centre height 

1 – Surgeon / assistant 1.1 metres 

2 – Anesthesiology assistant / anesthetist 0.6 metres 

3 – Instrument nurse 1.1 metres 

4 – Circulator 0.6 metres 

5 – Circulator  1.1 metres 

                      Figure H.1.3 ICMS positions 

 

Time table: 

Figure H.1.4 presents the overall measurement scheme. The exact time schedules are discussed below.  

 

 
Figure H.1.4 Overall measurement scheme and corresponding legend  
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APPENDIX H.2: MEASUREMENT PLAN HOSPITAL A (OPRAGON) 
 

Details measurement location 

- Date: 2nd of March 2018, 10.15-15.35h 

- Ventiation system: Opragon-8 system and 12 external air showers 

- Ceiling lights and 1 surgical light were on during all measurements 

- PMV measurements – 5x ICMS for measuring: air temperature (3 positions each ICMS), radiant 

temperature, relative humidity, air velocity 

- Infrared camera for measuring surface temperatures of walls, ceiling and floor 

- Positions ICMS in Figure H.2.1 below (dotted circle indicates Opragon plenum) 

- ICMS 1, 3 and 5 are standing persons (body’s centre at 1.1m height), ICMS 2 and 4 represent seated 

persons (centre at 0.6m) 
 

              
Figure H.2.1 Schematic overview of ICMS positions       Figure H.2.2 Head levels, ankle levels and body center 

 

Measurement time table 

- Two different temperature settings (set temperature is the average room temperature) 

- Three different measurement parts: no subjects, static (Figure H.2.3) and dynamic subjects 

- Note: part 1 was performed twice since there were some doubts whether the temperature was stable 
 

 
 

  
Figure H.2.3 OR with measurement equipment, with no subjects (l), and with static subjects (r) 
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Subjects 

- The subjects in part 2 and 3 wore the same clothes as ‘real’ surgical staff members 

- Subjects filled in a survey (Figure H.2.4) before entering the OR and after they have been in the OR 

for several minutes 

- At the same time, an infrared picture has been made of the person’s body for additional information 

(Figure H.2.5) 
 

 
Figure H.2.4 Survey for the subjects about their thermal sensation 

 

 
Figure H.2.5 Examples of IR picture of the subjects (emissivity coefficient ε=0.92) 
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APPENDIX H.3: MEASUREMENT PLAN HOSPITAL B (UDF) 
 

Details measurement location 

- Date: 28th of March 2018, 10.30-14.00h 

- Ventiation system: UDF 2T plenum with small side walls 

- Radiant heating panels are available but on the IR pictures it seems that these 

are not 100% on (radiant panel indicated with a red circle, in Figure H.3.1) 

- Ceiling lights and 2 surgical lights were on during all measurementss 

- PMV measurements – 5x ICMS for measuring: air temperature (3 positions 

 each ICMS), radiant temperature, relative humidity, air velocity 

- Infrared camera for measuring surface temperatures of walls, ceiling, floor 

- Positions ICMS in Figure H.3.2 below (dotted lines indicate UDF plenum) 

- ICMS 1, 3 and 5 are standing persons (body’s centre at 1.1m height),  

ICMS 2 and 4 represent seated persons (centre at 0.6m)                                 Figure H.3.1  Radiant panels 
 

   
Figure H.3.2 Schematic overview of ICMS positions     Figure H.3.3 Head levels, ankle levels and body center 

 

Measurement time table 

- Two different temperature settings (set temperature is the supply air temperature T1) 

- Three different measurement parts: no subjects, static (Figure H.3.4) and dynamic subjects 
 

 
 

  
Figure H.3.4 OR with measurement equipment, and no subjects (l), and with static subjects (r) 

 

Subjects 

- Subjects wore the same clothes as ‘real’ surgical staff members. They filled in the same survey as 

shown in Figure H.2.4 on the previous pages, and again IR pictures have been made.  
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APPENDIX H.4 MEASUREMENT PLAN MOCK-UP A (OPRAGON) 
 

Details measurement location 

- Date: 16th of May 2018, 09.20-12.10h 

- Ventiation system: Opragon-9 system and 14 external air showers, non-symmetrical distributed   

- Ceiling lights were on during all measurements 

- Radiant panels mounted on the ceiling, representing Optimus circadian lighting system (can be 

switched on/off) 

- PMV measurements – 5x ICMS for measuring: air temperature (3 positions each ICMS), radiant 

temperature, relative humidity, air velocity. Note: air velocity sensor 2 was broken. 

- Infrared camera for measuring surface temperatures of walls, ceiling and floor 

- Positions ICMS in Figure H.4.1 below (dotted circle indicates Opragon plenum) 

- ICMS 1, 3 and 5 are standing persons (body’s centre at 1.1m height), ICMS 2 and 4 represent seated 

persons (centre at 0.6m) 
 

   
Figure H.4.1 Schematic overview of ICMS position        Figure H.4.2 Head levels, ankle levels and body center 

 

Measurement time table 

- Only one temperature setting due to lack of time (set temperature is the average room temperature) 

- Measured with heating panels on and off 

- Two different measurement parts: no subjects and static subjects (Figure H.4.3)  
 

            
 

  
Figure H.4.3 OR with measurement equipment, with no subjects (r), and with static subjects (r) 

 

Subjects 

- Subjects wore their own clothes. It was in a mock-up and no surgical clothing was available. Due to 

lack of time, the subjects did not fill in a survey and no IR pictures have been made.   

Time in hours 0

Set temperature 20

Room stabilization 9h20

Room disruption 11h09 11h31

PMV/Draught measurements 11h00 11h11 11h19 11h25 11h34 11h43 11h46 11h51

IR measurements (surfaces) 11h10 11h31

Subjects entering

Heating panels Switch on Switch off

No subjects Static subjects
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APPENDIX H.5: MEASUREMENT PLAN MOCK-UP B (HALTON) 
 

Details measurement location 

- Date: 24th of May 2018, 08.10-17.16h (Time zone of the Netherlands) 

- Ventiation system: Halton system, inner dimensions 3x3m (UDF plenum turned off during all 

measurements) 

- Ceiling lights and 2 surgical light were on during all measurements 

- PMV measurements – 5x ICMS for measuring: air temperature (3 positions each ICMS), radiant 

temperature, relative humidity, air velocity. Note: air velocity sensor 2 was broken. 

- Infrared camera for measuring surface temperatures of walls, ceiling and floor 

- Positions ICMS in Figure H.5.1 below (dotted lines indicates Halton system) 

- ICMS 1, 3 and 5 are standing persons (body’s centre at 1.1m height), ICMS 2 and 4 represent seated 

persons (centre at 0.6m) 
 

  
Figure H.5.1 Schematic overview of ICMS positions       Figure H.5.2 Head levels, ankle levels and body center 

 

Measurement time table 

- Two different nozzle settings (Figure H.5.4 and Figure H.5.5 on the next page) 

- Two different temperature settings (set temperature is the room temperature) 

- Two different measurement parts: no subjects and heat sources as static subjects (Figure H.5.3 on 

next page): 85 Watt for seated persons and 100 Watt for standing persons 

- Note: the data logger failed from 14.02h till 15.00h 

 

 
 

 
 

 

Time in hours 0

Set temperature 19 °C 19,5 °C 20 °C 24 °C

Room stabilization

Room disruption 10h07 10h34 11h43 12h12 14h01

PMV/Draught measurements 9h58 10h09 10h16 10h27 10h38 10h47 11h48 11h55 12h05 12h14 12h2 13h51

IR measurements (surfaces) 10.17 11h46 14h02

Heat loads 10h55

* Nozzle setting 1 * Nozzle setting 2 * Nozzle setting 2 * Nozzle setting 1

* 2,5 m3/s * 2,5 m3/s * 2,5 m3/s * 2,5 m3/s

* No additional heat loads * No additional heat loads * 3x100W + 2x80W * 3x100W + 2x80W

* Troom set: 20 degC * Troom set: 20 degC * Troom set: 20 degC * Troom set: 20 degC

Time in hours 0

Set temperature 24

Room stabilization

Room disruption 15h35 16h00 16h38 17h03

PMV/Draught measurements 15h28 15h37 15h43 15h53 16h02 16h09 16h39 16h46 16h56 17h11

IR measurements (surfaces)

Heat loads 16h10

* Nozzle setting 2 * Nozzle setting 1 * Nozzle setting 1 * Nozzle setting 2

* 2,5 m3/s * 2,5 m3/s * 2,5 m3/s * 2,5 m3/s

* No additional heat loads * No additional heat loads * 3x100W + 2x80W * 3x100W + 2x80W

* Troom set: 24 degC * Troom set: 24 degC * Troom set: 24 degC * Troom set: 24 degC
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Figure H.5.3 OR with measurement equipment , and no subjects (l), and with heat loads as static subjects (r) 

 

 
Figure H.5.4 Nozzle setting 1 

 

 
Figure H.5.5 Nozzle setting 2  

 
Air flow rate 

Based on the air flow rate calculation tool of Halton, it has been decided to use an air flow rate of 2.5 

m³/s i.e. 9000 m³/h. This is based on allowed contaminent concentration (10 CFU/m³) in an OR with 5 

persons who wear surgical clothes (69% cotton, 30% polyester and 1% carbon fibre). The exact input 

parameters are shown in the printscreen of the air flow calculation sheet in Figure H.5.6. With a good 

quality clothing, the total air flow can be reduced [67]. 

 

In the automation system of Halton, the clothing value is one of the parameters which is entered 

during the commissioning. In that phase, the nozzle setting is also adjusted [67].  
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Figure H.5.6 Air flow calculation sheet of Halton [67]  
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APPENDIX H.6: DETAILS MEASUREMENT EQUIPMENT 
 

Table H.6.1 Overview of measurement equipment 

  Device ID number Measurement 

output 

Measurement  

range 

Measurement 

accuracy 

Extra  

information 

Height * Sampling 

rate 

ICMS 1 – Surgeon / 

Assistant 

        

 Omni-directional air 

velocity 

Spherical anemometer 

probe – SensoAnemo 

5150NSF, Ø2 mm 

ID3244 vair [m/s] 0.05 to 5 m/s 0.02 m/s, ± 1.5% 

reading 

Output: 0-5V ±1.1m 2 Hz 

 Air temperature EE08 – NTC U-type ID3495 Tair [°C] -40 to +80 °C Figure H.6.5    ±1.1m 1 Hz 

 Relative humidity EE08 – HC101 ID3495 RH [%] 0 to 100 % ± 2% @ 0-90%,  

± 3% @ 90-100% 

Output: 0-1V ±1.1m 1 Hz 

 Black sphere NTC thermistor U-type ID0344 Tglobe [°C] -55 to +80 °C 0.05 °C  ±1.1m 1 Hz 

 Air temperature NTC thermistor U-type ID2597 Tair [°C] -55 to +80 °C 0.05 °C 10 sec in still air 1.7m 1 Hz 

 Air temperature NTC thermistor U-type ID2903 Tair [°C] -55 to +80 °C 0.05 °C 10 sec in still air 0.1m 1 Hz 

           

ICMS 2 – Anesthetist/  

Anesthesiology 

assistant 

         

 Omni-directional air 

velocity 

Spherical anemometer 

probe – SensoAnemo 

5150NSF, Ø2 mm 

ID2990 vair [m/s] 0.05 to 5 m/s 0.02 m/s, ± 1.5% 

reading 

Output: 0-5V ±0.6m 2 Hz 

 Air temperature EE08 – NTC U-type ID3496 Tair [°C] -40 to +80 °C Figure H.6.5  ±0.6m 1 Hz 

 Relative humidity EE08 – HC101 ID3496 RH [%] 0 to 100 % ± 2% @ 0-90%,  

± 3% @ 90-100% 

Output: 0-1V ±0.6m 1 Hz 

 Black sphere NTC thermistor U-type ID3247 Tglobe [°C] -55 to +80 °C 0.05 °C  ±0.6m 1 Hz 

 Air temperature NTC thermistor U-type ID3137 Tair [°C] -55 to +80 °C 0.05 °C 10 sec in still air 1.1m 1 Hz 

 Air temperature NTC thermistor U-type ID2904 Tair [°C] -55 to +80 °C 0.05 °C 10 sec in still air 0.1m 

 

1 Hz 

 

 

 
__________________ 
* Ground level height = 0 m  
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  Device ID number Measurement 

output 

Measurement  

range 

Measurement 

accuracy 

Extra  

information 

Height  Sampling 

Rate 

ICMS 3 – Instr. nurse          

 Omni-directional air 

velocity 

Spherical anemometer 

probe – SensoAnemo 

5150NSF, Ø2 mm 

ID3245 vair [m/s] 0.05 to 5 m/s 0.02 m/s, ± 1.5% 

reading 

Output: 0-5V ±1.1m 2 Hz 

 Air temperature EE08 – NTC U-type ID3500 Tair [°C] -40 to +80 °C Figure H.6.5    ±1.1m 1 Hz 

 Relative humidity EE08 – HC101 ID3500 RH [%] 0 to 100 % ± 2% @ 0-90%,  

± 3% @ 90-100% 

Output: 0-1V ±1.1m 1 Hz 

 Black sphere NTC thermistor U-type ID2142 Tglobe [°C] -55 to +80 °C 0.05 °C  ±1.1m 1 Hz 

 Air temperature NTC thermistor U-type ID2860 Tair [°C] -55 to +80 °C 0.05 °C 10 sec in still air 1.7m 1 Hz 

 Air temperature NTC thermistor U-type ID2905 Tair [°C] -55 to +80 °C 0.05 °C 10 sec in still air 0.1m 

 

 

ICMS 4 – Circulator          

 Omni-directional air 

velocity 

Spherical anemometer 

probe – SensoAnemo 

5152NSF, Ø2 mm 

ID3287 vair [m/s] 0.05 to 5 m/s 0.02 m/s, ± 1.5% 

reading 

Output: 0-5V ±0.6m 2 Hz 

 Air temperature EE08 – NTC U-type ID3501 Tair [°C] -40 to +80 °C Figure H.6.5    ±0.6m 1 Hz 

 Relative humidity EE08 – HC101 ID3501 RH [%] 0 to 100 % ± 2% @ 0-90%,  

± 3% @ 90-100% 

Output: 0-1V ±0.6m 1 Hz 

 Black sphere NTC thermistor U-type ID3246 Tglobe [°C] -55 to +80 °C 0.05 °C  ±0.6m 1 Hz 

 Air temperature NTC thermistor U-type ID3135 Tair [°C] -55 to +80 °C 0.05 °C 10 sec in still air 1.1m 1 Hz 

 Air temperature NTC thermistor U-type ID2906 Tair [°C] -55 to +80 °C 0.05 °C 10 sec in still air 0.1 m 1 Hz 

 

ICMS 5 – Circulator          

 Omni-directional air 

velocity 

Spherical anemometer 

probe – SensoAnemo 

5152NSF, Ø2 mm 

ID3288 vair [m/s] 0.05 to 5 m/s 0.02 m/s, ± 1.5% 

reading 

Output: 0-5V ±1.1m 2 Hz 

 Air temperature EE08 – NTC U-type ID3502 Tair [°C] -40 to +80 °C Figure H.6.5    ±1.1m 1 Hz 

 Relative humidity EE08 – HC101 ID3502 RH [%] 0 to 100 % ± 2% @ 0-90%,  

± 3% @ 90-100% 

Output: 0-1V ±1.1m 1 Hz 

 Black sphere NTC thermistor U-type ID3269 Tglobe [°C] -55 to +80 °C 0.05 °C  ±1.1m 1 Hz 

 Air temperature NTC thermistor U-type ID3136 Tair [°C] -55 to +80 °C 0.05 °C 10 sec in still air 1.7m 1 Hz 

 Air temperature NTC thermistor U-type  ID2909 Tair [°C] -55 to +80 °C 0.05 °C 10 sec in still air 0.1m 0.1m 
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  Device ID number Thermal 

sensitivity 

Accuracy Field of view      Operating temp. 

     range 

Infrared camera        

  FLIR ThermaCAMTM B360 

 

ID1809 < 0.08 °C @ 

+30 °C 

± 2 °C, or ± 2% 

reading 

25° × 18.75° -15 °C to +50 °C 

 

 

       

 Device ID number Channels Accuracy Logging rate  

Data logger  

Squirrel 2040-4F16 

 

ID0814 

 

8x4 

 

+ 0.025%, ± 0.05% 

reading  

 

4x10 Hz 

 

 

 

 

      

 Device ID number Measurement 

range 

Accuracy Operation 

temperature 

     Operation  

     humidity 

Sound meter       

 Sound level meter Tenma 

72-945 

ID2886 30 to 130 dB ± 1.4 dB 0 to 40 °C       10 to 90 % 

 

                                       
Figure H.6.1 Black sphere dimensions   Figure H.6.2 Squirrel 2040 data logger Dimensions: W = 235 mm, L = 175 mm, H = 95 mm, weight = 1.2 kg 
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Figure H.6.3 Infrared camera dimensions 

 

 

 
Figure H.6.4 EE08 sensor T/RH dimensions 

 

 
Figure H.6.5 EE08 – Pt1000 air temperature sensor accuracy 

 

 

 
Dimensions sensor: Ø = 2.4 mm 

Dimensions connections: L = 38 mm, Ø = 0.25 mm 

 

Figure H.6.6 NTC thermistors 
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APPENDIX I: INPUT VALUES FOR CLOTHING AND  

ACTIVITY LEVELS FOR THE OBJECTIVE MEASUREMENTS  
 

In total, five Indoor Climate Measurement Stations (ICMS) are used for measuring environmental data 

for determination of PMV values and local discomfort. ICMS 1 represents the position of a standing 

surgeon/surgeon assistant, ICMS 2 represents the position of a seated anesthetist/anesthesiology 

assistant, ICMS 3 represents the position of a standing instrument nurse and ICMS 4 and 5 represent 

the position of a seated and a standing circulator, respectively.  

 

Besides environmental data, also personal parameters such as clothing and activity levels are needed 

for PMV calculation. These input values are based on facts coming from practice (N=341). Figure I.1, 

Figure I.2 and the corresponding Table I.1 show the clothing levels and activity levels for each 

function as a result of the surveys. 

 

   
   Figure I.1 Subjective clothing levels per function [clo]  Figure I.2 Subjective activity levels per function [met] 

The red line indicates the median and the bottom and top edges of the box indicate the 25th and 75th percentiles, 

respectively. The whiskers extend to the most extreme data points not considered outliers, and the outliers are 

plotted individually using the '+' symbol, where an outlier is defined as a value that is more than three scaled 

median absolute deviations away from the median. The black asterisks indicate the mean values per function. 

 
Table I.1 Clothing and activity levels for each function according to the online surveys 

  
Clothing level [clo] Activity level [met] 

  
N median mean SD median mean SD 

Surgeon 37 0.63 0.62108 0.12756 1.8 1.5892 0.24299 

Surgeon assistant 29 0.65 0.68655 0.16551 1.45 1.6052 0.19701 

Anesthetist 31 0.51 0.59871 0.15972 1.45 1.5726 0.25392 

Anes. assistant 101 0.60 0.67505 0.17968 1.4 1.4376 0.19639 

Circulator 43 0.50 0.55814 0.13764 1.4 1.5035 0.28917 

Instrument nurse 99 0.69 0.68152 0.14588 1.45 1.5668 0.20179 

 

Table I.2 on the next page shows the assumptions for clothing and activity levels for each ICMS. 

These values are used as PMV input parameters for the measurements. For the clothing levels, the 

median values of the functions have been taken, while for the activity levels, the mean values have 

been taken. Median values are less sensitive to outliers. However, for the activity levels there were 

only 5 options to choose from, so information will get lost when the median value will be used. 
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Table I.2 Clothing and activity levels that are used as PMV input for the measurements 

 

ICMS Clothing level [clo] Activity level [met] 

Surgeon / surgeon assistant 1 0.64 1.5972 

Anesthetist / anes. assistant 2 0.555 1.5051 

Instrument nurse 3 0.69 1.5668 

Circulator 4 0.5 1.5035 

Circulator 5 0.5 1.5035 
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APPENDIX J: SUBJECTIVE PD DUE TO DRAUGHT, WARM/COLD 

FLOORS AND RADIANT ASYMMETRY, NUMERICAL  
 

Subjective percentage of dissatisfied people due to draught, DR 

To estimate the subjective DR, the percentage of people who indicated in the survey to experience 

draught has been calculated per function and per plenum type. All people who experienced any 

draught, no matter at which body parts, are included. The results for the subjective DR values 

subdivided per function are shown in Table J.1 and the subjective DR values per plenum type are 

shown in Table J.2. Note that in Table J.2 all data is included in ‘Total’, also the data when the plenum 

type is unknown. 

 
         Table J.1 Subjective DR per function                 Table J.2 Subjective DR per plenum type  

 Total 

persons 

Dissatisfied 

persons 

 

 

Total 

persons 

Dissatisfied  

persons 

  N N % N N % 

Surgeon 37 1 2.70 Plenum 1T 72 26 36.11 

Surgeon assistant 29 11 37.93 Plenum 2T 164 56 34.15 

Anesthetist 31 8 25.80 Plenum Opragon 23 11 47.83 

Anes. assistant 100 53 53.00 Total 339 130 38.44 

Instrument nurse 98 33 33.67 

 Circulator 43 23 53.49 

Total 339 130 38.44 

 

Subjective percentage of dissatisfied people due to floor temperature, PDft 

The subjective PDft is the percentage of people who indicated in the survey to have cold feet and a 

negative or neutral TSV value or who indicated to have warm feet and a positive or neutral TSV value. 

This is because some people selected to experience warmth in several body parts but it was clear that 

this was seen as comfortable, since their overall thermal sensation vote was negative and all body parts 

not selected as cold were selected as warm.  It seems that they misinterpreted the question and that 

they have understood ‘warm body parts’ as ‘not cold’ instead of ‘warm discomfort’, i.e. they confused 

‘warm discomfort’ with ‘warm comfort’. Due to this interpretation error it has been decided that warm 

feet cannot be seen as discomfort when the overall thermal sensation vote was negative. Table J.3 and 

Table J.4 on the next page show the results for the subjective PDft subdivided per function and per 

type of plenum, respectively.  

 
Table J.3 Warm/cold floor discomfort per function (surveys results) 

 Cold floor Warm floor Total 

Total 

persons 

Dissatisfied 

persons 

Total 

persons 

Dissatisfied 

persons 

Total 

persons 

Dissatisfied 

persons 

 
N N % N N % N N % 

Surgeon 37 4 10.81 37 4 10.81 37 8 21.62 

Surgeon assistant 29 2 6.90 29 3 10.34 29 5 17.24 

Anesthetist 31 1 3.23 31 2 6.45 31 3 9.68 

Anes. assistant 100 23 23.00 100 8 8.00 100 31 31.00 

Instrument nurse 98 12 12.25 98 22 22.45 98 34 34.69 

Circulator 43 3 6.98 43 6 13.95 43 9 20.93 

Total 339 45 13.27 339 45 13.27 339 90 26.55 
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Table J.4 Warm/cold floor discomfort per plenum type (surveys results) 

 Cold floor Warm floor Total 

 

Total 

persons 

Dissatisfied 

persons 

Total 

persons 

Dissatisfied 

persons 

Total 

persons 

Dissatisfied 

persons 

 
N N % N N % N N % 

Plenum 1T 72 7 9.72 72 9 12.5 72 16 22.22 

Plenum 2T 164 20 12.20 164 23 13.94 164 43 26.22 

Plenum Opragon 23 5 21.74 23 1 4.35 23 6 26.087 

Total 339 45 13.27 339 45 13.27 339 90 26.55 

 

Subjective percentage of dissatisfied people due to radiant asymmetry, PDra 

Table J.5 and J.6 show the percentage of people who indicated to experience discomfort due to radiant 

heat in any of the body parts per function and per plenum type, respectively. 

 
         Table J.5 Subjective PDra per function                     Table J.6 Subjective PDra per plenum type  

 Total Discomfort 

 

 
Total Discomfort 

 
 

N N % N N % 

Surgeon 37 2 5.41 Plenum 1T 72 9 12.5 

Surgeon assistant 29 4 13.79 Plenum 2T 164 9 5.49 

Anesthetist 31 0 0 Opragon 23 1 4.35 

Anes. assistant 100 4 4.00 Total 339 25 7.37 

Instrument nurse 98 12 12.25 

 Circulator 43 2 4.65 

Total 339 24 7.08 
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APPENDIX K: SIGNIFICANT CORRELATIONS AND DIFFERENCES BETWEEN  

PARAMETERS AND SUBJECTIVE TEMPERATURE PREFERENCE  
 

 
Figure K.1 Overview of significant associations and differences between the parameters and thermal preference (TPV) 
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APPENDIX L: SIGNIFICANT CORRELATIONS AND DIFFERENCES BETWEEN DIFFERENT FUNCTIONS  

AND PLENUM TYPES IN TERMS OF SUBJECTIVE LOCAL DISCOMFORT  
 

 
Figure L.1 Overview of significant differences between functions or type of plenum in terms of local discomfort 

* Please note that the 

significant differences 

between the functions 

are displayed in Figure 

L.1. For example, when 

the anesthesiology 

assistant is connected 

with ‘warm hands’, it 

does not mean that the 

anesthesiology 

assistant has warm 

hands but that the 

difference between the 

anesthesiology 

assistants that have 

warm hands is 

significant different 

with the other staff 

members that have 

warm hands. In this 

case, it means that 

there are significant 

less anesthesiology 

assistants who have 

warm hands than other 

staff members who have 

warm hands. 

Figure L.2 on the next 

page shows if the 

difference is because of 

a higher PD (green 

lines) or a lower PD 

(red lines)  compared   

to the others. 
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Figure L.2 Overview of significant higher and lower PD differences between one function and the other functions or between one type of plenum and the other plenum types, 

in terms of local discomfort 
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APPENDIX M: SUBJECTIVE LOCAL DISCOMFORT,  

INCLUSIVE WARM BODY PARTS 
 

Figure M.1 and Figure M.2 show the subjective PD due to local discomfort in specific body parts, 

subdivided per function and per plenum type. Table M.1 shows the number of people that experience 

discomfort per function and per plenum type, and Table M.2 shows the corresponding PD values. 

 

However, these graphs are misleading since the graphs suggest that warm body parts are the main 

problem in the ORs, which is clearly not the case when looking at the subjective TSV values (Figure 

3.1.4 and Figure 3.1.6 in Chapter 3.1). This is most probably due to a wrong interpretation of the 

survey question about warm discomfort (survey displayed in Appendix C.1). Most of the time people 

indicated to have a cold thermal sensation (negative TSV value) and therefore they selected for the 

local discomfort question the body parts which were cold. However, on the other hand, they indicated 

their body parts that were not feeling cold as ‘warm’. It seems that they misinterpreted the question 

and that they have understood ‘warm body parts’ as ‘not cold’ instead of ‘warm discomfort’, i.e. they 

confused ‘warm discomfort’ with ‘warm comfort’. Due to this interpretation error, it has been decided 

to exclude warm discomfort from the analysis.  

 

 
Figure M.1 Subjective PD due to local discomfort per function  
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Figure M.2 Subjective PD due to local discomfort per type of plenum   

 
Table M.1 Number of people experiencing local discomfort, numeric values per function (l),  

and per type of plenum (r) (subjective results) 
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Cold Hands 2 12 15 67 20 33 149 Cold Hands 24 77 10 149 

Cold Arms 7 6 16 66 19 9 123  Cold Arms 25 59 9 123 

Cold Torso 6 6 10 23 9 5 59  Cold Torso 7 39 4 60 

Cold Legs 2 1 5 10 2 3 23  Cold Legs 3 12 1 23 

Cold Feet 4 3 1 23 3 12 46  Cold Feet 7 21 5 46 

Cold Head 2 6 4 16 4 14 46  Cold Head 7 27 1 46 

Warm Hands 7 3 5 8 9 23 55  Warm Hands 15 23 4 56 

Warm Arms 7 6 4 7 5 32 61  Warm Arms 14 24 3 61 

Warm Torso 11 10 6 38 16 47 128  Warm Torso 34 56 8 128 

Warm Legs 8 9 7 35 17 32 108  Warm Legs 24 51 6 108 

Warm Feet 6 6 9 32 15 31 99  Warm Feet 25 45 5 100 

Warm Head 9 6 9 29 14 28 95  Warm Head 21 45 7 96 

Draught Hands 0 0 1 19 6 4 30  Draught Hands 5 14 3 30 

Draught Arms 1 1 7 24 12 1 46  Draught Arms 11 19 3 46 

Draught Torso 0 3 3 19 7 4 36  Draught Torso 4 19 4 37 

Draught Legs 0 0 0 8 1 1 10  Draught Legs 2 3 2 10 

Draught Feet 0 0 0 6 4 3 13  Draught Feet 3 6 2 13 

Draught Head 0 9 2 26 8 29 74  Draught Head 14 31 8 74 

Radiant Hands 0 0 0 1 0 2 3  Radiant Hands 1 1 0 3 

Radiant Arms 0 0 0 0 0 3 3  Radiant Arms 0 2 1 3 

Radiant Torso 0 1 0 1 0 6 8  Radiant Torso 4 2 0 8 

Radiant Legs 1 0 0 0 0 0 1  Radiant Legs 0 1 0 1 

Radiant Feet 0 0 0 0 0 0 0  Radiant Feet 0 0 0 0 

Radiant Head 1 4 0 3 2 8 18  Radiant Head 9 5 0 19 

Sweat Hands 1 1 1 1 2 3 9  Sweat Hands 1 7 1 9 

Sweat Arms 1 0 1 0 0 3 5  Sweat Arms 2 2 0 5 

Sweat Torso 6 2 1 5 4 22 40  Sweat Torso 10 21 1 40 

Sweat Legs 2 0 0 0 0 0 2  Sweat Legs 1 1 0 2 

Sweat Feet 1 1 0 3 1 2 8  Sweat Feet 0 6 0 8 

Sweat Head 3 1 0 3 0 7 14  Sweat Head 5 7 1 14 
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Table M.2 Subjective PD due to local discomfort, numeric values per function (l),  

and per type of plenum (r) (subjective results) 

PD[%] 

S
u

rg
eo

n
 

N
=

3
7

 

S
u

rg
eo

n
  

a
ss

. 
N

=
2

9
 

A
n

es
th

et
is

t 

N
=

3
1

 

A
n

es
. 

a
ss

.N
=

1
0

0
 

C
ir

cu
la

to
r

N
=

4
3

 

In
st

r.
n

u
rs

e 

N
=

9
8

 

T
o

ta
l 

N
=

3
3

9
 

 

PD[%] 

1
T

 P
le

n
u

m
 

N
=

7
2

 

2
T

 P
le

n
u

m
 

N
=

1
6

4
 

O
p

ra
g

o
n

 

N
=

2
3

 

T
o

ta
l 

N
=

3
3

9
 

Cold Hands 5 41 48 67 47 34 44  Cold Hands 33 47 43 44 

Cold Arms 19 21 52 66 44 9 36  Cold Arms 35 36 39 36 

Cold Torso 16 21 32 23 21 5 17  Cold Torso 10 24 17 17 

Cold Legs 5 3 16 10 5 3 7  Cold Legs 4 7 4 7 

Cold Feet 11 10 3 23 7 12 14  Cold Feet 10 13 22 14 

Cold Head 5 21 13 16 9 14 14  Cold Head 10 16 4 14 

Warm Hands 19 10 16 8 21 23 16  Warm Hands 21 14 17 16 

Warm Arms 19 21 13 7 12 33 18  Warm Arms 19 15 13 18 

Warm Torso 30 34 19 38 37 48 38  Warm Torso 47 34 35 38 

Warm Legs 22 31 23 35 40 33 32  Warm Legs 33 31 26 32 

Warm Feet 16 21 29 32 35 32 29  Warm Feet 35 27 22 29 

Warm Head 24 21 29 29 33 29 28  Warm Head 29 27 30 28 

Draught Hands 0 0 3 19 14 4 9  Draught Hands 7 9 13 9 

Draught Arms 3 3 23 24 28 1 14  Draught Arms 15 12 13 14 

Draught Torso 0 10 10 19 16 4 11  Draught Torso 6 12 17 11 

Draught Legs 0 0 0 8 2 1 3  Draught Legs 3 2 9 3 

Draught Feet 0 0 0 6 9 3 4  Draught Feet 4 4 9 4 

Draught Head 0 31 6 26 19 30 22  Draught Head 19 19 35 22 

Radiant Hands 0 0 0 1 0 2 1  Radiant Hands 1 1 0 1 

Radiant Arms 0 0 0 0 0 3 1  Radiant Arms 0 1 4 1 

Radiant Torso 0 3 0 1 0 6 2  Radiant Torso 6 1 0 2 

Radiant Legs 3 0 0 0 0 0 0  Radiant Legs 0 1 0 0 

Radiant Feet 0 0 0 0 0 0 0  Radiant Feet 0 0 0 0 

Radiant Head 3 14 0 3 5 8 5  Radiant Head 13 3 0 5 

Sweat Hands 3 3 3 1 5 3 3  Sweat Hands 1 4 4 3 

Sweat Arms 3 0 3 0 0 3 1  Sweat Arms 3 1 0 1 

Sweat Torso 16 7 3 5 9 22 12  Sweat Torso 14 13 4 12 

Sweat Legs 5 0 0 0 0 0 1  Sweat Legs 1 1 0 1 

Sweat Feet 3 3 0 3 2 2 2  Sweat Feet 0 4 0 2 

Sweat Head 8 3 0 3 0 7 4  Sweat Head 7 4 4 4 
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APPENDIX N: SUBJECTIVE TSV/PD PER FUNCTION   
 

   
    Figure N.1 PD as function of mean TSV  – surgeons      Figure N.2 PD as function of mean TSV – surgeon ass. 

    N =37                N=29 

 

   
   Figure N.3 PD as function of mean TSV – anesthetists       Figure N.4 PD as function of mean TSV  – anes. ass. 

    N=31               N=100 

 

   
   Figure N.5 PD as function of mean TSV – circulators    Figure N.6 PD as function of mean TSV  – instr. nurses 

    N=43               N=98 
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APPENDIX O: SUBJECTIVE TSV VERSUS  

THEORETICAL TSV PER FUNCTION 
 

 
 Figure O.1 Subjective vs theoretical TSV – surgeons     Figure O.2 Subjective vs theoretical TSV – surgeons ass. 

    N=16             N=18 
 

 

Figure O.3 Subjective vs theoretical TSV – anesthetists      Figure O.4 Subjective vs theoretical TSV – anes. ass. 
    N=8             N=51 
 

Figure O.5 Subjective vs theoretical TSV – circulators     Figure O.6 Subjective vs theoretical TSV – instr. nurses 

    N=18            N=61 
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APPENDIX P: OBJECTIVE MEASUREMENTS RESULTS,  

GRAPHICAL  

 
This appendix shows the results for the objective measurements. Appendix P.1, P.2, P.3 and P.4 show 

the measurement results for Hospital A (Opragon), Hospital B (UDF), Mock-up A (Opragon) and 

Mock-up B (Halton), respectively. The detailed measurement plans for each location can be find in 

Appendix H. The legend of the used symbols is given below. 

 

Remarks 

- Keep in mind that all results are valid for these specific conditions only. Persons at the 

position of ICMS 2 and 4 are assumed to be seated persons while persons at the position of 

ICMS 1, 3 and 5 are assumed to be standing persons. 

- During the measurements in Mock-up A (Opragon) and Mock-up B (Halton), one velocity 

sensor was broken. Therefore, for these locations the PMV and draught rate calculations are 

not analysed for ICMS 2. 

- It was very difficult to control the temperature in the OR in Hospital A (Opragon). Therefore 

it has been decided to only use the measurements at 19 °C in the analysis. The other 

measurements were performed at an unstable environment and may therefore be unreliable. 

- Mock-up B (Halton) has no humidity controller since it is not a real OR. In reality, the 

humidity will be kept between boundaries. Appendix P.5 discusses this effect on the 

calculated PMV values.  

 

Legend of measurement sensors 

Air velocity         Radiant temperature 
  v1: air velocity ICMS 1 [m/s]     T11: radiant temp ICMS1 [°C] 

  v2: air velocity ICMS 2 [m/s]      T21: radiant temp ICMS2 [°C] 

  v3: air velocity ICMS 3 [m/s]      T31: radiant temp ICMS3 [°C] 

  v4: air velocity ICMS 4 [m/s]      T41: radiant temp ICMS4 [°C] 

  v5: air velocity ICMS 5 [m/s]      T51: radiant temp ICMS5 [°C] 

 

Air temperature         Relative humidity 
  T10: air temperature ICMS 1 at center (1.1m height) [%]     rv1: relative humidity ICMS1 [%] 

  T20: air temperature ICMS 1 at center (0.6m height) [%]  rv2: relative humidity ICMS2 [%] 

  T30: air temperature ICMS 1 at center (1.1m height) [%]  rv3: relative humidity ICMS3 [%] 

  T40: air temperature ICMS 1 at center (0.6m height) [%]  rv4: relative humidity ICMS4 [%] 

  T50: air temperature ICMS 1 at center (1.1m height) [%]  rv5: relative humidity ICMS5 [%] 

 

  T12: air temperature ICMS 1 at head level (1.7m height) [%] 

  T22: air temperature ICMS 1 at head level (1.1m height) [%] 

  T32: air temperature ICMS 1 at head level (1.7m height) [%] 

  T42: air temperature ICMS 1 at head level (1.1m height) [%] 

  T52: air temperature ICMS 1 at head level (1.7m height) [%] 

  

  T13: air temperature ICMS 1 at ankles level (0.1m height) [%] 

  T23: air temperature ICMS 1 at ankles level (0.1m height) [%] 

  T33: air temperature ICMS 1 at ankles level (0.1m height) [%] 

  T43: air temperature ICMS 1 at ankles level (0.1m height) [%] 

  T53: air temperature ICMS 1 at ankles level (0.1m height) [%] 
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APPENDIX P.1: OBJECTIVE MEASUREMENTS RESULTS HOSPITAL A (OPRAGON) 
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Infrared pictures (emissivity coefficient ε=0.92) 
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APPENDIX P.2: OBJECTIVE MEASUREMENTS RESULTS HOSPITAL B (UDF) 
 

 



 

 

104              Thermal comfort of surgical staff 
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I.M. Jacobs – July 2018          107 

Infrared pictures (emissivity coefficient ε=0.92) 
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APPENDIX P.3: OBJECTIVE MEASUREMENTS RESULTS MOCK-UP A (OPRAGON) 
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Infrared pictures (emissivity coefficient ε=0.92) 
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APPENDIX P.4: OBJECTIVE MEASUREMENTS RESULTS MOCK-UP B (HALTON) 
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 Infrared pictures (emissivity coefficient ε=0.92) 
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APPENDIX P.5: EFFECT OF THE LACK OF HUMIDITY CONTROL IN MOCK-UP B 

ON THE PMV CALCULATIONS  

 
As already discussed, in Mock-up B there is no control of relative humidity since it is a laboratory and 

outside air is directly supplied to the room. The relative humidity levels that have been measured 

during the objective measurements are low (sometimes even around 25%) which is not realistic since 

international technical HVAC guidelines for ORs prescribe higher RH levels, e.g. ASHRAE 

prescribes 45-55%. The effect of these higher RH levels on the PMV calculations has been 

investigated by setting the RH value to 50%. The results are shown in Figure P.5.1 and the numeric 

values are shown in Table P.5.1.  

 

 
Figure P.5.1 Objective PMV values with and without correction of relative humidity levels. In the first two 

graphs, no correction has been applied for the relative humidity levels while in the third and fourth graph, the RH 

is set at 50%. ICMS 1 represents the position of a standing surgeon/surgeon assistant, ICMS 2 represents the 

position of a seated anesthetist/anesthesiology assistant, ICMS 3 represents the position of a standing instrument 

nurse and ICMS 4 and 5 represent the position of a seated and a standing circulator, respectively.  

 

Table P.5.1 Numeric results of the objective mean PMV values, with and without correction of relative humidity 

levels. The results for ICMS2 are excluded since the air velocity sensor was broken. 

 Mean PMV values for each position 

Situation ICMS1 ICMS3 ICMS4 ICMS5 

Nozzle setting 1, no RH correction -1.06 -0.49 -1.215 -1.04 

Nozzle setting 2, no RH correction -1.19 -0.69 -1.35 -1.18 

Nozzle setting 1, RH=50% -1.01 -0.43 -1.15 -0.98 

Nozzle setting 2, RH=50% -1.13 -0.63 -1.29 -1.12 

Absolute differences  

Nozzle setting 1 0.05 0.06 0.065 0.06 

Nozzle setting 2 0.06 0.06 0.06 0.06 
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APPENDIX Q: OBJECTIVE MEASUREMENTS RESULTS,  

NUMERICAL  

 
Table Q.7, Table Q.8 and Table Q.9 at the end of the appendix show the objective measurements 

results for all situations including the PMV values and local discomfort values as draught rates (DR), 

percentage of dissatisfied people (PD) due to vertical temperature gradients (PDvg), warm/cold floors 

(PDft) or radiant asymmetry (PDra). Median values are used. 

 

Where possible, the measurements are repeated for reproducibility. Measurements A and B were 

performed after each other with the same boundary conditions. The difference between measurements 

A and B is a measure for the reproducibility and thus the stability of the environment. Note: This has 

to do with the regulation of the system and probably not the system itself. 

 

Measurements part 1 is the situation without any subjects in the room, measurements part 2 were 

performed with static subjects (real persons or heated dummies) at the positions of the ICMS and 

measurements part 3 were performed with dynamic subjects (real persons pretending to perform a 

surgery), as discussed in detail in the measurement plans in Appendix H. The difference between part 

1 and 2 (no subjects and static subjects), and between part 2 and 3 (static subjects and dynamic 

subjects) are calculated. When there was a measurement part A and part B, the mean values of these 

parts has been used. The difference between the measurements of part 1, 2 and 3 is a measure for the 

influence of the presence of people on the thermal environment and therefore the robustness of the 

system. Besides, small differences between part 1, 2 and 3 would indicate that for the determination of 

PMV values it is possible to measure in an ‘empty’ operating room with no subjects.  

 

Note: The absolute differences (value of measurement minus value of the other measurement) have 

been used instead of the percentage difference since the percentage difference gives a distorted picture 

of the situation. For example, the percentage differences will be much higher when the PMV value is 

around 0. The standard deviations are calculated according to the MATLAB definition [68]. 

 

Reproducibility (difference between measurements A and B) 

PMV (Table Q.1) 

 
Table Q.1 PMV differences between measurements A and B for parts 1, 2 and 3  

Measurement location 

Difference between 

parts 

Set temp 

[°C] 

Average 

ΔPMV [-] SD Situation 

Hospital A (Opragon) Part 1 A and B 19 0.04 0.018   

 

Part 2 A and B 19 -0.01 0.021   

  Part 3 A and B 19 0.01 0.023   

Hospital B (UDF) Part 1 A and B 20 0.02 0.060   

 

Part 2 A and B 20 -0.01 0.025   

  Part 1 A and B 18 0.05 0.047   

  Part 2 A and B 18 -0.02 0.023   

Mock-up A (Opragon) Part 1 A and B 20 0.00 0.019 Heating panels off 

 

Part 2 A and B 20 -0.02 0.020 Heating panels on 

Mock-up B (Halton) Part 1 A and B 20 0.02 0.022 Nozzle setting 1 

 

Part 2 A and B 20 0.00 0.022 Nozzle setting 1 

  Part 1 A and B 20 0.10 0.025 Nozzle setting 2 

  Part 2 A and B 20 0.03 0.028 Nozzle setting 2 

  Part 1 A and B 24 0.05 0.011 Nozzle setting 1 

  Part 2 A and B 24 0.03 0.020 Nozzle setting 1 

  Part 1 A and B 24 -0.03 0.011 Nozzle setting 2 

  Part 2 A and B 24 -0.06 0.019 Nozzle setting 2 
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Overall, the differences between the PMV values are small in all measurement situations (except for 

some outliers, which are not related). This means that the reproducibility of the measurements and 

therefore the reliability is high. There are no clear differences in reproducibility between the 

measurement locations, ICMS positions or different parts. In other words, the measurement method 

that is used for current research yields relevant results. 

 

Draught rate DR (Table Q.2) 

Hospital A (Opragon): There is no clear relationship between the DR differences and the ICMS 

position for any of the parts nor between the parts.  

Hospital B (UDF): The DR differences between measurement A and B are significantly larger at the 

position of ICMS1 than at the other positions (see Table Q.7), mainly in part 1 of the measurements 

(no subjects in the room). This is probably due to the plenum under which the ICMS is located. This 

means that the air flow pattern is complex and fluctuating over time.  

Mock-up A (Opragon): The DR differences between measurement A and B are larger when the 

heating panels were off compared to when these were on.  

Mock-up B (Halton): There is no clear relationship between the DR differences and the ICMS 

position, the nozzle setting or the set room temperature for any of the parts nor between the parts.  

Note: The input parameters for the DR calculation are in some cases slightly out of the boundary 

conditions (local air temperature is in some cases below 20°C and turbulence intensity is in some cases 

less than 10%). 

All differences between measurements A and B are within the accuracy limits of the velocity sensor, 

which is 0.05+0.05*va m/s (ISO 7730 [8]), except for Hospital B (UDF Tset=18ºC) at the position of 

ICMS1 where the difference is 0.076 m/s 0.05+0.05*va=0.061 m/s. 

 
Table Q.2 Draught rates differences between measurements A and B for parts 1, 2 and 3 

Measurement location 

Difference 

between parts 

Set temp 

[°C] 

Average 

ΔDR [%] SD Situation 

Hospital A (Opragon) Part 1 A and B 19 -0.85 1.114   

 

Part 2 A and B 19 0.56 1.091   

  Part 3 A and B 19 -1.21 1.910   

Hospital B (UDF) Part 1 A and B 20 2.80 5.998   

 

Part 2 A and B 20 -2.52 2.819   

  Part 1 A and B 18 -4.49 6.928   

  Part 2 A and B 18 -0.84 2.604   

Mock-up A (Opragon) Part 1 A and B 20 4.60 3.397 Heating panels off 

 

Part 2 A and B 20 0.17 0.931 Heating panels on 

Mock-up B (Halton) Part 1 A and B 20 0.78 1.430 Nozzle setting 1 

  Part 2 A and B 20 0.39 0.897 Nozzle setting 1 

  Part 1 A and B 20 -0.07 1.613 Nozzle setting 2 

  Part 2 A and B 20 0.10 2.468 Nozzle setting 2 

  Part 1 A and B 24 -0.14 1.135 Nozzle setting 1 

  Part 2 A and B 24 0.17 1.157 Nozzle setting 1 

  Part 1 A and B 24 0.48 0.687 Nozzle setting 2 

  Part 2 A and B 24 -0.36 1.237 Nozzle setting 2 

 

Vertical temperature gradients PDvg (Table Q.3) 

Table Q.3 shows that the differences between measurements A and B in terms PDvg values are very 

low, except for part 1 of Hospital B (UDF) at set temperature 18 °C, where the differences for ICMS 

3, 4 and 5 are significantly larger (see Table Q.7) which is also reflected in Table Q.3 where the 

average ΔPDvg value is highest for Hospital B, Part 1.  

For all cases, the temperature gradient differences between measurements A and B are within the 

required accuracy limits of the temperature sensors, which is 0.5 ºC (NEN-ISO 7730 [8]). 
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Table Q.3 Difference in percentage of dissatisfied due to vertical temperature gradients between  

parts A and B for parts 1, 2 and 3  

Measurement location 

Difference 

between parts 

Set temp 

[°C] 

Average 

ΔPDvg [%] SD Situation 

Hospital A (Opragon) Part 1 A and B 19 -0.01 0.016   

 

Part 2 A and B 19 -0.02 0.012   

  Part 3 A and B 19 0.00 0.008   

Hospital B (UDF) Part 1 A and B 20 -0.02 0.048   

 

Part 2 A and B 20 -0.06 0.024   

  Part 1 A and B 18 -0.19 0.150   

  Part 2 A and B 18 0.00 0.055   

Mock-up A (Opragon) Part 1 A and B 20 0.00 0.007 Heating panels off 

 

Part 2 A and B 20 -0.02 0.023 Heating panels on 

Mock-up B (Halton) Part 1 A and B 20 -0.02 0.012 Nozzle setting 1 

  Part 2 A and B 20 0.00 0.011 Nozzle setting 1 

  Part 1 A and B 20 0.02 0.005 Nozzle setting 2 

  Part 2 A and B 20 0.00 0.019 Nozzle setting 2 

  Part 1 A and B 24 0.01 0.015 Nozzle setting 1 

  Part 2 A and B 24 0.04 0.046 Nozzle setting 1 

  Part 1 A and B 24 0.00 0.002 Nozzle setting 2 

  Part 2 A and B 24 0.00 0.008 Nozzle setting 2 

 

Robustness (difference between part 1, 2 and 3) 

PMV (Table Q.4) 

Hospital A (Opragon): There are no large differences in PMV values between the different parts 1, 2 

and 3 since both the average ΔPMV value and the standard deviation are small. This means that the 

ventilation system probably dominates the environment whereby additional heat loads and air 

movements are captured.   

Mock-up A (Opragon): There is no clear relationship between the PMV differences and the ICMS 

position for any of the measurement parts nor between the parts (see Table Q.8). 

Mock-up B (Halton): Nozzle setting 2 shows better results than nozzle setting 1 in terms of smaller 

PMV differences between the different parts. 

Hospital B (UDF): Overall, the PMV differences seem smaller when the temperature is set at 18 °C 

compared to 20 °C. At both temperatures, the PMV value at the position of ICMS4 shows the largest 

difference between both part 1 and 2, and part 2 and 3. So the thermal environment is more robust for 

the thermal perception in the periphery (ICMS 4 and 5) and underneath the plenum (ICMS 1 and 2) 

but not in between (ICMS 3) (see Table Q.8). 

 
Table Q.4 PMV differences between parts 1, 2 and 3  

Measurement location 

Difference 

between parts 

Set temp 

[°C] 

Average 

ΔPMV [-] SD Situation 

Hospital A (Opragon) Part 1 and 2 19 0.035 0.043  

  Part 2 and 3 19 0.006 0.011  

Hospital B (UDF) Part 1 and 2 20 -0.091 0.086   

  Part 2 and 3 20 0.085 0.035   

  Part 1 and 2 18 0.001 0.126   

  Part 2 and 3 18 -0.011 0.054   

Mock-up A (Opragon) Part 1 and 2 20 -0.095 0.043 Heating panels off 

Mock-up B (Halton) Part 1 and 2 20 0.052 0.131 Nozzle setting 1 

  Part 1 and 2 20 -0.035 0.044 Nozzle setting 2 

  Part 1 and 2 24 -0.053 0.047 Nozzle setting 1 

  Part 1 and 2 24 -0.030 0.024 Nozzle setting 2 
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In general, the PMV differences between part 1 and 2 are larger than those between part 2 and 3 so it 

seems that the influence of dynamic people on the thermal conception compared to static people, is 

less than the influence of static people compared to no people. Hospital A (Opragon) shows the best 

results regarding small differences between the different parts.   

 

In general, the differences between part 1, 2 and 3 in terms of PMV are negligible considering the 

PMV uncertainty related to measuring devices accuracy [8]. Therefore it is possible to measure the 

environmental conditions for PMV determination in an ‘empty’ operating room, without any persons. 

 
Draught rate DR (Table Q.5) 

De differences between the different measurement parts are within the accuracy limits of the velocity 

sensor, which is 0.05+0.05*va m/s (ISO 7730 [8]), except for the difference between measurement 

parts 1 and 2 for Hospital A (Opragon) at the position of ICMS3 where the difference is 0.070 m/s 

while 0.05+0.05*va=0.068 m/s.  

Note: For all cases where real persons has been used as static subjects during part 2, it is possible that 

these persons unintentionally influenced the PMV value by making small movements for example.   

 
Table Q.5 Draught rates differences between parts 1, 2 and 3  

Measurement location 

Difference 

between parts 

Set temp 

[°C] 

Average 

ΔDR [%] SD Situation 

Hospital A (Opragon) Part 1 and 2 19 -4.302 5.905  

  Part 2 and 3 19 -0.370 2.264  

Hospital B (UDF) Part 1 and 2 20 0.976 4.078   

  Part 2 and 3 20 -3.660 2.407   

  Part 1 and 2 18 -1.063 5.704   

  Part 2 and 3 18 -0.514 2.575   

Mock-up A (Opragon) Part 1 and 2 20 -0.056 0.353 Heating panels off 

Mock-up B (Halton) Part 1 and 2 20 -1.929 6.289 Nozzle setting 1 

  Part 1 and 2 20 -3.017 4.029 Nozzle setting 2 

  Part 1 and 2 24 -0.287 1.521 Nozzle setting 1 

  Part 1 and 2 24 -2.542 2.923 Nozzle setting 2 

 

Vertical temperature gradients PDvg (Table Q.6) 

The temperature differences between the different parts are within the required accuracy limits of the 

temperature sensors (0.5 ºC [8]), except for Mock-up B (Halton) at the position of ICMS 4 where the 

temperature difference between the parts varies from 0.68-1.67 ºC. This can be related to a sudden 

raise of the temperature for the position of ICMS 4, which seems not explainable. This can be seen in 

the graph of the temperature at head level in Appendix P.4.  

 
Table Q.6 Difference in percentage of dissatisfied due to vertical temperature gradients  

between parts 1, 2 and 3  

Measurement location 

Difference 

between parts 

Set temp 

[°C] 

Average 

ΔPDvg [%] SD Situation 

Hospital A (Opragon) Part 1 and 2 19 -0.017 0.014  

  Part 2 and 3 19 -0.004 0.010  

Hospital B (UDF) Part 1 and 2 20 0.085 0.108   

  Part 2 and 3 20 -0.083 0.063   

  Part 1 and 2 18 0.098 0.112   

  Part 2 and 3 18 0.130 0.079   

Mock-up A (Opragon) Part 1 and 2 20 -0.036 0.052 Heating panels off 

Mock-up B (Halton) Part 1 and 2 20 -0.024 0.062 Nozzle setting 1 

  Part 1 and 2 20 0.040 0.060 Nozzle setting 2 

  Part 1 and 2 24 -0.203 0.394 Nozzle setting 1 

  Part 1 and 2 24 -0.063 0.175 Nozzle setting 2 



 

   

I.M. Jacobs – July 2018                      129 

Table Q.7 Objective measurements results, including the differences between measurements A and B for part 1, 2 and 3. ICMS 1 represents the position of a standing surgeon/surgeon assistant, ICMS 2 represents the position of a  

seated anesthetist/anesthesiology assistant, ICMS 3 represents the position of a standing instrument nurse and ICMS 4 and 5 represent the position of a seated and a standing circulator, respectively 

  

Cool wall Warm ceiling

Hospital A (Opragon) Room temperature 19 °C

2-mrt ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 °C PDft [% ] Wall 1 [°C] Wall 2 [°C] Wall 3 [°C] Wall 4 [°C] DELTAT PDra [% ] Floor [°C] Ceiling [°C] DELTAT PDra [% ]

Part 1 A -1.18 -1.70 -0.70 -1.34 -1.43 35.70 38.83 4.60 7.83 13.57 0.29 0.31 0.62 0.54 0.49 22.10 6.02 22.40 22.80 23.00 22.70 0.60 0.17 22.10 23.50 1.40 1.94

B -1.23 -1.76 -0.73 -1.35 -1.48 38.28 39.19 6.27 7.34 13.71 0.28 0.32 0.65 0.53 0.49

Part 2 A -1.29 -1.74 -0.80 -1.35 -1.47 39.06 38.11 20.58 11.79 16.04 0.29 0.33 0.62 0.53 0.52

B -1.28 -1.74 -0.81 -1.30 -1.47 37.22 37.60 21.72 10.18 16.04 0.31 0.36 0.65 0.53 0.53

Part 3 A -1.30 -1.75 -0.78 -1.32 -1.49 41.11 39.26 15.56 9.08 18.00 0.31 0.35 0.64 0.52 0.53

B -1.28 -1.76 -0.80 -1.36 -1.47 40.98 38.27 19.74 11.72 18.32 0.31 0.35 0.65 0.51 0.53

Part 1 A-B 0.05 0.06 0.03 0.01 0.05 -2.59 -0.36 -1.67 0.48 -0.13 0.01 -0.01 -0.03 0.01 -0.01

Part 2 A-B -0.01 0.00 0.01 -0.05 0.00 1.84 0.51 -1.14 1.61 0.00 -0.01 -0.03 -0.03 0.00 -0.01

Part 3 A-B -0.02 0.01 0.02 0.04 -0.02 0.12 0.99 -4.17 -2.64 -0.32 0.00 0.00 -0.01 0.01 0.00

Cool wall Warm ceiling

Hospital B (UDF) Temperature (T1) 20 °C

28-mrt ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 °C PDft [% ] Wall 1 [°C] Wall 2 [°C] Wall 3 [°C] Wall 4 [°C] DELTAT PDra [% ] Floor [°C] Ceiling [°C] DELTAT PDra [% ]

Part 1 A -0.37 -0.86 -0.33 -0.86 -0.64 27.51 29.03 23.62 20.46 13.87 0.41 0.43 1.00 0.95 0.99 20.80 7.33 20.20 20.20 19.50 19.90 0.70 0.17 20.80 23.20 2.40 3.15

B -0.29 -0.83 -0.41 -0.93 -0.68 13.14 26.35 25.84 20.89 14.27 0.48 0.44 0.94 0.96 1.06

Part 2 A -0.19 -0.76 -0.37 -0.68 -0.67 11.74 28.88 24.23 14.03 17.44 0.49 0.35 0.70 0.87 0.87

B -0.16 -0.73 -0.34 -0.69 -0.70 18.88 28.07 24.66 15.83 21.48 0.56 0.37 0.74 0.94 0.93

Part 3 A -0.27 -0.83 -0.41 -0.83 -0.73 22.51 28.55 27.55 20.13 22.18 0.57 0.42 0.92 0.99 0.92

Part 1 A-B -0.08 -0.03 0.08 0.07 0.04 14.37 2.68 -2.22 -0.43 -0.41 -0.07 -0.01 0.06 -0.01 -0.07

Part 2 A-B -0.03 -0.03 -0.03 0.01 0.03 -7.15 0.81 -0.42 -1.80 -4.04 -0.08 -0.02 -0.04 -0.08 -0.07

Cool wall Warm ceiling

Temperature (T1) 18 °C

ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 °C PDft [% ] Wall 1 [°C] Wall 2 [°C] Wall 3 [°C] Wall 4 [°C] DELTAT PDra [% ] Floor [°C] Ceiling [°C] DELTAT PDra [% ]

Part 1 A -0.57 -1.25 -0.76 -1.33 -0.96 15.97 31.90 27.93 24.03 14.05 0.54 0.50 1.03 1.14 1.11 20.70 7.46 20.40 20.40 20.10 20.10 0.30 0.15 20.70 23.40 2.70 3.55

B -0.69 -1.33 -0.75 -1.34 -1.02 34.13 34.28 26.93 25.84 15.15 0.51 0.55 1.37 1.45 1.39

Part 2 A -0.64 -1.24 -0.83 -1.15 -1.20 22.53 31.33 28.74 18.78 26.93 0.61 0.42 0.99 1.22 1.06

B -0.61 -1.23 -0.84 -1.13 -1.14 25.91 31.18 32.77 18.87 23.80 0.63 0.40 0.91 1.22 1.14

Part 3 A -0.60 -1.23 -0.78 -1.23 -1.11 22.74 32.26 29.70 24.17 24.12 0.54 0.40 0.84 1.00 0.89

Part 1 A-B 0.12 0.08 -0.01 0.01 0.06 -18.15 -2.38 1.00 -1.81 -1.09 0.03 -0.05 -0.34 -0.31 -0.28

Part 2 A-B -0.03 -0.01 0.01 -0.02 -0.06 -3.38 0.15 -4.03 -0.09 3.13 -0.03 0.02 0.08 0.00 -0.09

Cool wall Cool ceiling

Mock-up A (Opragon) Room temperature 20 °C

16-mei Heating panels off ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 °C PDft [% ] Wall 1 [°C] Wall 2 [°C] Wall 3 [°C] Wall 4 [°C] DELTAT PDra [% ] Floor [°C] Ceiling [°C] DELTAT PDra [% ]

Part 1 A -1.23 -0.88 -0.78 -1.40 -1.32 44.00 0.00 28.79 21.31 28.36 0.33 0.45 0.37 0.36 0.32 18.60 11.22 19.00 19.10 19.40 19.20 0.40 0.15 18.60 18.20 0.40 0.01

B -1.24 -0.90 -0.75 -1.42 -1.32 38.34 0.00 20.67 20.08 20.34 0.32 0.46 0.37 0.37 0.31

Part 2 A -1.11 -0.79 -0.71 -1.26 -1.27 41.58 0.00 24.66 21.14 23.84 0.30 0.59 0.38 0.40 0.34

Part 1 A-B 0.01 -0.03 0.02 0.00 5.66 0.00 8.11 1.22 8.02 0.01 -0.01 0.00 0.00 0.01

Warm ceiling

Room temperature 20 °C

Heating panels on ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 Floor [°C] Ceiling [°C] DELTAT PDra [% ]

Part 1 A -1.22 -0.85 -0.75 -1.39 -1.29 36.77 0.00 20.56 19.75 20.80 0.34 0.49 0.38 0.36 0.33 18.60 22.40 3.80 5.17

B -1.20 -0.79 -0.71 -1.35 -1.30 36.03 0.00 19.27 19.45 22.27 0.32 0.51 0.41 0.42 0.34

Part 1 A-B -0.02 -0.04 -0.04 0.01 0.74 0.00 1.30 0.30 -1.47 0.01 -0.02 -0.03 -0.06 -0.01

Cool wall Warm ceiling

Mock-up B (Halton) Room temperature 20 °C

24-mei Nozzle setting 1 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 °C PDft [% ] Wall 1 [°C] Wall 2 [°C] Wall 3 [°C] Wall 4 [°C] DELTAT PDra [% ] Floor [°C] Ceiling [°C] DELTAT PDra [% ]

Part 1 A -1.05 -0.72 -0.49 -1.21 -1.06 48.62 0.00 14.86 27.64 15.72 0.32 0.33 0.41 0.32 0.31 19.10 10.16 18.30 18.40 18.40 18.20 0.20 0.14 19.10 21.50 2.40 3.15

B -1.10 -0.74 -0.50 -1.22 -1.05 49.09 0.00 15.49 25.46 12.91 0.32 0.35 0.43 0.34 0.35

Part 2 A -1.10 -0.78 -0.54 -1.13 -1.28 52.30 0.00 20.15 18.42 24.65 0.26 0.40 0.37 0.41 0.41

B -1.13 -0.79 -0.55 -1.10 -1.27 53.23 0.00 19.97 16.73 23.64 0.26 0.42 0.39 0.39 0.41

Part 1 A-B 0.05 0.01 0.01 -0.01 -0.46 0.00 -0.63 2.19 2.81 0.00 -0.01 -0.03 -0.02 -0.04

Part 2 A-B 0.03 0.01 -0.03 -0.01 -0.94 0.00 0.18 1.69 1.01 0.00 -0.01 -0.01 0.02 0.00

Room temperature 20 °C

Nozzle setting 2 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5

Part 1 A -1.13 -0.79 -0.61 -1.32 -1.14 48.03 0.00 26.84 28.20 15.47 0.35 0.29 0.34 0.37 0.46

B -1.23 -0.88 -0.74 -1.38 -1.24 46.48 0.00 29.63 28.87 13.92 0.34 0.26 0.33 0.35 0.44

Part 2 A -1.09 -0.78 -0.67 -1.31 -1.12 49.91 0.00 37.34 33.45 13.36 0.28 0.30 0.30 0.23 0.45

B -1.11 -0.81 -0.75 -1.33 -1.13 52.78 0.00 39.08 29.13 12.57 0.28 0.30 0.28 0.21 0.48

Part 1 A-B 0.10 0.13 0.06 0.10 1.55 0.00 -2.79 -0.67 1.54 0.01 0.02 0.01 0.02 0.02

Part 2 A-B 0.02 0.08 0.02 0.01 -2.87 0.00 -1.74 4.31 0.79 0.00 0.00 0.02 0.03 -0.03

Cool wall Warm ceiling

Room temperature 24 °C

Nozzle setting 1 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 °C PDft [% ] Wall 1 [°C] Wall 2 [°C] Wall 3 [°C] Wall 4 [°C] DELTAT PDra [% ] Floor [°C] Ceiling [°C] DELTAT PDra [% ]

Part 1 A -0.14 0.01 0.24 -0.27 -0.34 33.29 0.00 10.53 16.30 16.84 0.36 0.38 0.36 0.35 0.35 20.80 7.33 21.80 22.10 21.90 21.80 0.30 0.15 20.80 23.50 2.70 3.55

B -0.20 -0.03 0.19 -0.32 -0.37 34.04 0.00 10.93 17.75 14.92 0.35 0.35 0.38 0.34 0.35

Part 2 A -0.13 0.06 0.25 -0.15 -0.30 35.68 0.00 13.45 13.99 16.03 0.35 0.36 0.40 1.40 0.40

B -0.19 0.02 0.22 -0.18 -0.31 34.17 0.00 12.93 15.92 15.29 0.31 0.34 0.39 1.27 0.39

Part 1 A-B 0.06 0.05 0.05 0.03 -0.74 0.00 -0.41 -1.45 1.92 0.01 0.03 -0.02 0.01 0.00

Part 2 A-B 0.07 0.03 0.03 0.01 1.51 0.00 0.52 -1.93 0.74 0.04 0.02 0.01 0.14 0.02

Room temperature 24 °C

Nozzle setting 2 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5

Part 1 A -0.15 -0.01 0.22 -0.24 -0.27 28.09 0.00 12.96 15.14 9.98 0.36 0.36 0.34 0.33 0.33

B -0.12 0.02 0.24 -0.22 -0.22 26.31 0.00 12.61 14.72 10.15 0.36 0.37 0.34 0.33 0.34

Part 2 A -0.16 0.06 0.26 -0.20 -0.29 34.63 0.00 10.31 18.54 13.31 0.28 0.30 0.35 0.72 0.39

B -0.09 0.12 0.30 -0.15 -0.20 34.03 0.00 12.93 17.71 13.92 0.29 0.28 0.35 0.73 0.39

Part 1 A-B -0.03 -0.03 -0.02 -0.05 1.78 0.00 0.35 0.41 -0.17 0.00 0.00 0.00 0.00 -0.01

Part 2 A-B -0.07 -0.04 -0.05 -0.09 0.60 0.00 -2.62 0.83 -0.61 -0.01 0.01 0.00 -0.01 0.00

Radiant asymmetry floor/ceiling PDra [% ]

Median PMV Draft rate DR [% ] Vertical temperature difference PDvg [% ]

Median PMV Draft rate DR [% ] Vertical temperature difference PDvg [% ] Floor temperature PDft [% ] Radiant asymmetry walls PDra [% ]

Radiant asymmetry floor/ceiling PDra [% ]

Note: velocity sensor 2 

was broken

Median PMV Draft rate DR [% ] Vertical temperature difference PDvg [% ]

Median PMV Draft rate DR [% ] Vertical temperature difference PDvg [% ] Floor temperature PDft [% ] Radiant asymmetry walls PDra [% ]

Radiant asymmetry floor/ceiling PDra [% ]

Note: velocity sensor 2 

was broken

Median PMV Draft rate DR [% ] Vertical temperature difference PDvg [% ] Radiant asymmetry floor/ceiling PDra [% ]

Median PMV Draft rate DR [% ] Vertical temperature difference PDvg [% ] Floor temperature PDft [% ] Radiant asymmetry walls PDra [% ]

Floor temperature PDft [% ] Radiant asymmetry walls PDra [% ] Radiant asymmetry floor/ceiling PDra [% ]

Median PMV Draft rate DR [% ] Vertical temperature difference PDvg [% ] Floor temperature PDft [% ] Radiant asymmetry walls PDra [% ] Radiant asymmetry floor/ceiling PDra [% ]

Median PMV Draft rate DR [% ] Vertical temperature difference PDvg [% ]

Radiant asymmetry floor/ceiling PDra [% ]Median PMV Draft rate DR [% ] Vertical temperature difference PDvg [% ] Floor temperature PDft [% ] Radiant asymmetry walls PDra [% ]

Cell is marked red when it exceeds the                    

thermal comfort category C limits

Cell is marked dark red when it exceeds                         

the -1.0>PMV>1.0

Number is colored red when there                               

was an error
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Table Q.8 Objective measurements results, including the differences between part 1, 2 and 3. ICMS 1 represents the position of a standing surgeon/surgeon assistant, ICMS 2 represents the position of a  

seated anesthetist/anesthesiology assistant, ICMS 3 represents the position of a standing instrument nurse and ICMS 4 and 5 represent the position of a seated and a standing circulator, respectively 

 
  

Cool wall Warm ceiling

Hospital A (Opragon) Room temperature 19 °C

2-mrt ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 °C PDft [% ] Wall 1 [°C] Wall 2 [°C] Wall 3 [°C] Wall 4 [°C] DELTAT PDra [% ] Floor [°C] Ceiling [°C] DELTAT PDra [% ]

Part 1 A/B -1.21 -1.73 -0.72 -1.35 -1.46 36.99 39.01 5.44 7.58 13.64 0.28 0.32 0.63 0.53 0.49 22.10 6.02 22.40 22.80 23.00 22.70 0.60 0.17 22.10 23.50 1.40 1.94

Part 2 A/B -1.29 -1.74 -0.81 -1.33 -1.47 38.14 37.85 21.15 10.99 16.04 0.30 0.35 0.63 0.53 0.52

Part 3 A/B -1.29 -1.76 -0.79 -1.34 -1.48 41.05 38.76 17.65 10.40 18.16 0.31 0.35 0.65 0.52 0.53

Part 1 and 2 1-2 0.08 0.01 0.09 -0.02 0.01 -1.15 1.15 -15.71 -3.40 -2.40 -0.01 -0.03 0.00 0.00 -0.03

Part 2 and 3 2-3 0.00 0.01 -0.02 0.01 0.01 -2.90 -0.91 3.50 0.59 -2.12 -0.01 -0.01 -0.01 0.02 -0.01

Cool wall Warm ceiling

Hospital B (UDF) Temperature (T1) 20 °C

28-mrt ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 °C PDft [% ] Wall 1 [°C] Wall 2 [°C] Wall 3 [°C] Wall 4 [°C] DELTAT PDra [% ] Floor [°C] Ceiling [°C] DELTAT PDra [% ]

Part 1 A/B -0.33 -0.85 -0.37 -0.90 -0.66 20.33 27.69 24.73 20.68 14.07 0.44 0.43 0.97 0.95 1.03 20.80 7.33 20.20 20.20 19.50 19.90 0.70 0.17 20.80 23.20 2.40 3.15

Part 2 A/B -0.18 -0.75 -0.36 -0.69 -0.69 15.31 28.47 24.44 14.93 19.46 0.52 0.36 0.72 0.90 0.90

Part 3 A -0.27 -0.83 -0.41 -0.83 -0.73 22.51 28.55 27.55 20.13 22.18 0.57 0.42 0.92 0.99 0.92

Part 1 and 2 1-2 -0.15 -0.10 -0.02 -0.21 0.03 5.02 -0.78 0.29 5.75 -5.39 -0.08 0.08 0.25 0.05 0.13

Part 2 and 3 2-3 0.10 0.09 0.06 0.15 0.04 -7.20 -0.07 -3.10 -5.20 -2.72 -0.05 -0.06 -0.20 -0.09 -0.02

Cool wall Warm ceiling

Temperature (T1) 18 °C

ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 °C PDft [% ] Wall 1 [°C] Wall 2 [°C] Wall 3 [°C] Wall 4 [°C] DELTAT PDra [% ] Floor [°C] Ceiling [°C] DELTAT PDra [% ]

Part 1 A/B -0.63 -1.29 -0.76 -1.34 -0.99 25.05 33.09 27.43 24.94 14.60 0.52 0.53 1.20 1.30 1.25 20.70 7.46 20.40 20.40 20.10 20.10 0.30 0.15 20.70 23.40 2.70 3.55

Part 2 A/B -0.63 -1.24 -0.84 -1.14 -1.17 24.22 31.26 30.76 18.82 25.36 0.62 0.41 0.95 1.22 1.10

Part 3 A -0.60 -1.23 -0.78 -1.23 -1.11 22.74 32.26 29.70 24.17 24.12 0.54 0.40 0.84 1.00 0.89

Part 1 and 2 1-2 0.00 -0.06 0.08 -0.20 0.18 0.83 1.84 -3.33 6.11 -10.76 -0.09 0.12 0.25 0.07 0.15

Part 2 and 3 2-3 -0.03 0.00 -0.05 0.09 -0.06 1.48 -1.01 1.06 -5.35 1.25 0.08 0.02 0.11 0.23 0.21

Cool wall Cool ceiling

Mock-up A (Opragon) Room temperature 20 °C

16-mei Heating panels off ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 °C PDft [% ] Wall 1 [°C] Wall 2 [°C] Wall 3 [°C] Wall 4 [°C] DELTAT PDra [% ] Floor [°C] Ceiling [°C] DELTAT PDra [% ]

Part 1 A/B -1.24 -0.89 -0.77 -1.41 -1.32 41.17 0.00 24.73 20.69 24.35 0.32 0.46 0.37 0.36 0.31 18.60 11.22 19.00 19.10 19.40 19.20 0.40 0.15 18.60 18.20 0.40 0.01

Part 2 A -1.11 -0.79 -0.71 -1.26 -1.27 41.58 0.00 24.66 21.14 23.84 0.30 0.59 0.38 0.40 0.34

Part 1 and 2 1-2 -0.13 -0.06 -0.15 -0.05 -0.41 0.00 0.07 -0.45 0.51 0.03 -0.13 -0.01 -0.03 -0.03

Warm ceiling

Room temperature 20 °C

Heating panels on ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 Floor [°C] Ceiling [°C] DELTAT PDra [% ]

Part 1 A/B -1.21 -0.82 -0.73 -1.37 -1.30 36.40 0.00 19.92 19.60 21.54 0.33 0.50 0.39 0.39 0.33 18.60 22.40 3.80 5.17

Cool wall Warm ceiling

Mock-up B (Halton) Room temperature 20 °C

24-mei Nozzle setting 1 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 °C PDft [% ] Wall 1 [°C] Wall 2 [°C] Wall 3 [°C] Wall 4 [°C] DELTAT PDra [% ] Floor [°C] Ceiling [°C] DELTAT PDra [% ]

Part 1 A/B -1.08 -0.73 -0.50 -1.22 -1.06 48.85 0.00 15.17 26.55 14.32 0.32 0.34 0.42 0.33 0.33 19.10 10.16 18.30 18.40 18.40 18.20 0.20 0.14 19.10 21.50 2.40 3.15

Part 2 A/B -1.12 -0.79 -0.55 -1.12 -1.28 52.76 0.00 20.06 17.57 24.14 0.26 0.41 0.38 0.40 0.41

Part 1 and 2 1-2 0.04 0.05 -0.10 0.22 -3.91 0.00 -4.89 8.98 -9.83 0.06 -0.07 0.04 -0.07 -0.09

Room temperature 20 °C

Nozzle setting 2 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5

Part 1 A/B -1.18 -0.84 -0.68 -1.35 -1.19 47.26 0.00 28.24 28.53 14.69 0.34 0.27 0.33 0.36 0.45

Part 2 A/B -1.10 -0.80 -0.71 -1.32 -1.13 51.35 0.00 38.21 31.29 12.97 0.28 0.30 0.29 0.22 0.47

Part 1 and 2 1-2 -0.08 0.03 -0.03 -0.06 -4.09 0.00 -9.97 -2.76 1.73 0.06 -0.02 0.04 0.14 -0.02

Cool wall Warm ceiling

Room temperature 24 °C

Nozzle setting 1 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 °C PDft [% ] Wall 1 [°C] Wall 2 [°C] Wall 3 [°C] Wall 4 [°C] DELTAT PDra [% ] Floor [°C] Ceiling [°C] DELTAT PDra [% ]

Part 1 A/B -0.17 -0.01 0.22 -0.30 -0.36 33.66 0.00 10.73 17.02 15.88 0.35 0.37 0.37 0.34 0.35 20.80 7.33 21.80 22.10 21.90 21.80 0.30 0.15 20.80 23.50 2.70 3.55

Part 2 A/B -0.16 0.04 0.24 -0.17 -0.31 34.93 0.00 13.19 14.95 15.66 0.33 0.35 0.39 1.33 0.39

Part 1 and 2 1-2 -0.01 -0.02 -0.13 -0.05 -1.26 0.00 -2.46 2.07 0.22 0.02 0.02 -0.03 -0.99 -0.04

Room temperature 24 °C

Nozzle setting 2 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5

Part 1 A/B -0.14 0.01 0.23 -0.23 -0.25 27.20 0.00 12.79 14.93 10.06 0.36 0.36 0.34 0.33 0.33

Part 2 A/B -0.12 0.09 0.28 -0.18 -0.25 34.33 0.00 11.62 18.13 13.61 0.28 0.29 0.35 0.73 0.39

Part 1 and 2 1-2 -0.01 -0.05 -0.06 0.00 -7.13 0.00 1.17 -3.20 -3.55 0.08 0.07 -0.01 -0.40 -0.06

Radiant asymmetry floor/ceiling PDra [% ]

Median PMV Draft rate DR [% ] Vertical temperature difference PDvg [% ]

Median PMV Draft rate DR [% ] Vertical temperature difference PDvg [% ] Floor temperature PDft [% ] Radiant asymmetry walls PDra [% ]

Radiant asymmetry floor/ceiling PDra [% ]

For part X A/B, the mean 

value of part A and B is 

taken

Note: velocity sensor 2 

was broken Median PMV Draft rate DR [% ] Vertical temperature difference PDvg [% ]

Median PMV Draft rate DR [% ] Vertical temperature difference PDvg [% ] Floor temperature PDft [% ] Radiant asymmetry walls PDra [% ]

Radiant asymmetry floor/ceiling PDra [% ]

For part X A/B, the mean 

value of part A and B is 

taken

Note: velocity sensor 2 

was broken Median PMV Draft rate DR [% ] Vertical temperature difference PDvg [% ] Radiant asymmetry floor/ceiling PDra [% ]

Median PMV Draft rate DR [% ] Vertical temperature difference PDvg [% ] Floor temperature PDft [% ] Radiant asymmetry walls PDra [% ]

Radiant asymmetry walls PDra [% ] Radiant asymmetry floor/ceiling PDra [% ]

For part X A/B, the mean 

value of part A and B is 

taken

Median PMV Draft rate DR [% ] Vertical temperature difference PDvg [% ] Floor temperature PDft [% ] Radiant asymmetry walls PDra [% ] Radiant asymmetry floor/ceiling PDra [% ]

For part X A/B, the mean 

value of part A and B is 

taken

Median PMV Draft rate DR [% ] Vertical temperature difference PDvg [% ] Floor temperature PDft [% ]

Radiant asymmetry floor/ceiling PDra [% ]Median PMV Draft rate DR [% ] Vertical temperature difference PDvg [% ] Floor temperature PDft [% ] Radiant asymmetry walls PDra [% ]

Cell is marked red when it exceeds the                    

thermal comfort category C limits

Cell is marked dark red when it exceeds                         

the -1.0>PMV>1.0

Number is colored red when there                               

was an error
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Table Q.9 Objective measurements results, averaged. ICMS 1 represents the position of a standing surgeon/surgeon assistant, ICMS 2 represents the position of a  

seated anesthetist/anesthesiology assistant, ICMS 3 represents the position of a standing instrument nurse and ICMS 4 and 5 represent the position of a seated and a standing circulator, respectively 

 
 

Hospital A (Opragon) Room temperature 19 °C

2-mrt ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 °C PDft [% ] Wall 1 [°C] Wall 2 [°C] Wall 3 [°C] Wall 4 [°C] DELTAT PDra [% ] Floor [°C] Ceiling [°C] DELTAT PDra [% ]

Part 1 A -1.18 -1.70 -0.70 -1.34 -1.43 35.70 38.83 4.60 7.83 13.57 0.29 0.31 0.62 0.54 0.49 22.10 6.02 22.40 22.80 23.00 22.70 0.60 0.17 22.10 23.50 1.40 1.94

B -1.23 -1.76 -0.73 -1.35 -1.48 38.28 39.19 6.27 7.34 13.71 0.28 0.32 0.65 0.53 0.49

Part 2 A -1.29 -1.74 -0.80 -1.35 -1.47 39.06 38.11 20.58 11.79 16.04 0.29 0.33 0.62 0.53 0.52

B -1.28 -1.74 -0.81 -1.30 -1.47 37.22 37.60 21.72 10.18 16.04 0.31 0.36 0.65 0.53 0.53

Part 3 A -1.30 -1.75 -0.78 -1.32 -1.49 41.11 39.26 15.56 9.08 18.00 0.31 0.35 0.64 0.52 0.53

B -1.28 -1.76 -0.80 -1.36 -1.47 40.98 38.27 19.74 11.72 18.32 0.31 0.35 0.65 0.51 0.53

Averaged all parts -1.26 -1.74 -0.77 -1.34 -1.47 38.73 38.54 14.75 9.66 15.95 0.30 0.34 0.64 0.53 0.51

Hospital B (UDF) Temperature (T1) 20 °C

28-mrt ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 °C PDft [% ] Wall 1 [°C] Wall 2 [°C] Wall 3 [°C] Wall 4 [°C] DELTAT PDra [% ] Floor [°C] Ceiling [°C] DELTAT PDra [% ]

Part 1 A -0.37 -0.86 -0.33 -0.86 -0.64 27.51 29.03 23.62 20.46 13.87 0.41 0.43 1.00 0.95 0.99 20.80 7.33 20.20 20.20 19.50 19.90 0.70 0.17 20.80 23.20 2.40 3.15

B -0.29 -0.83 -0.41 -0.93 -0.68 13.14 26.35 25.84 20.89 14.27 0.48 0.44 0.94 0.96 1.06

Part 2 A -0.19 -0.76 -0.37 -0.68 -0.67 11.74 28.88 24.23 14.03 17.44 0.49 0.35 0.70 0.87 0.87

B -0.16 -0.73 -0.34 -0.69 -0.70 18.88 28.07 24.66 15.83 21.48 0.56 0.37 0.74 0.94 0.93

Part 3 A -0.27 -0.83 -0.41 -0.83 -0.73 22.51 28.55 27.55 20.13 22.18 0.57 0.42 0.92 0.99 0.92

Averaged all parts -0.26 -0.80 -0.37 -0.80 -0.68 18.76 28.17 25.18 18.27 17.85 0.50 0.40 0.86 0.94 0.95

Temperature (T1) 18 °C

ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 °C PDft [% ] Wall 1 [°C] Wall 2 [°C] Wall 3 [°C] Wall 4 [°C] DELTAT PDra [% ] Floor [°C] Ceiling [°C] DELTAT PDra [% ]

Part 1 A -0.57 -1.25 -0.76 -1.33 -0.96 15.97 31.90 27.93 24.03 14.05 0.54 0.50 1.03 1.14 1.11 20.70 7.46 20.40 20.40 20.10 20.10 0.30 0.15 20.70 23.40 2.70 3.55

B -0.69 -1.33 -0.75 -1.34 -1.02 34.13 34.28 26.93 25.84 15.15 0.51 0.55 1.37 1.45 1.39

Part 2 A -0.64 -1.24 -0.83 -1.15 -1.20 22.53 31.33 28.74 18.78 26.93 0.61 0.42 0.99 1.22 1.06

B -0.61 -1.23 -0.84 -1.13 -1.14 25.91 31.18 32.77 18.87 23.80 0.63 0.40 0.91 1.22 1.14

Part 3 A -0.60 -1.23 -0.78 -1.23 -1.11 22.74 32.26 29.70 24.17 24.12 0.54 0.40 0.84 1.00 0.89

Averaged all parts -0.62 -1.26 -0.79 -1.24 -1.09 24.26 32.19 29.21 22.34 20.81 0.56 0.45 1.03 1.21 1.12

Mock-up A (Opragon) Room temperature 20 °C

16-mei Heating panels off ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 °C PDft [% ] Wall 1 [°C] Wall 2 [°C] Wall 3 [°C] Wall 4 [°C] DELTAT PDra [% ] Floor [°C] Ceiling [°C] DELTAT PDra [% ]

Part 1 A -1.23 -0.88 -0.78 -1.40 -1.32 44.00 0.00 28.79 21.31 28.36 0.33 0.45 0.37 0.36 0.32 18.60 11.22 19.00 19.10 19.40 19.20 0.40 0.15 18.60 18.20 0.40 0.01

B -1.24 -0.90 -0.75 -1.42 -1.32 38.34 0.00 20.67 20.08 20.34 0.32 0.46 0.37 0.37 0.31

Part 2 A -1.11 -0.79 -0.71 -1.26 -1.27 41.58 0.00 24.66 21.14 23.84 0.30 0.59 0.38 0.40 0.34

Averaged all parts -1.19 -0.86 -0.75 -1.36 -1.30 41.31 0.00 24.70 20.84 24.18 0.32 0.50 0.37 0.38 0.32

Room temperature 20 °C

Heating panels on ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 Floor [°C] Ceiling [°C] DELTAT PDra [% ]

Part 1 A -1.22 -0.85 -0.75 -1.39 -1.29 36.77 0.00 20.56 19.75 20.80 0.34 0.49 0.38 0.36 0.33 18.60 22.40 3.80 5.17

B -1.20 -0.79 -0.71 -1.35 -1.30 36.03 0.00 19.27 19.45 22.27 0.32 0.51 0.41 0.42 0.34

Averaged all parts -1.21 -0.82 -0.73 -1.37 -1.30 36.40 0.00 19.92 19.60 21.54 0.33 0.50 0.39 0.39 0.33

Mock-up B (Halton) Room temperature 20 °C

24-mei Nozzle setting 1 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 °C PDft [% ] Wall 1 [°C] Wall 2 [°C] Wall 3 [°C] Wall 4 [°C] DELTAT PDra [% ] Floor [°C] Ceiling [°C] DELTAT PDra [% ]

Part 1 A -1.05 -0.72 -0.49 -1.21 -1.06 48.62 0.00 14.86 27.64 15.72 0.32 0.33 0.41 0.32 0.31 19.10 10.16 18.30 18.40 18.40 18.20 0.20 0.14 19.10 21.50 2.40 3.15

B -1.10 -0.74 -0.50 -1.22 -1.05 49.09 0.00 15.49 25.46 12.91 0.32 0.35 0.43 0.34 0.35

Part 2 A -1.10 -0.78 -0.54 -1.13 -1.28 52.30 0.00 20.15 18.42 24.65 0.26 0.40 0.37 0.41 0.41

B -1.13 -0.79 -0.55 -1.10 -1.27 53.23 0.00 19.97 16.73 23.64 0.26 0.42 0.39 0.39 0.41

Averaged all parts -1.10 -0.76 -0.52 -1.17 -1.17 50.81 0.00 17.62 22.06 19.23 0.29 0.37 0.40 0.36 0.37

Room temperature 20 °C

Nozzle setting 2 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5

Part 1 A -1.13 -0.79 -0.61 -1.32 -1.14 48.03 0.00 26.84 28.20 15.47 0.35 0.29 0.34 0.37 0.46

B -1.23 -0.88 -0.74 -1.38 -1.24 46.48 0.00 29.63 28.87 13.92 0.34 0.26 0.33 0.35 0.44

Part 2 A -1.09 -0.78 -0.67 -1.31 -1.12 49.91 0.00 37.34 33.45 13.36 0.28 0.30 0.30 0.23 0.45

B -1.11 -0.81 -0.75 -1.33 -1.13 52.78 0.00 39.08 29.13 12.57 0.28 0.30 0.28 0.21 0.48

Averaged all parts -1.14 -0.82 -0.69 -1.34 -1.16 49.30 0.00 33.22 29.91 13.83 0.31 0.29 0.31 0.29 0.46

Room temperature 24 °C

Nozzle setting 1 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 °C PDft [% ] Wall 1 [°C] Wall 2 [°C] Wall 3 [°C] Wall 4 [°C] DELTAT PDra [% ] Floor [°C] Ceiling [°C] DELTAT PDra [% ]

Part 1 A -0.14 0.01 0.24 -0.27 -0.34 33.29 0.00 10.53 16.30 16.84 0.36 0.38 0.36 0.35 0.35 20.80 7.33 21.80 22.10 21.90 21.80 0.30 0.15 20.80 23.50 2.70 3.55

B -0.20 -0.03 0.19 -0.32 -0.37 34.04 0.00 10.93 17.75 14.92 0.35 0.35 0.38 0.34 0.35

Part 2 A -0.13 0.06 0.25 -0.15 -0.30 35.68 0.00 13.45 13.99 16.03 0.35 0.36 0.40 1.40 0.40

B -0.19 0.02 0.22 -0.18 -0.31 34.17 0.00 12.93 15.92 15.29 0.31 0.34 0.39 1.27 0.39

Averaged all parts -0.16 0.02 0.23 -0.23 -0.33 34.30 0.00 11.96 15.99 15.77 0.34 0.36 0.38 0.84 0.37

Room temperature 24 °C

Nozzle setting 2 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5 ICMS1 ICMS2 ICMS3 ICMS4 ICMS5

Part 1 A -0.15 -0.01 0.22 -0.24 -0.27 28.09 0.00 12.96 15.14 9.98 0.36 0.36 0.34 0.33 0.33

B -0.12 0.02 0.24 -0.22 -0.22 26.31 0.00 12.61 14.72 10.15 0.36 0.37 0.34 0.33 0.34

Part 2 A -0.16 0.06 0.26 -0.20 -0.29 34.63 0.00 10.31 18.54 13.31 0.28 0.30 0.35 0.72 0.39

B -0.09 0.12 0.30 -0.15 -0.20 34.03 0.00 12.93 17.71 13.92 0.29 0.28 0.35 0.73 0.39

Averaged all parts -0.13 0.05 0.25 -0.20 -0.25 30.77 0.00 12.20 16.53 11.84 0.32 0.33 0.34 0.53 0.36

Radiant asymmetry floor/ceiling PDra [% ]

Median PMV Draft rate DR [% ] Vertical temperature difference PDvg [% ]

Median PMV Draft rate DR [% ] Vertical temperature difference PDvg [% ] Floor temperature PDft [% ] Radiant asymmetry walls PDra [% ]

Radiant asymmetry floor/ceiling PDra [% ]

Median PMV Draft rate DR [% ] Vertical temperature difference PDvg [% ]

Median PMV Draft rate DR [% ] Vertical temperature difference PDvg [% ] Floor temperature PDft [% ] Radiant asymmetry walls PDra [% ]

Radiant asymmetry floor/ceiling PDra [% ]

Median PMV Draft rate DR [% ] Vertical temperature difference PDvg [% ] Radiant asymmetry floor/ceiling PDra [% ]

Median PMV Draft rate DR [% ] Vertical temperature difference PDvg [% ] Floor temperature PDft [% ] Radiant asymmetry walls PDra [% ]

Floor temperature PDft [% ] Radiant asymmetry walls PDra [% ] Radiant asymmetry floor/ceiling PDra [% ]

Median PMV Draft rate DR [% ] Vertical temperature difference PDvg [% ] Floor temperature PDft [% ] Radiant asymmetry walls PDra [% ] Radiant asymmetry floor/ceiling PDra [% ]

Median PMV Draft rate DR [% ] Vertical temperature difference PDvg [% ]

Floor temperature PDft [% ] Radiant asymmetry walls PDra [% ] Radiant asymmetry floor/ceiling PDra [% ]Median PMV Draft rate DR [% ] Vertical temperature difference PDvg [% ]

Cell is marked red when it exceeds the                    

thermal comfort category C limits

Cell is marked dark red when it exceeds                         

the -1.0>PMV>1.0

Number is colored red when there                               

was an error
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