
 

 

 

 

 

Towards a Performance Assessment Methodology 
using Computational Simulation for Air Distribution 

System Designs in Operating Rooms 

 

 

 

 

 

PROEFSCHRIFT 
 
 
 
 
 
 
 
 

ter verkrijging van de graad van doctor aan de 
Technische Universiteit Eindhoven, op gezag van de 
rector magnificus, prof.dr.ir. C.J. van Duijn, voor een 

commissie aangewezen door het College voor 
Promoties in het openbaar te verdedigen 
op dinsdag 19 Juni 2012 om 14.00 uur 

 

 

 

 

door 

 

 

 

 

 

Mônica do Amaral Melhado 

 

geboren te Novo Horizonte/SP, Brazilië 



 

 

ii 

 

 

Dit proefschrift is goedgekeurd door de promotoren:  
 
prof.dr.ir. J.L.M. Hensen 
en 
prof. R. Lamberts PhD MSc 
 
Copromotor: 
dr.ir. M.G.L.C. Loomans 
 
 
 
 
 
 



 

 

 

 

Towards a Performance Assessment Methodology 
using Computational Simulation for Air Distribution 

System Designs in Operating Rooms 

 

 

 

 



 

 

iv 

 

Samenstelling promotiecommissie: 
 
Rector Magnificus, voorzitter 
prof.dr.ir. J.L.M. Hensen, Technische Universiteit Eindhoven, promotor 
prof. R. Lamberts PhD MSc, Universidade Federal de Santa Catarina, promotor 
dr.ir. M.G.L.C. Loomans, Technische Universiteit Eindhoven, copromotor 
prof.dr. G. Walenkamp, Universiteit  Maastricht 
prof.ir. P. Luscuere, Technische Universiteit Delft  
prof.dr.ir. P.G.S. Rutten, Technische Universiteit Eindhoven 
prof.dr. H.S.M. Kort, Technische Universiteit Eindhoven 
 
 
 
 
 

This research has been financially supported by the European Union Alban 
Programme, ñAm®rica Latina Bolsas de Alto N²velò, and by the Brazilian scholarship 
CAPES, Coordenação de Aperfeiçoamento de Pessoal de Nível Superior. 

   

This research, publication, courses and conferences have been generously 
supported by the Building Physics and Services unit, Eindhoven University of 
Technology. 

 
 
 
 
 
 
 
A catalogue record is available from the Eindhoven University of Technology Library 
 
ISBN:   978-90-6814-648-6 
NUR:    955 
 
Cover design by Mônica A. Melhado and adapted by Jac de Kok 
Printed by the Eindhoven University Press, Eindhoven, The Netherlands 
Published as issue 167 in de Bouwstenen series of the faculty of Architecture, 
Building and Planning of the Eindhoven University of Technology 
 
 
© Mônica do Amaral Melhado, 2012 
All rights reserved. No part of this document may be photocopied, reproduced, 
stored, in a retrieval system, or transmitted, in any from or by any means whether, 
electronic, mechanical, or otherwise without the prior written permission of the author. 

http://www.tue.nl/
http://www.tue.nl/


 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To my parents



 

 

vi 

 

Acknowledgements 
 

This work could not have been completed without the support and help of many 
people, my family and my friends, for which I am eternally grateful. 

I am deeply grateful to my supervisor prof.dr.ir. Jan Hensen for the great opportunity 
to work with him and in his group in a friendly and cooperating research environment, 
for encourage me over the years, for his guidance and support, for sharing his 
knowledge and experience, for all the opportunities and for everything I have learned 
during this research.  I want to express my gratitude to prof.dr.ir. Roberto Lamberts, 
my second supervisor, who has assisted me and cooperated in the development of 
this work and for his support. My third supervisor, dr.ir. Marcel Loomans, I am 
sincerely grateful for his guidance and encouragement for my study over the years. 
Thank you very much for your dedication to this work, for reviewing this thesis and for 
sharing your knowledge and experience. It has been an honor to work with all of you. 
Special thanks also to Jan and Marcel´s families. 

Many sincere thanks are given to the members of the committee prof.dr.ir. P.G.S. 
Rutten, prof.ir. P. Luscuere, prof.dr. G. Walenkamp, and prof.dr. H.S.M. Kort , for 
being the examiner to this thesis, for their time and careful reading. 

I am deeply grateful to European Union Alban Programme, CAPES and Eindhoven 
University of Technology for the support and opportunity to develop this research. I 
am also thankful to all people, which were responsible for my scholarships in Alban 
and CAPES, in particular to Mrs. Vanda Lucena. 

My gratitude to prof.dr.ir. Josmar Davilson Pagliuso for his support and to be my tutor 
in CAPES. 

Special thanks to all BPS secretaries for their support and attention during this 
research, in special to Renee, Ann and Elle for always encourage me, for our chats 
and for their friendship. 

I am thankful to all staff members of the BPS Laboratory, Helpdesk Bouwkunde and 
Personnel. Special thanks to Jan Diepens, Harrie Smulders, and Kees Cools for the 
technical support, collaboration and attention over the years. 

I want to express my gratitude to all my English teachers and staff of the Center for 
Languages and Intercultural Communication at TU/e, for their support during this 
research and for everything I have learned with them. Special thanks to Lettie 
Werkman, who become a good friend, for giving me support over all these years and 
for having always a good word to encourage me in the difficult times. 

I thank to prof.dr. Peter A. Erkelens for his support, attention and for the opportunity 
to present some lectures in the series of building in foreign countries. 

Special thanks go to prof.dr. Luiz Fernando de Góes Siqueira, in memory, and 
prof.dr.ir. Paulo Otto Beyer, who guided me to the start of my academic career, 
always supportive and encouraging me since we first met. 

I am sincerely thankful to all professionals, hospitals and institutions that contributed 
to this research, for participating in the interviews and survey, for permitting the 
observations in operating rooms, for sharing their knowledge and experience, and for 
willingness in contributing to this research.  



 

 

 

 

I would like to thank prof. Kurt Hildebrand, ir. Arnold Brunner, prof.ir. Robert 
Meierhans, in memory, dr. Alois Schaelin, and ir. Dominique Helfenfinger for sharing 
their knowledge and experience with me and for their attention.  

My appreciation goes to many colleagues and industry partners for their support and 
feedback provided in our monthly Ph.D. progress meetings. 

I am very glad of the working time I shared with all the members of Computational 
Building Performance Simulation team at TU/e. I am very thankful to Azzedine, Bert, 
Bruno, Ery, Christian, Christina, Daniel, Gülsu, Luboġ, Ludek, Marija, Martin, Mickal, 
Milos, Mohammad, OndŚej, Peter-Jan, Petr, Robert, Roel, Rona, Wiebe and many 
others for their support and for their friendship. Thanks also go to Grazina, Cledi, 
Jakob, Silvia, Alexandre, Telma, Gustavo, Afshin, Fayez, Ton, Bert, Toine, Joost, 
Franchesco, Emile, Perica, Wim, Lisje, Cor Pernot, Philip Ham, Atze, Joke and 
Looneke, Erik, Oliver, Marloes, Anastasia, Zineb, Khristina and many others.  

Particularly, I would like to express my gratitude to Daniel for reviewing my thesis and 
for his support, especially in the last months of this research. I am also very thankful 
to Marija and Christian for their support and for reviewing the thesis in different 
stages of my research. 

This research would not have been possible without the support and the 
encouragements of my dear friends from the Netherlands and from Brazil, for which I 
am sincerely grateful. Particularly, I would like to thank to Adriana, Ana Cláudia, Ana 
Karla e Peter, Ana Rita e Martin, Ana Maria, Andréia, Carolina e Daniel, Christina, 
Christian and Cat, Claudia and Eddy, Cristine, Fábio, Fernanda e Marcio, Florian, 
Evandro, Gülsu and Timuçin, Gracilei, Helsie, Inara, Ioana and Gordon, Jef and 
family, Josicler, Larissa, Laurene, Luboġ and Katerina, Lucianas, Maisa, Malena, 
Maria José, Mariana, Marija and Nikola, Maristela, Mônica, Patrícia, Peter, Ping, 
Renata, Sara and Nils, Sartije, Silvinha, Saskia and Athon, Simone, Sing and family, 
Soney, Talia and Bas, Vincent and Zelinha. Special thanks and my deep gratitude to 
Ana Rita and Martin for sharing their home with me and for their fraternal care. I 
really enjoyed the time with you, Lucas and with your parents!  

Special thanks are given to Zilda Balero for encourage me to come to the 
Netherlands to develop this research, for her support before and during this research 
and for her friendship. 

I am very thankful to my families Amaral and Melhado for their encouragement and 
love, and for accepting the lack of time to some social contacts on my part.  I also 
want to express my gratitude to my cousin Vania, for visiting me in Eindhoven to see 
if I was doing well, for always supporting me and for reading this thesis.  

No words can express my gratitude to Ivanilda. Thank you very much for being part 
of our family, for your fraternal care and love, and for supporting and guiding me. 
Special thanks also to my dear friend Henrique. 

Last, but definitely not least, I would like to express my deep gratitude to my parents, 
my brothers, my sisters-in-law Ana Luiza e Daniela and my nephew Fellipe, for their 
unconditional love, care, encouragement and support. Alexandre, Marco Antônio and 
Fabrício, you are very special to me and I am proud to be your sister. Papai and 
Mamãe, to whom I dedicate this work, I am very thankful for your constant presence 
in my life, for your love, for all the opportunities and for everything I have learned with 
you. I love you all! 

 



 

 

viii 

 

Summary 

 

Towards a Performance Assessment Methodology using 
Computational Simulation for Air Distribution System Designs in ORs 

 

One of the important performance requirements for an air distribution system 
for an operating room (OR) is to provide good indoor environmental 
conditions in which to perform operations. Important conditions in this 
respect relate to the air quality and to the thermal conditions for the surgical 
team and the patient. Previous research has shown that some types of air 
distribution systems used in ORs may contribute to the reduction of surgical 
site infection (SSI). However, despite improved efficiency of air distribution 
systems, combined with new methods of infection control, technological 
developments in medical equipment and use of antibiotics, SSI is still a real 
risk and remains relatively high for certain types of surgery. One of the 
identified causes is inadequate performance of air distribution systems.  

Although various air distribution systems/strategies are available for 
application in ORs, no general assessment methodology is available to 
objectively compare different systems for a given design problem on the 
basis of identified performance indicators. This may result in the application 
of inadequately designed systems, affecting the health, safety and comfort of 
the patient and surgical team. 

The focus in this research, therefore, is on the design decision support 
information. The objective is to develop a methodology to support designers 
in the objective performance assessment of air distribution system designs 
for ORs, with a further focus on the application of computational simulation in 
this design assessment. To reach this goal, a number of measures were 
taken, briefly comprising of: extensive literature review; interviews with 
designers and hospital decision makers; observations in ORs; and a survey 
among experts in the field of heating, ventilation and air-conditioning (HVAC) 
and computational simulation. 

The Basis for the general research methodology applied in this work is the 
Design Research Methodology. The more specific methodology developed 
to assess air distribution systems combines the Performance Based 
approach with the Building Evaluation Domain Model. The latter method 
provides structure to the design problem by identifying different building 
levels and stakeholders. In this structure, the performance approach resulted 
in the definition of performance requirements and a listing of important 
performance indicators (mainly) related to the indoor air quality and thermal 
comfort in ORs. 

Computational simulation, such as building energy simulation, air flow 
network models and computational fluid dynamics,  coupled or stand-alone, 
are introduced and recognized for their potential to assess the performance 



 

 

 

 

of air distribution systems in the design phase. Their application in practice, 
however, is still limited. Within the context of the developed methodology, 
use of computational simulation is indispensable. Some significant barriers 
to the current use of computational simulation have been identified. 
However, research is still in the process of addressing these areas. 

Besides a listing of performance indicators with respect to air distribution 
systems for ORs, an evaluation procedure for deciding on the appropriate 
evaluation method to predict the performance indicators is proposed. The 
evaluation procedure comprises five steps. First, selection of the zones of 
interest to be evaluated (e.g., workstation, instrument table and breathing 
zone); Second, identification of the boundary conditions to calculate the 
performance indicators; Third, identification of the airflow dynamic in the 
zone(s) of interest; Four, sensitivity analysis to verify the accuracy of the 
evaluation method chosen; Finally, identification of the robustness of the 
design solution by performing uncertainty and parameter sensitivity analysis. 
Based on this analysis, the designer will be able to verify if the air distribution 
system design performs properly and meets the client´s needs. 

The final stage of this research consisted of verifying if the proposed 
approach realizes the intended objectives, and if the method can be used in 
practice. A survey among researchers with expertise in building HVAC 
systems and computational simulation was used as a means for this 
evaluation. The results of this initial investigation indicated a positive reaction 
towards the general set-up of the procedure and towards its principal ideas 
to arrive at a design support methodology with respect to the evaluation of 
air distribution systems for operating rooms.  However, the step between 
theory and practice still has a number of barriers. The complexity of the 
procedure, followed by resource constraints (time, knowledge and financial) 
were mentioned as barriers for its current complete application. The extent to 
which these barriers will prevent (or not) the use of the developed approach 
in practice should be explored. Options and directions for improvements are 
specified. The conclusions also indicate the need for further confirmation of 
the actual design improvement possible by applying the approach in a 
practical case.  
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1 
Introduction 

 

This chapter introduces the scope of this doctoral research. The goal of this 
research is to develop a methodology to support designers in the objective 
performance assessment of air distribution system designs for operating 
rooms through applying computational simulation in this design assessment. 
The chapter is organized in three sections. First, the context and relevance 
of the research is underlined by highlighting the critical conditions in which 
many hospitals around the world still operate [WHO, 2002]. The next 
sections describe the identified research questions and objectives. The 
information was collected by reviewing books, academic research and 
literature, and relates to the current knowledge available today in the field. 

 

 

1.1 Introduction 

This research investigates the performance assessment of air distribution 
system designs for operating rooms and the use of computational simulation 
supporting this assessment.  

Operating rooms are complex and dynamic environments. An impression of 
an operating room and of an air distribution system in an operating room is 
shown in Figure 1. 

 

   

Figure 1. Impression of an operating room (left) and an air distribution 
system in an operating room (right) 

Operating rooms require special attention in terms of the control of infection 
among patients and the surgical team. The risk of infection is present in all 
types of surgery. However, the vulnerability of the patient is particularly high 
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in some types of surgery (e.g. in orthopedic, implant, cardiovascular and in 
situations where the patient is immunocompromised). Total hip and knee 
arthroplasties are common procedures in orthopedic surgery. In fact, 
approximately one million total hip replacements are performed worldwide 
each year. One of the most devastating complications in such an operation 
is deep periprosthetic infection [Knobben 2006]. 

An infection can manifest itself in 30 days if no implant has been used, and 
can manifest after months or even years in case of an implant infection. 
These types of infections are known as surgical site infection (SSI) 
[Mangram et al., 1999; Gosden, MacGowan and Bannister, 1998].  
Historically, the incidence of SSI has been very high [Miller, Rahimi and Lee, 
2005]. Today, incidence rates of SSI have decreased significantly as a result 
of new methods of infection control, technological advances in medical 
equipment, improved efficiency of the air distribution systems, and the use of 
antibiotics. When all of these factors are combined, incidences of SSI are 
greatly reduced. However, SSI has not yet been successfully eliminated from 
hospitals. SSI rates for certain types of surgery remain relatively high and 
seem to correlate somewhat with the state of development of the country in 
which the hospitals operate. In Brazil, for example, one type of surgery 
resulted in 15% SSI rate, while in Europe and the USA the corresponding 
figure was 5% or lower [OSPA and OMS, 2001; PREZIES, 2004; and CDC 
and HICPAC, 2003]. 

Despite recent advances, SSI remains a real risk, and when it occurs the 
consequences can be serious. In particularly bad cases of SSI, treatment 
may consist of multiple operations, without the guarantee of a positive 
outcome and with the risk of negative outcomes including amputation or 
even worse. [Knobben, 2006] 

The main challenge in preventing SSI in operating rooms is the control of 
contaminants. It is imperative to prevent airborne transmission that can lead 
to the occurrence of an infection. Since air is an important transfer route, it is 
essential to maintain good indoor air quality in an operating room through 
control of contaminant release and transport. The importance of air as a 
means of transmission is brought into sharp focus by the estimate that for 
joint (orthopedic) surgery 98% of the bacteria found in the patientsô wounds 
comes directly (about 30%) or indirectly from the air [Whyte, Hodgson and 
Tinkler, 1982]. 

Since the nineteenth century it has been known that microorganisms can 
cause infections in operating rooms. Between the 1940s and 1960s studies 
found a relationship between airborne microorganisms and infections 
[Whyte, 1992]. [Lehto and Buck, 2008; and Kameel and Khalil, 2003; Lewis, 
1993] show that the air distribution system plays an important role in 
securing an adequate indoor air quality, minimizing the risks of SSI. 

Several air distribution system designs for use in operating rooms are 
available throughout the world. These systems differ in terms of cost, 
applicability, accessibility and other performance characteristics. However, 
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designing and selecting an air distribution system that is able to accomplish 
the required indoor air quality and other performance requirements for an 
operating room and fulfilling the needs of the client, is a great challenge for 
designers. 

Problems have been identified in operating rooms resulting from inadequate 
performance of air distribution systems, including increased risk of cross-
infection, thermal discomfort complaints and health problems of both the 
surgical team and the patient. [CDC, 2003; and Mora, 2001]  These 
problems often require remediative actions, which mean the hospital care 
incurs both direct and indirect costs. 

The direct costs involve the costs of diagnosis and treatment of the patient 
with SSI [Fernandes, 1998]. On average, treatment required 7.4 days. 
However, in some cases of orthopedic surgery a treatment period of up to 68 
days was required [Fernandes, 1998]. The scale of costs to deal with SSI in 
hospitals is high. Even in a well-developed country such as England, the 
cost of treatment of patients with SSI represents an extra cost of £1 billion 
per year to the health sector [Allen, 2000]. In the United States, the 
estimated cost per year spent treating hospital-acquired infections is U$ 30.5 
Billion. [McCaughey, 2008]  In addition, other intangible costs have to be 
considered, including the psychological reactions related to becoming 
infected and the associated pain and isolation [Haddix and Schaffer, 1996]. 

Furthermore, if mal-functioning in the performance of the air distribution 
system is identified when it is already in use, not only will the hospital incur a 
high financial cost in repairing the problem, it is likely that other associated 
costs will arise. For example, the cost of adjusting the existing air distribution 
system or purchasing a new air distribution system may be incurred. A 
recent study estimates that the extra cost for the hospital for treatment of an 
infection in case of orthopedic surgery is in the order of 20% of the costs for 
installing a new air distribution system [Knobben, 2006]. Thus, a correctly 
functioning airflow system is desirable from both a medical and economic 
perspective. 

Besides the patient, the indoor environment may affect the health and 
performance of the hospital staff. [Wu, 2011; Dascalaki et al., 2008] As a 
result, the hospital may have indirect costs arising from loss of productivity 
and absence from work if the indoor environment affects the health of the 
staff.  For example, in a study conducted in a Brazilian Hospital in 1998, the 
mean number of total lost working hours per month due to migraine, a 
common sick building symptom, was 6.5 hours. The annual extra cost for 
each employee mounted to more than US $7000 [Bigal et. al., 2001]. 

One way to tackle the above problems is to encourage and facilitate good 
practice during the design process. For that, it is essential that at the start of 
the design phase the performance requirements for the air distribution 
system are defined unambiguously and that they can be checked by an 
adequate and objective evaluation procedure during the design process [CIB 
2005]. In this assessment process, computational simulation may be used to 
check if the design meets the needs and expectations of the hospital and to 
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avoid possible failure in the concept. Afterwards, during the use phase, 
rigorous checks are required to determine if the performance goals have 
been achieved.  

Though not yet used universally [Spitler, 2006], computer simulation is seen 
by many as promising and a valuable evaluation method in the prediction 
and assessment of building and building products [Hensen and Lamberts, 
2011; Trcka and Hensen, 2010; and Malkawi and Augenbroe, 2003]. A 
recent overview of ventilation performance prediction models indicates that 
numerical models, specifically Computational Fluid Dynamics (CFD), have a 
significantly higher share in scientific journal publications as compared to 
publications on analytical and empirical models in this field [Chen, 2009], 
indicating its potential. Even coupling of CFD models to extend its 
capabilities even further is reported on more frequently than the more simple 
models. Under reference to design handbooks, design guidelines and 
product handbooks, the importance of empirical models over computational 
simulation in practice is however assumed by [Chen, 2009].  

Computer simulation nevertheless still has issues to be resolved. For 
example, validation remains a matter of concern and renders continuous 
efforts for improvement [Chen 2009]; and it is still common practice not to 
report confidence levels for simulation results [Hensen and Lamberts, 2011].  

On the other hand alternatives to computational simulation in the design 
phase often are limited if they go beyond traditional solutions, referring to 
empirical and experimental approaches. Furthermore, [Chen 2009] 
concludes that most of the CFD applications as reported on in literature, 
related to ventilation performance, were ñpractical and usefulò.  

With this in mind, the next sections specify the research questions and 
objectives for this research. Chapter 2 presents the research method applied 
to answer these questions. 

 

 

1.2 Research questions 

The fact that many have yet to adopt what seems to be a very useful 
evaluation method, specifically to further improve the performance of air 
distribution systems in operating rooms, suggests that there may be some 
serious barriers hindering its adoption. This research, therefore, will 
investigate three questions: 

Can computational simulation support the performance assessment of air 
distribution system designs for operating rooms? 

When does computational simulation play a significant role in the design 
assessment of air distribution systems for operating rooms? 

How can computational simulation support the performance assessment of 
air distribution system designs for operating rooms? 
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The first two questions are dealt with in the Descriptive Study I (Chapter 3). 
In the answers, among others, the functional requirements and state-of-the-
art solutions with respect to operating room air distribution systems are 
expanded on. The third question is answered in the Prescriptive Study 
(Chapter 4). The methodology applied in this work is explained in Chapter 2. 

 

 

1.3 Objectives 

The research questions listed above are addressed in this research in order 
to realize the following objectives: 

Provide a state-of-the-art picture of the different tools used in the design 
phase of air distribution systems in general and in operating rooms in 
particular. This will also allow the identification of gaps in the use of, and 
barriers hindering the use of, computational simulation, which could be 
addressed in the current research. 

Work towards a methodology for designers to objectively assess the 
performance of air distribution system designs for operating rooms, which 
includes the application of computational simulation. 

This developed methodology should provide a formalized procedure with 
steps that could be followed when evaluating the performance of an air 
distribution system design for the operating room, considering the different 
design phases and problem complexity level. The proposed methodology 
should also permit a comprehensive comparison and identification of the 
advantage and disadvantages of each air distribution system design, thus 
allowing a clear assessment of which system will best meet the clientôs 
needs.
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2 
Research Design and Methodology 

 

This chapter has two main goals: the first, in Section 2.1, is to introduce the 
research design for this project, which is based on Design Research 
Methodology (DRM); and the second, in Section 2.2, is to describe how the 
stages of DRM are applied in the current research and which methods are 
used during the different stages. 
 

 

2.1 Research design 

The overall goal of the present research is to provide a performance 
assessment methodology for air distribution system designs, in particular for 
use in operating rooms.  To reach this goal a variety of research steps and 
methodological tools need to be applied. In order to manage all of these 
steps and to develop the research in a systematic way, it is framed within a 
recently developed theoretical framework, Design Research Methodology 
(DRM) [Blessing and Chakrabarti, 2002]. DRM can be applied to research 
design phenomena and also, as in the present research, to develop design 
support. The DRM framework encourages a rigorous and systematic 
development of the research by framing it in separate research stages. An 
example application of DRM within the context of building design can be 
found in [Savanovic, 2009]. 

It is important to note that although DRM organizes the research into stages, 
the extent to which each stage is investigated and how the stages inform 
each other can vary depending on the particular project. In some cases it 
may not be necessary to include a particular stage, while in other cases it 
may be necessary to investigate different stages simultaneously. 
Furthermore, in many DRM applications some stages may (need to) be 
returned to more than once.  

Figure 2 provides a visualization of the DRM framework, which shows the 
individual stages in the central column. The arrows marked 2a and 2b 
indicate how the results of certain stages can be fed back into earlier stages. 
With this possibility DRM can be understood as an iterative research 
approach that allows the researcher to respond to the results of a given 
stage by reflecting on how to modify, supplement or optimize the research 
design. 
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Figure 2.  DRM framework [Blessing and Chakrabarti, 2002] 

 

The iterative possibilities inherent to the DRM framework allow for both 
coarse and fine grained research variations, which can be seen below in 
Figure 3. 

 

 

Figure 3. Variations within four DRM stages [Blessing and Chakrabarti, 
2002] 

As can be seen from Figure 3, DRM presents a problem-solution structure 
consisting of four parts: (1) research clarification presents the problem 
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formulation; (2) descriptive study I provides a demonstration of the problem 
in the status quo; (3) the prescriptive study offers a developed or proposed 
solution to the problem; (4) descriptive study II represents an evaluation of 
the developed solution. 

The research project follows the pattern shown in line 5, which represents a 
full research cycle including all four of the DRM stages. The detailed 
Descriptive Study I includes a literature review, interviews and observations 
in operating rooms. The Prescriptive Study is also detailed in order to arrive 
at the research objective. Descriptive Study II refers to the initial analysis of 
the developed approach, which was conducted via the use of a survey 
questionnaire. These research stages are further discussed in Section 2.2 
 

 
 

2.2 DRM stages and methods applied in the PhD research 

In brief, DRM can be seen as a problem-solution structure consisting of four 
parts: óResearch Clarificationô, óDescriptive Study Iô, Prescriptive Studyô and 
óDescriptive study IIô. Each DRM stage is described below, first in general 
terms and then specifically in terms of the current research, followed by an 
explanation of which methods were employed in each stage of the research. 

 

2.2.1 Research Clarification 

Research clarification is the first of the DRM stages, and as such aims to 
state aspects that will be focused on in the research project, the research 
question and/or hypothesis, and the research objectives. The goals of this 
stage are to focus Descriptive Study I, allowing further focus in the 
Prescriptive Study on the development of support for the key factors likely to 
affect the success. In turn, this provides focus for the criterion to judge the 
success of the research in Descriptive Study II.  

 

2.2.2 Descriptive Study I 

The main aims of this stage are to provide a detailed picture of the problem 
in the status quo, and to provide the foundations that would allow 
improvements to be made. This can be achieved by studying the problem 
and possible solutions directly and/or indirectly via a literature review. 
Essentially, descriptive studies seek to answer what, how, why and when 
type questions. 

In this research, Descriptive Study I demonstrates that an increased 
understanding of performance assessment of air distribution system designs 
of operating rooms is needed. This is demonstrated through a review of 
currently available evaluation methods and their use in the design process. 
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The results from this stage present the requirements and constraints to 
which the developed performance assessment methodology for design of air 
distribution systems for operating rooms should adhere. The data collected 
are reported in detail in Chapter 3. This investigation permitted the 
identification of important aspects and input data that should be included in 
the proposed performance assessment methodology of air distribution 
systems for operating rooms, which is presented in Chapter 4. 

 

2.2.2.1 Methods employed in Descriptive Study I 

For this DRM-stage a mixture of indirect and direct approaches were 
applied. The research questions were investigated and answered via a 
literature review, through interviews with designers and hospital decision 
makers and via observations in operating rooms. As this research is multi-
disciplinary, involving different fields of knowledge, in the literature review 
three fields were considered to be central: architecture, medical sciences 
and mechanical engineering. 

 

2.2.2.1.1 Literature review on assessment methods on OR air distribution system 

The literature review encompassed an evaluation of standards and 
guidelines from the USA, Europe and Brazil. The American and (a selection 
of) European standards and guidelines were chosen due to their relevance 
in the engineering field. These standards have been adopted for use in 
several countries. The Brazilian standard was chosen to broadly represent 
the status of current standards in developing countries. The collected 
information was important to understand the design problem and the current 
state of performance assessment of air distribution systems of operating 
rooms. It also helped to identify the barriers in the use of computational 
simulation in the design process, and therefore to identify gaps that could be 
filled. The interviews were necessary since some aspects were not 
discussed in the literature. They were also a useful tool to consolidate and 
verify the literature findings. 

 

2.2.2.1.2 Interviews with designers and decision makers 

The interview followed a qualitative approach since it permits the researcher 
to capture peopleôs opinions, feelings, practices and their experience 
[Wisker, 2001]. This insight was necessary to gain understanding of the 
thinking of stakeholders in the design and to identify key aspects of the 
design and decision process for the air distribution system in an operating 
room. In line with the goals of the research, a primary goal here was to 
investigate if/when/how computational simulation has been used in current 
practice. In an attempt to minimise both bias in the answers and risk to the 
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professional standing of the professionals involved, the interviews protected 
the anonymity of the interviewees. 

In the design process of air distribution systems for application in health care 
facilities, highly specialised knowledge is required from the designers. Within 
the Netherlands, where this research is based, there are relatively few 
workers in the field due to the relatively small population of the country. 
Therefore, the sample comprises three leading companies that design air 
distribution systems for health care facilities. Additionally, hospital managers 
and hospital project leaders were interviewed in three hospitals. Since the 
companies all work with various hospitals, a decision needed to be made 
about which hospital to use in this research. The criteria to choose the 
hospital to interview were: (1) the hospital should be multi-purpose, which 
means that any type of surgery could be performed; (2) the hospital manager 
and the hospital project leader, who participated in the project, still work at 
the hospital, and also that the people who participated in the design project 
still work at the company, and are thus available to interview; (3) preference 
would be given to the hospitals for which computational simulation was used 
to support the design decision; (4) preference would be given to hospitals 
that have operating rooms in the use phase. This would make it possible to 
verify if the air distribution system was performing according to the needs 
and expectations of the stakeholders (users and decision makers that 
participated in the project). 

Figure 4 presents a scheme of the sample. At the design companies (C), a 
limit of a maximum of six people was set for interview: three project leaders 
(PL) who deal with health care facilities and three specialists (S) in 
computational simulation. The number of interviewees, however, could be 
reduced if the companies could not cover the sample. The final number of 
interviewees in each company is described in the results, included in 
Appendices IV. Here PL should be understood as the person who first 
contacts the hospital, and is responsible for developing strong 
communication in order to ascertain the needs and expectations that will 
permit the feasible development of the conceptual design of the air 
distribution system; S should be understood as the person who makes the 
simulations to support the design process for these facilities, e.g., 
performance evaluation of the air distribution system design. 

Two other persons in the hospital (H) should be interviewed - the hospital 
manager (HM) and the hospital project leader (HPL), who participated in the 
decision process. The hospital project leader is usually also the mediator 
and helps with the communication between the designers (at the company) 
and the stakeholders (at the hospital). 
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C

PL1

PL2

PL3

S1

S2

S3

H

HM

HPL

 

Figure 4. Sample of the interviewees 

The semi-structured (also called mixture and open-ended) interview 
approach was chosen because it facilitates a conversation between 
interviewer and interviewee which is often very rich [Wisker, 2001]. A series 
of questions was asked and space was allowed for some divergence before 
returning to the structured interview questions. Four questionnaires were 
developed, one for each type of interviewee. The questionnaires were 
divided in two parts. The first part contained several questions that were 
asked by the interviewer, which developed into a conversation between the 
interviewer and the interviewee. The questions addressed the design 
process for the specific application and the use of computational simulation 
in this process. The second part allowed for feedback in a draft version of 
the performance assessment methodology for air distribution systems for 
operating rooms, as developed in the Prescriptive study. After a short 
explanation of the methodology, the interviewees were asked for their 
opinion on the methodology and if it would be useful for them. 

 

2.2.2.1.3 Observations of surgeries in ORs 

In addition to the literature review and interview, non-participating 
observations in operating rooms were carried out, which involved observing 
and recording the actions of others. A non-participating observation means 
that the researcher does not become involved in the activities of the 
operating room and should be as discreet as possible, without disturbing the 
occupants and their activities. In this type of methodology, the researcherôs 
experience and perception may influence the results. Therefore, in order to 
minimize this influence, an objective form was developed to collect 
information on the several aspects that were to be observed. The study was 
conducted in two parts: (1) Filling information on the form: e.g., type of 
surgery performed, the number of people present and their functions, the 
equipment used, the type and position of the air distribution system, and the 
position of surgical lights. In this form space was also given for 
sketches/pictures/diagrams to record the layout used during the surgeries. 
(2) Taking pictures: The pictures were used to support the observer in 
checking the position of the people during the surgery in relation to the air 
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distribution system. The observations were conducted to monitor the layout 
used during the surgeries, to investigate if the air distribution system had 
been used correctly by the surgical team, and to identify how computational 
simulation could be useful in addressing the use characteristics of air 
distribution systems in operating rooms.  A small sample of nine orthopaedic 
surgeries in one hospital was defined. 

 

2.2.3 Prescriptive Study 

Prescriptive Study, as part of DRM, consists of developing support in a 
systematic way that addresses those factors to which the improvements 
should be made. The support developed is based upon the findings of 
Descriptive Study I, from starting assumptions and from experience. 

The aim of the Prescriptive Study stage is to improve the performance 
assessment of air distribution system designs for operating rooms by 
proposing an initial approach to support designers. For the readerôs 
comprehension, this stage was divided in three parts: 

(1) First, it was assumed that existing performance assessment methods 
applied for buildings and building products could offer useful insights for the 
development of a general approach. The general approach developed is a 
method that can be applied for assessing the performance of buildings and 
building products. In this research the general performance assessment 
methodology was applied to operating room air distribution systems. It forms 
the basis for the development of the intended approach. 

(2) In part two, performance requirements and performance indicators that 
should be considered in the performance assessment of air distribution 
system designs in operating rooms were identified. 

(3) In part three, the information collected in Descriptive Study I, and part 
one and two of the Prescriptive Study were synthesized to produce a 
proposal for a performance assessment methodology for air distribution 
system designs for operating rooms. The evaluation of the developed 
solution is addressed in Descriptive Study II. 

The results of the Prescriptive Study are presented in Chapter 4. 

 

2.2.3.1 Methods employed in Prescriptive Study 

In the Prescriptive study, additional literature review was necessary in three 
specific fields: architecture, engineering and medical. In the architectural 
field, the review focused on performance assessment methods, while from 
the other two fields the main goal was to identify performance requirements 
and performance indicators related to operating room air distribution 
systems. The review of performance assessment methods allowed the 
identification of aspects that should be considered in the design process of 
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an air distribution system. Several currently available performance 
assessment methods were reviewed, and the methods that might accord 
with the goal set in this research were identified. The chosen method 
permitted the development of a general approach, which was further 
developed into a performance assessment methodology for air distribution 
system designs for operating rooms. 

 

2.2.4 Descriptive Study II 

The final stage, Descriptive Study II, is divided in two parts. 

Part 1 consisted of investigating which evaluation methods could be used to 
support designers in the performance assessment of air distribution systems 
for operating rooms in the view of experts. In this setting an inventory was 
made of performance requirements and performance indicators that experts 
judge important to consider in an assessment. The results of this 
investigation were fed back into Descriptive Study I and subsequently into 
Prescriptive Study. 

Part 2 is used to verify if the proposed approach realizes the intended 
objectives and under which conditions the method can be used in practice. 
Ideally, a detailed test of the developed approach shall use simulation and 
experiments for a realistic case of an operating room. It should take into 
account all the provided steps in the evaluation procedure. However, such 
an evaluation, due to the complexity, would encompass an extended time-
frame and the participation of many people of different expertise (e.g., 
epidemiological and engineering experts). 

More importantly for present purposes, however, the resources required for 
this level of evaluation are beyond the reach of this work. Therefore, in this 
research an initial evaluation has been performed. The complete validation 
of the approach remains open for future work. 

The initial evaluation as part of the Descriptive Study II was performed 
through a questionnaire provided to international experts in the field of both 
design of operating room ventilation systems and in computational 
simulation.  The information collected in this stage allowed an assessment of 
whether the purpose of the approach was met, and to identify barriers and 
aspects that can be improved in the methodology in order to be adopted by 
designers in practices. 

 

2.2.4.1 Methods employed in the interviews with experts in HVAC and 
simulation 

The applicability of the developed approach and the identification of 
performance aspects that should be considered in the design process were 
investigated using a survey. An online survey was used to avoid the risk of 
interpreting behavior that could influence the interviewee and to facilitate the 
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interview of participants in different countries. A common problem in surveys 
is the low response of participants; therefore, to minimize error and 
maximize response rate, interviewees were contacted in advance to secure 
their cooperation and, when necessary, to remind them about the deadline in 
a later e-mail. Additionally, in an attempt to minimise both bias in the 
answers and risk to the professional standing of the professionals involved, 
the anonymity of the interviewees was protected. 

A cross-section design was applied in the survey. The data collected in this 
design refers to a specific group at one point in time. This means that the 
interviewees should consider the current knowledge in terms of performance 
assessment of air distribution system design for operating rooms. 

The definition of the target population was based on the theory of ódiffusion 
of innovationô, theorized by [Rogers, 2003]. Rogers indicates that a new idea 
is only adopted and diffused in practice when it has been previously adopted 
by innovators. Rogers explains that innovators are able to see the perceived 
characteristics in an innovation, to understand and apply complex technical 
knowledge, and to deal with a high degree of uncertainty about the 
innovation adopted. Applying this theory to this research, innovators would 
refer to researchers, who present high knowledge in heating, ventilation and 
air-conditioning (HVAC) and computational simulation. The sample 
comprises of seven experts with high knowledge in both fields. 

In the questionnaire, closed questions and open-ended questions were 
defined. Most of the questions are closed, with a set of response choices. In 
some closed questions there was space for comments. The open-ended 
questions contained set questions with a blank area, where participants 
were able to offer a free response. The open-ended questions were included 
in this investigation to get participantsô opinions about some topics which 
could not be reached with the closed questions. The data collected in the 
survey is qualitative. 

A copy of the internet survey questionnaire is enclosed in Appendices VI. 
The results of the survey, as part of the Descriptive Study II, are reported 
and discussed in Chapter 5. 
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3 
Descriptive Study I 

 

Chapter 3 covers the main aims of Descriptive Study I, and as such is 
divided in three sections: 

First, in Section 3.1, the aim was to identify the current use of air distribution 
system designs in operating rooms, and to establish why and when they 
have been used. To achieve this, a global review was performed of air 
distribution system designs for operating rooms and for the tools that have 
been used to support the design process. The investigation was done by 
conducting a literature review. 

In Section 3.2, in order to establish minimum requirements and other 
aspects that the air distribution system should adhere to during the use 
phase, which also should be taken into account in the design process of air 
distribution systems, a review of standards and guidelines from different 
countries is presented. 

In Section 3.3, the evaluation methods that have been used to evaluate the 
performance of air distribution system designs are presented. More details 
will be provided regarding the application of computational simulation in the 
design of air distribution systems. An overview of critical barriers for the use 
of computational simulation supporting this assessment is also presented. 
The investigation was done by conducting a literature review. 

As part of this section, the results of a survey on evaluation methods used in 
the performance assessment of air distribution systems for operating rooms 
is reported. The interviewees possess extensive knowledge in HVAC and 
computational simulation. Other details on the method applied in this survey, 
are described in Chapter 2. 

Section 3.4 aims to provide a clearer picture of the design and use phases of 
the air distribution systems for operating rooms in practice in the 
Netherlands. It presents results from interviews with designers at companies 
and decision makers at the hospital to identify evaluation methods currently 
used to support the assessment and choice of the air distribution system 
design. It, furthermore, reports on the use phase of an air distribution system 
design in an operating room through a series of observations in the 
operating room under real operating conditions. 

Section 3.5 concludes on the key findings from Chapter 3 that feed into the 
Prescriptive Study. 
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3.1 Air distribution systems used in ORs 

Air distribution systems need to secure a good indoor air quality in operating 
rooms, minimize the risk of surgical site infections, and establish suitable 
working conditions for the surgical team through the thermal comfort. 
Designing and selecting systems that are able to meet the needs of the 
client is a great challenge for designers and decision makers. 

The literature review aims to provide an overview of the available air 
distribution system designs used worldwide in operating rooms, to 
understand the implications of use each system, and what aspects have 
been considered in the design process of such systems. It does not attempt 
to indicate the frequency of use of different systems in different countries. 

The literature review set out to answer the following two questions: 

(1) What types of air distribution systems set-ups in operating rooms have 
been reported in literature, and how effective have the air distribution system 
strategies been evaluated? 

(1A) Have any of these evaluations exploited computer simulation, and if not 
what method did they use? 

(2) What performance aspects have been covered in the literature? 

The answer to the first question wants to give a picture of what system set-
ups have currently been developed and evaluated, and what methods have 
been used to perform their evaluations. This information was used to identify 
limitations of current performance assessment methods, which could be 
improved upon in the methodology developed in this research. The specific 
interest in the application of computer simulation results from the position 
taken in this research. The answer to the second question indicates the 
applied performance indicators and evaluation criteria as part of the 
assessment. 

More detailed information on the air distribution systems identified is 
presented in Appendices I. A summary of these main results is presented in 
Table 1. 
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Table 1. Overview of air distribution systems used in ORs (Note: N/A - 
not available) 

Air distribution 
systems 

Advantages Disadvantages References    

Laminar    
Airflow (LAF) 

 Reduces 
contamination level in 
the operating area  in 

ORs 
 
 

Has potential to 
protect the patient 

¶ Can be disrupted, e.g., by 
surgical light (vertical syst.) 

and by Staff (horizontal 
syst.) 

¶ Requires high 

installation and running cost 

¶ Requires large space 

for installation 

¶ Results in increased 

particle dispersion due to 
"air shower" over the head 
and upper body part 

Loomans et al., 
2008; Memarzadeh 
& Manning, 2002; 

Friberg, 2002;  
Dharan & Pittet, 

2002; Friberg, 1998;   

Lidwell et al., 1983; 
Lidwell et al., 1982  

 

Mixing 

Provides uniform 

conditions  
in the room 

¶ Results in increased 

risk for joint sepsis  

¶ Does not provide an 

aseptic environment 

Memarzadeh & 
Manning, 2002; 

Awbi, 1991;      
Lidwell et al., 1983; 
Lidwell et al., 1982 

Laminar with 
air curtain 

Provides a barrier 

protecting 
 the clean zone 

Presents high installation 
and running cost 

Swift et al., 2007; 
Cook and Int-Hout, 

2007;Melhado,2003
; Memarzadeh and 

Manning, 2002 

Laminar +  
body exhaust 

suit  

¶ Reduces the  

contamination level 
due to source control 

¶ Has significant 
impact on  SSI 

Reduces comfort, mobility 
and flexibility of operating 

team 

Friberg , 1998; 
Technology 

Assessment Team, 

1997; Lidwell, 1982 

Mixing + Mobile 
laminar screen 

Reduces particle 
concentration locally,  
achieving same level 

of ultra-clean LAF 

N/A 
Friberg et al., 2003; 
Friberg et al., 2002 

Green house +        
body exh. suit 

Reduces significantly 
the deep incision SSI 

N/A 
Walenkamp, 2002 
(literature review) 

Floormaster 
(upward 

displacement) 

Improves the thermal 
comfort; reduces 

gases concentration 

in the workstation 

Results in increased particle 
concentration and            

risk of SSI 

Memarzadeh & 
Manning, 2002; 

Friberg et al., 1996 
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Table 2. Overview of air distribution system performance assessment 
in ORs (Note: N/A - not available) 
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1997 (via literature 
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3.1.1 Advantages and disadvantages of using each system 

The review of air distribution system types and configurations indicated that 
of all system designs identified, vertical laminar airflow (LAF) systems, and 
some types of systems that combine laminar airflow, are reported to lead to 
better results in general in terms of infection control. However, although 
literature presented positive results, the results themselves were often not 
discussed or described in detail regarding the system characteristics (e.g., 
dimensions). Conditions for correct use of the systems were largely absent.  

Additionally, although there was agreement in most references on the 
relative effectiveness of laminar airflow systems, there was at least one 
instance [Brandt et al., 2008] where differing conclusions were drawn about 
the same air distribution system used within the same type of surgery. In 
addition, it was verified that the methodology and evaluation procedure used 
in the reviewed studies tended to differ significantly. Though generally 
experimental methods were used, the lack of a universal evaluation 
procedure, which permits critical comparisons of different types of system, 
makes it difficult to determine which system is best for which purpose(s). 
This kind of evaluation and comparison of different air distribution system 
designs, for different types of surgery is a fundamental step in the design 
process in order to determine the design that will best meet the needs and 
expectations of the client. 

Few articles were found reporting the use of the mixing system in operating 
rooms. The studies that were identified indicate that a mixing system may 
increase the risk of cross-infection compared to laminar downflow systems. 
In some types of surgery, for example, in septic surgeries, mixing systems 
may have potential. 

A mixing system combined with a mobile laminar airflow screen is another 
system design that deserves attention and further investigation. This 
combined alternative presents lower costs compared with other air 
distribution systems and was reported to be as efficient as the laminar 
airflow system by some authors [e.g. Friberg, 2003; and Friberg et al., 2002]. 

  

3.1.2 Evaluation methods exploited in the review studies 

In terms of the evaluation methods exploited in the reviewed documents, 
most of the studies used experiments, while few exploited computer 
simulation in the assessment of an air distribution system set-up in operating 
rooms. Therefore, another review of new literature was necessary to identify 
the current evaluation methods and to investigate when computational 
simulation could support the assessment of air distribution system designs 
for operating rooms. The results of this new review are discussed in Section 
3.3. 
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3.1.3 Performance aspects and zones of interest 

The effectiveness of the air distribution systems presented in this section 
was evaluated in the literature almost exclusively in terms of infection 
control, while few references were made to the thermal conditions of the 
occupants. The performance requirements covered within the literature were 
ñindoor air quality (IAQ)ò and ñthermal comfortò. 

IAQ was associated with the safety of the patient and of the surgical team. 
Referred performance indicators included: air temperature, relative humidity, 
concentration and distribution of contaminants. In the evaluation of these 
performance indicators, different zones of interest were identified: total room, 
occupied zones and critical zones (e.g. instrument table and wound area). 

With respect to thermal comfort two performance indicators were identified: 
Predicted Mean Vote (PMV (reference ISO 7730)) and the air velocity near 
the patient minimizing the risk of the patient from becoming hypothermic. 

No reference was made to other performance indicators. It is concluded that, 
at least, these aspects are important for designers and stakeholders at the 
hospital, and should be included in any performance assessment of air 
distribution system designs of operating rooms aimed for use in practice. 

 

3.1.4 Impact of the air distribution system designs in ORs 

The main conclusions regarding the overview of existing air distribution 
systems, which are used as input into the Prescriptive Study or form the 
basis for obtaining additional information, are: 

¶ Several type of systems have been identified of which LAF type of 
systems have had most attention and are regarded most promising with 
respect to its effect on patient protection. Alternative systems are still 
developed. 

¶ No universal evaluation procedure has been applied in the investigated 
studies. Therefore, critical comparison of different types of systems is 
difficult. 

¶ A limited number of performance indicators was identified to rate the 
systems, though major requirements such as IAQ and thermal comfort 
were covered. 

¶ In some assessments distinction was made in zones of interest within 
the operating room; acknowledging the difference in conditions possible 
within an operating room. 

¶ Most system evaluation studies applied experiments. In this review, only 
a few studies exploited computational simulation. To answer whether 
computational simulation can support the performance assessment of air 
distribution system designs for operating rooms further literature was 
reviewed. These results are discussed in Section 3.3. 
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3.2 Overview of standards and guidelines used to support 
designers 

Special literature, such as standards and guidelines, are used to support 
designers during the design process of air distribution systems of operating 
rooms. The use of standards and guidelines is common practice in the 
process and is, in some countries mandatory. A variety of such 
documentation was reviewed in order to understand in which way these 
documents support the design of air distribution systems for operating rooms 
and to identify the level of detail provided by them. 

Eight standards and guidelines, gathered from Europe (VDI 2167, 2007, 
DGKH, 2002; and CBZ, 2004), Brazil (ABNT-NBR 7256, 1982), and USA 
(ASHRAE, 2008; ASHRAE, 2003; AIA, 2001; and CDC and HICPAC, 2003) 
were reviewed. Other literature was also reviewed and included in this 
section to clarify some aspects discussed in the standards and guideline, 
and to support the discussion. 

 

3.2.1 Results and discussion of standards and guidelines 

Summaries of the reviewed standards and guidelines are included in 
Appendices II. Table 3 summarizes, in no particular order, the main 
information as presented in these standards with respect to the performance 
requirements. Some of the documents also provide information that could 
support the design of air distribution systems. 
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Table 3. Standards and Guidelines reviewed (in no particular order).  
Note: N/A - not available 

Standards
Operating Room 

Classification
Temperature

Relative 

Humidity

Minimum Filtration 

(Efficiency%)

Air Velocity / 

Turbulence

Class 1a (e.g., burn, 

implant, orthopaedic,  

cardiovascular and 

neurological surgeries)

Class 1b (surgeries with 

low germ concentration 

in the air)

CBZ, 2004 N/A 21ºC ±0.3K N/A

40-60% (F5);          

80-90% (F7); and 

99.95% (H13)

0.24-0.30 m/s

DGKH, 2002 N/A
18-24ºC; 27ºC 

(Paediatric)
<50%

85%;                   

99.95-99.995%

Low turbulence of 

less than 5%

Risk level 3 ( very high 

risk surgeries, e.g., 

implant, orthopaedic and 

cardiovascular 

surgeries)

 80-90% (G3);         

80-90% (F7);   

99.97% HEPA (A3)

Risk level 2 (high risk 

surgeries, e.g., 

abdominal surgery)

 80-90% (G3);         

90-95% (G8)

Risk level 1 (Caesarean)
80-90% *G3);         

90-95% (F8)

Class A (minor surgical 

procedures)
21-24 30-60%

50-70% (MERV 7) 

optional ; and     

85% (MERV 13) - 

additional pre-filter 

can be used

N/A

Class B (minor and 

major surgical 

procedures)

Class C (major 

procedures)

HVAC Design 

Manual for 

Hospitals and 

Clinicsô 

(ASHRAE, 2003)

N/A

20-23.9°C; 

around 30°C 

(peadiatric 

surgery)

30-60%

95% (MERV 14-15);    

95% (MERV 15);    

HEPA (critical 

surgeries and 

recirculating system)

0.25 m/s

AIA, 2001 N/A 20.0ï23ÁC30-60% N/A N/A

CDC and 

HICPAC, 2003
N/A 20-23°C 30-60% N/A N/A

ASHRAE, 2008 

(Standard 170)
50-70% (MERV 7); 

and  >90% (MERV 

14); HEPA 

(recirculating 

system)

30-60%20-24

45-55%18-22°C

127-178 L/s/m2

VDI 2167, 2007
1

NBR 7256, 2005

22ºC < ±0.3K 30-50%

40-60% (F5) and 80-

90% (F7) in the air 

handling unit ;  

terminal filter HEPA 

(99.97%); and 80-

90% (heat recovery)

Low turbulence

0.24-0.30 m/s; 

>0.20 m/s (at a 

single measuring

point)

 
    1

Note: parts of VDI 2167, 2007 have been incorporated in DIN 1946-4, 2008. 
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Table 4. (continuedé) Note: N/A - not available; P ï positive 

Standards
Operating Room 

Classification
Pressure

Pressure 

Difference 

(min. +)

Outdoor 

ACH
Total ACH

Air Distribution 

System

Class 1a (e.g., burn, 

implant, orthopaedic,  

cardiovascular and 

neurological surgeries)

Unilateral Flow - 

vertical (~9 m2)

Class 1b (surgeries with 

low germ concentration 

in the air)

"smaller difuser 

may be used"

CBZ, 2004 N/A N/A N/A N/A N/A
Laminar downflow 

plenum (8-9 m2)

DGKH, 2002 N/A N/A N/A
800-1200 

m3/h
N/A N/A

Risk level 3 ( very high 

risk surgeries, e.g., 

implant, orthopaedic and 

cardiovascular 

surgeries)

N/A

Risk level 2 (high risk 

surgeries, e.g., 

abdominal surgery)

N/A

Risk level 1 (Caesarean) N/A

Class A (minor surgical 

procedures)

P (note: 

pressure need 

not be kept 

when the room 

is unoccupied)

2.5 Pa 3 15 N/A

Class B (minor and 

major surgical 

procedures)

Class C (major 

procedures)

HVAC Design 

Manual for 

Hospitals and 

Clinicsô 

(ASHRAE, 2003)

N/A P 2.5 - 7.5 Pa 5 25
Unidirectional 

laminar flow

AIA, 2001 N/A P 2.5 Pa 3 15 N/A

CDC and 

HICPAC, 2003
N/A P N/A Ó 3 15 N/A

N/A

20

75 m3/h(m2)  

NOTE: reduce 

50% if the OR 

is used               

24 h/day

P

N/A

Unidirectional 

downward        

(diffuser should be 

concentrated to 

provide an airflow 

over the patient 

and surgical team)

2.5 Pa

2.5 Pa
15 

m3/h(m2)

ASHRAE, 2008 

(Standard 170)

P 4

N/AVDI 2167, 2007
1

NBR 7256, 2005

800-1200 

m3/h

 

 

The next sections discuss different aspects of Table 3 and Table 4 focusing 
on their impact on the development of the methodology for the performance 
assessment of operating rooms. 
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3.2.1.1 Classification of ORs 

Some standards classify the operating room according to the type and 
complexity of surgery and differentiate in the requirements. Others make no 
distinction between different types of surgery. 

 

3.2.1.2 Air temperature and relative humidity 

In terms of the recommended environment temperature in operating rooms, 
a wide range is found from a minimum of 18ºC to a maximum 24ºC. 
Although ASHRAE, 2003 recommends temperature between 20-23.9ºC, this 
standard found that some surgeons request different temperatures during 
the surgery (e.g., 15.6-25.6ºC in cardiac surgeries). It was also discussed in 
this standard that, in line with DGKH, 2002, a higher temperature should be 
established in special situations in some pediatric surgery. 

The low range temperature as suggested in some standards and guidelines, 
or requested by the surgical team can result in óthermal risksô for the patient. 
To prevent hypothermia in the patient a high ambient temperature in the 
operating room is recommended. For example, [Johnston and Hunter, 1984] 
suggest that a temperature between 24ºC and 26ºC is suitable, while 
temperatures below 21ºC put the patient at risk of becoming hypothermic. 
On the other hand, these higher temperatures may result in thermal 
discomfort for the surgical team. [Leslie and Sessler, 2003] note that a 
temperature above 23ºC is usually intolerable for the surgical team. 
[Johnston and Hunter, 1984] recommend a temperature in the operating 
room of between 20ºC and 22ºC for the surgical team, while [Olesen and 
Bovenzi, 1985] recommend 23-24.5ºC for the anesthesiologist, 22-24.5ºC for 
nurses, and 19ºC for the surgeon. A temperature for the auxiliary nurse was 
not recommended. However they would occupy the same zone as the 
surgeon. 

The recommended relative humidity levels range from 30% to 60%. Very low 
and too higher levels refer to conditions for microorganisms growth, which is 
related upon their nature (bacteria, virus, fungi) [ASHRAE, 2003]. It was 
found that the incidence of infections is lower in a range of 40-70% 
[ASHRAE, 2003]. High relative humidity may also refer to thermal comfort 
conditions for the staff. In that context, the lower level may be experienced 
as uncomfortable by part of the, i.e. through the sensation of dryness and 
irritation of skin and mucous membrane [EUR 14449, 1992]. 

 

3.2.1.3 Air velocity 

Air velocity requirements, when addressing LAF system type of solutions are 
between a minimum of 0.2 m/s and a maximum of 0.3 m/s. These 
requirements combine functional aspects with respect to the minimum 
required velocity for correct functioning of the downflow system and 
maximum velocities with respect to arriving at near laminar flow conditions 
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and thermal comfort requirements for the staff working under such a system 
[Ham 2002]. 

 

3.2.1.4 Filtering 

High-Efficiency Particulate Air (HEPA) terminal filters are recommended in 
most of the reviewed standards when the system is used for high risk 
surgeries such as orthopedic, implant and cardiac. For this and other types 
of surgery different terminology (e.g. Class 1a, Risk level 3 and Class I) is 
used in the standards. Slightly varying requirements on filtrations are 
included for the different types identified. 

 

3.2.1.5 Pressure 

The reviewed documents provide information on pressure hierarchy in an 
operating department. They indicate the operating room as one of the most 
clean areas in an operating department and set requirements on presence of 
such a hierarchy, generally complemented with minimal requirements on the 
established pressure difference, e.g., 2.5 Pa (in NBR 7256, 2005; ASHRAE, 
2008; and AIA, 2001) and a range from 2.5 Pa to 7.5 Pa (in ASHRAE, 2003). 

 

3.2.1.6 Air supply 

Varying requirements are found in the different standards and guidelines in 
terms of minimum required outdoor airflow rates. Generally high total air 
change rates are required when compared to other type of building 
functions. The large flow rates identified relate directly to the requirements 
set on the applied air distribution system and required supply conditions. 

 

3.2.1.7 Air distribution system 

The type of air distribution system is not addressed in all of the standards 
and guidelines. Three guidelines (VDI, DGKH and CBZ) and one standard 
(ASHRAE 2008 - Standard 170) recommend vertical Laminar Airflow system 
for aseptic surgeries, all recommending very similar dimensions. ASHRAE, 
2003 recommends the use of unidirectional laminar flow systems for 
orthopedic surgeries and point out that this system can be either vertical or 
horizontal. A smaller laminar airflow system, or a non-laminar airflow are 
recommended for septic surgeries and delivery rooms. In this case, 
however, no dimension or description of the system was provided. 
Prescription of the air distribution system to be applied can be regarded as 
limiting the introduction of innovative systems. 
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3.2.1.8 Zoning in the operating room 

The majority of the documents provide information for the operating room as 
a whole, while three other guidelines (VDI, DGKH and CBZ) also point out 
the importance of a minimum required protection level at the instrument table 
and operating table. 

 

3.2.1.9 Using standards and guidelines from another country 

Some countries have their own standards and just assume the values 
recommended by the local authorities, while others use standards and 
guidelines from another country. The review identified that the ASHRAE 
standards have been used in other countries as is the case for Brazil. The 
German and Swiss standards have been used alongside additional 
standards as a reference in some countries in Europe, for example, in the 
Netherlands, France and the Czech Republic. The advantage of using 
standards from another country is an easy access to documents that may 
help to ensure an appropriate design with respect to IAQ. The alignment of 
these standards with local practice and reality is an issue that remains to be 
assured. 

 

 

3.2.2 Impact of standards and guidelines for the assessment of 
performance in ORs 

In general, the majority of reviewed standards do not provide much 
information to support the design process of air distribution systems in the 
design phase. Some standards do imply the application of LAF-systems. 

The majority of the standards identify performance requirements related to 
the indoor air quality, while VDI 2167, 2007, DGKH, 2002 and the ASHRAE, 
2003 also discuss the importance of the thermal comfort in operating rooms. 
VDI 2167 describes a relative detailed evaluation procedure of the applied 
system for the use phase. This procedure has also been taken up by some 
researchers to evaluate an air distribution system design with the help of 
computational simulation. In terms of information on how to assess the 
performance of an air distribution system in the design process no further 
details were found in the reviewed documents. 

Use of computation simulation in the design phase by using CFD in 
conjunction with measurements is mentioned in ASHRAE, 2003 and CBZ, 
2004. However, little details on the evaluation procedure are provided. 
Therefore, further investigation is necessary on these topics. 

The main conclusions as derived from this review that are used as input into 
the Prescriptive Study or form the basis for obtaining additional information 
are: 
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¶ Relatively large ranges between the most and least strict target values 
for temperature and relative humidity can be found in most standards 
and guidelines. Optimal values should link to the specific use of the 
operating room. In terms of thermal comfort in the performance 
requirements should also include differences in the needs of different 
stakeholders, such as surgeon, patient, staff, etc; 

¶ Pressure hierarchy is required by the reviewed standards and 
guidelines, addressing the operating room as part of the operating 
department; 

¶ Several standards and guideline focus on typical design solutions and 
in that sense can be regarded as prescriptive and as limiting innovation 
and adaptation to developments in the medical field; 

¶ Standards find application in different countries than their country of 
origin. Applicability and adaptability to local conditions however remains 
to be assured. 

 

 

3.3 Overview of evaluation method currently used to assess the 
performance of air distribution systems 

In the previous sections, the importance of evaluating the performance of air 
distribution system designs was indicated, as well as the need for further 
investigation of evaluation methods that may support the performance 
assessment. 

This section therefore discusses existing alternative methods to evaluate the 
performance of air distribution systems in the design phase. It is split up in 
two major methods; experimental and computational simulation. The latter 
method includes a short discussion on simplified calculation methods 
available, details on the available simulation techniques are not discussed. 
The purpose was to investigate if, when and how computational simulation 
can support the design of air distribution systems for operating rooms. The 
information was collected by reviewing books, guidelines, academic 
research and literature. An overview of the advantages and disadvantages 
as derived is provided in Table 5. Some further discussion is provided below. 
In addition survey results from a small group of experts in the field of HVAC 
and computational are presented. 
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Table 5. Overview of evaluation methods used to assess the 
performance of air distribution systems 

Evaluation  
Methods 

Advantages/Applicabilities Disadvantages 

E
x
p
e
ri
m

e
n

ts
 

(R
e
a

l 
ro

o
m

s
 a

n
d

 s
c
a
le

 

m
o
d
e

ls
) 

(1) In Real room: provide more realistic result; 
[Chen, Jiang and Moser, 1992] 

(2) Can be used to validate simulation [VDI 

2167, 2007; Brohus, Balling and Jeppesen, 
2006; and Zoon et al., 2010] 

(3) Full scale model: allow the comparison and 

reproduction of other studies, the comparison of 
different situations and systems; [VDI 2167, 

2007] 

Real room: due its 

dynamic, its total 
reproduction and 

comparison with other 

studies is not possible 
[VDI 2167, 2007] 

It is expensive and often 

does not present very 
detailed field. [Chen, 

Jiang and Moser,1992] 

C
o
m

p
u

ta
ti
o

n
a
l 
S

im
u

la
ti
o

n
 

E
n
g

. 

C
a
lc . simple, accurate and physical meaning  [Chen, 

2009] 
N/A 

B
E

S
 Permit to analyse thermal comfort and 

environment emissions, and to compare different 

design alternatives [Trcka, 2008, Daly, 2006, 
and Crawley et al., 2005] 

 
N/A 

A
F

N
 

Permit to calculate ventilation efficiency, to 
assess air change rates, air distribution, 

interzonal airflow rates,  to compare ventilation 

strategies; and to estimate air infiltration rate, 
contaminant transport between zones [Chen, 

2009; and Hensen, 2003] 

Require a longer time to 
prepare data input than 

CFD simulations [Chen, 
2009] 

C
F

D
 

- Permits to evaluation different designs and 

variables. [Nielsen et al., 2007] 

- Supports the design and decision on the most 

suitable system strategy, mainly when 
renovations in ORs are necessary and there are 

limitations on the site and financial constraints. 
[Nielsen et al., 2007; and Partridge, Groenhout 

and Al-Waked, 2005] 

- Permits to simulate the influence of movements 
in the room [Brohus, Balling and Jeppesen, 

2006] 

- Permit to investigate inexpensively the design 

without the need to build and test prototypes or 
waiting until completion of construction. 

- There are potential gains of this approach in 

healthcare facilities with the potential for reduced 

capital and recurrent costs.  [Partridge, 
Groenhout and Al-Waked, 2005] 

- Lead to more cost-effective design solutions; 

[Colquhoun and Partridge, 2003] 

- It is necessary to have 
knowledge in fluid 

mechanics and 

understand conditions 
and problem involved 

[Nielsen et al., 2007 and 

Chow and Yang, 2005] 

- Simulate people 
movement in practice is 

quite expensive and 
several commercial CFD  
codes do not support it 
properly yet; [Brohus, 

Balling and Jeppesen, 
2006] 

- Occupants behavior is 

stochastic by nature 
within certain limits, 
which may cause a 

significant uncertainty 
[Brohus, Balling and 

Jeppesen, 2006] 

- Some limitations : grid-
dependent solutions, 
slow and uncertain 

convergence [Chow and 

Yang, 2005] 
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(Continuedé) 

Evaluation  

Methods 
Advantages/Applicabilities Disadvantages 

C
o
m

p
u

ta
ti
o

n
a
l 
S

im
u

la
ti
o

n
 

C
F

D
 

 

- Permits to simulate a wide range of 

configurations; [Loomans,  1998] 

- It make quick and inexpensive comparisons 

between different systems/room designs; 
[Buchanan and Dunn-Rankin, 1998]   

- Considered a good, cost effective, alternative 
evaluation method to support the analysis 

[Chen, Jiang and Moser, 1992] 

 

- Limitations are related to 
the accuracy and reliability 

with which the flow pattern 
can be determined. 
[Loomans,  1998] 

 

3.3.1 Experimental methods 

Experimental research to predict performance of air distribution system 
designs for operating rooms comprises of two main types: experiments in 
real operating rooms, and laboratory experiments in models of operating 
rooms, which are further divisible into ófull scaleô and ósmall scaleô models.  

 

3.3.1.1 Experiments in real operating rooms 

Experiments in real operating rooms (also called in-situ experiments) to 
verify the performance of the air distribution system refer to the as-built 
(delivery) and use phase of an operating room. Literature indicates the 
importance of such evaluation, e.g. VDI 2167, 2007. Before the use phase of 
the operating room, experiments are carried out to verify if the system is 
performing as prescribed and predicted by the designer. During the use 
phase, experiments in operating rooms are carried out to periodically check 
if the system is working properly and also occasionally to investigate causes 
and solutions to unexpected problems, such as high SSI incidence or user 
complaints regarding thermal discomfort. With the exception of the VDI 
2167, 2007 procedure, which describes in detail a standardized 
experimental procedure to be performed, experiments in real operating 
rooms are complex and dynamic. Many variables cannot be controlled (e.g., 
the contaminant dispersion from a particular source) and there is the 
influence of human behavior. Although the findings in this evaluation method 
may be an important indicator of the air distribution system performance, due 
to its dynamic nature, its total reproduction and comparison with other 
studies is not possible. Use of the VDI 2167, 2007 procedure does allow 
such a comparison as it uses a static situation and instead of actual persons 
applies dummy heat sources. The argument against this procedure is that it 
is not fully representative of the actual conditions with respect to dynamics 
and lay-out as encountered in practice [Zoon et al. 2011]. 
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3.3.1.2 Laboratory experiments 

Laboratory experiments can be divided into two types: full-scale and small-
scale experimental models. These models are a representation of the 
situation observed in a real environment. In general, full scale models are 
capable of representing a target situation in much more detail than is 
possible in small scale models. Experiments using full scale models allow 
the comparison and reproduction of other studies, the comparison of 
different situations (e.g. evaluate the performance of the system using 
different measurement, or surgical lights, or type of surgeries performed) and 
can be applied for validation purposes (e.g. CFD simulations). Typically, full 
scale models aim to capture the influence of different variables in a standard 
situation. In the case of operating rooms, for example, these variables would 
include the system, the set-up used, the type of procedure being carried out, 
the equipment needed to carry out the procedure, and the number of people 
involved. Ideally, full scale experiments seek to provide a global picture of 
the performance. Small-scale models for such complex environments as 
operating rooms are not feasible and if applied would generally result in 
extended simplification of the flow problem [Zhang et al. 1993]. 

As an alternative to full-scale experiments, small scale experiments can be 
applied, which generally focus on a single or small set of aspects of the flow 
problem. An example study applying a small-scale experiment, focusing on 
the air flow characteristics around the surgical light is described in [Zoon et 
al., 2010]. 

Full scale operating room-models are considered a very useful tool to 
evaluate the performance of air distribution systems and have been applied 
with success by many researchers [e.g., Zoon 2011; Nielsen, 2009; Brunner, 
2005; and Ham, 1996]. However, high investment costs and time 
requirements associated with full scale models often make them an 
unrealistic option in current design practice. An obvious advantage of small-
scale model is their reduced costs, both in money and time, compared to a 
full-scale model. They may address specific topics of the design problem. 
The reduced area of attention generally means that these models should be 
complemented with other evaluation methods, e.g. CFD. 

[Awbi, 1991] observes that the results obtained from experiments are still 
regularly used in the design evaluation of air distribution systems. Therefore, 
in the design process of air distribution systems, full-scale models would be 
the best alternative to check the performance of the proposed system(s), 
since they offer a near perfect copy of the target situation. However, as 
noted above, the approach is prohibitively expensive and time consuming in 
many cases. Recent academic literature and research results suggest that 
computational simulation may be a good alternative to the above evaluation 
methods, or in some situations could even replace experiments, as indicated 
in some studies [e.g., Loomans et al., 2008, Nielsen et al., 2007; and Chen, 
Jiang and Moser, 1992].  In the current situation, in order to counterbalance 
some of the problems noted above, experiments have been combined with 
traditional calculation methods, as observed by [Chen, 2009]. 
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3.3.2 Computational simulation 

3.3.2.1 Simplified engineering calculation methods 

Traditional calculation methods are also used to evaluate the performance of 
air distribution system designs. These methods comprise of analytical and 
empirical models, which are simplified models of reality. [Chen, 2009] based 
on reviewed literature, indicates that analytical models are still used today 
due their simplicity, accuracy and physical meaning. The empirical models 
have been used in combination with experiments and computer simulations 
as observed by [Chen, 2009].  However, the reviewed literature does not 
discuss the use of analytical and empirical models to support the 
performance assessment of air distribution system design specifically for 
operating rooms. 

Traditional design evaluation methods are mono-disciplinary, present an 
oriented solution, and evaluate static situations and extreme conditions. 
While computational simulation consists of numerical methods, they are 
multi-disciplinary, focus on the problem, are dynamic, and permit 
assessment of all conditions. The fundamental difference between traditional 
calculations and computational simulation is in the complexity. [Hensen and 
Lamberts, 2011; and Hensen, 2008] 

Due the limitations, the cost benefits involved and the applicability of the 
discussed methods, computational simulation has been recognized by 
researchers and practitioner as an important support and evaluation method 
in the performance evaluation of air distribution system designs.  
Nonetheless, the use of traditional design evaluation methods is still 
common in practice (see Section 3.4). 

 

3.3.2.2 Computational Simulation 

Before starting the discussion on the use of computational simulation, it is 
important to state the situations for which the use of this evaluation method 
is not recommended. The use of computational simulation is not appropriate 
when: ñ(1) The problem can be solved using common sense analysis; (2) 
The problem can be solved analytically; (3) It is easier to change or perform 
direct experiments on the real system; (4) The cost of the simulation 
exceeds possible savings; (5) There are not proper resources available for 
the project; (6) There is not enough time for the model results to be useful; 
(7) There is no data ï not even an estimate; (8) The model cannot be 
verified or validated; (9) Project expectations cannot be met; (10) If system 
behaviour is too complex, or cannot be definedò. [Observed by Banks and 
Gibson, 1997] 

Currently, three main simulation methods are available to support the 
performance assessment of the air distribution systems: Building Energy 
Balance Models (BES), Zonal Airflow Network Models (AFN), and 
Computational Fluid Dynamics (CFD). Coupling of these individual methods 



 

 

 

32 

 

is also applied and researched [Djuneady, 2005].  Further discussion on 
their applicability is presented below. 

BES provides a dynamic simulation of energy flows throughout the building, 
including the building envelope and HVAC systems, as well as their 
interaction [IBPSA-USA, 2006]. Recent researchers have shown that this 
evaluation method can be used in several applications, for example, to 
calculate and analyse full- and part-load performance of systems; to analyse 
thermal comfort and environment emissions, to analyse a system´s 
operating strategy; and to compare different design alternatives. [Trcka, 
2008; Daly, 2006; and Crawley et al., 2005] Some examples of currently 
available BES software programs are DOE-2, EnergyPlus, ESP-r, and 
Trynsys. Information about the applicability and capabilities of different BES 
software programs may be found in literature, e.g. in [Crawley et al., 2005]. 

AFN is also called multizone airflow model, zonal approach, and nodal 
network. Generally, AFN will find a coupling with BES [Hensen 1991]. 
Literature demonstrates the use of AFN for a variety of purposes, including: 
to calculate ventilation efficiency and energy demand; to assess air change 
rates, air distribution, interzonal airflow rates; to compare ventilation 
strategies; and to estimate air infiltration rate, contaminant transport between 
zones and smoke control. [Chen, 2009; Hensen, 2003] Literature shows that 
most studies using AFN models are concerned with the development of the 
evaluation method, and only a few studies aim at reaching practical 
applications. In many cases, multizone airflow models require a longer time 
to prepare data input than CFD simulations. [Chen, 2009], argues that some 
evaluation methods (e.g. CFD technique) could replace the AFN method to 
remedy possible errors and problems of accuracy of multizone airflow 
models. Although the literature indicates that AFN has many applications, its 
use for application in operating room air distribution systems performance 
was not found in the review, but it was observed be more common in studies 
of isolation rooms. 

CFD technique has been used extensively to predict the performance of air 
distribution systems in rooms when referring to research literature [Chen, 
2009]. This includes the behavior and values for many important aspects 
related to operating rooms, including: air distribution system effectiveness, 
air jet diffusion, contaminant distribution and temperature distribution. It has 
also been used to support the assessment of thermal comfort for both the 
patient and surgical staff. [Loomans, 1998] shows that an advantage of the 
use of CFD over other evaluation methods is its ability to simulate a wide 
range of configurations. [Nielsen et al., 2007] identify that the application of 
the CFD technique in building design has been dictated by: complexity of the 
building system being considered; unavailability of other suitable methods; 
cost and time implications; promoting the design feasibility; and confidence 
in the use of the evaluation method. [Nielsen et al., 2007] also remark that 
the user of CFD needs to have knowledge on fluid mechanics and also 
understands the conditions and problems related to the technique. The user 
is regarded as an important parameter in this context [Loomans et al., 2010]. 
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3.3.3 Overview of application of evaluation methods for ORs 

A separate analysis and comparison of the application of the available 
evaluation method was performed, focusing on application for operating 
room environments. The goals were, to identify the type(s) of method 
applied, the design stage in which it was applied, and the performance 
aspects, considered. Table 6 presents a summary of the main results. 

 

Table 6. Overview of performance aspects and design stages 
considered in the reviewed literature (Note: N/A - not available) 

Evaluation  
Methods 

Performance Aspects 
Design 
Stages 

References 

 
Experiments 
(Real rooms 

and scale 
models) 

- IAQ (particle concentration in 
the room, operating table, and 
staff workstation; and  relative 
infection risk which depends of 

the type of surgical light) 
- Thermal comfort (draught, air 
velocity, air temperature, and 

relative humidity) 

Before the 
use phase 

+ 
Use phase 

Zoon et al., 2010; Loomans 
et al. 2008; VDI 2167, 2007; 
Brohus, Balling & Jeppesen, 
2006; Brunner, 2005; Ham, 

1996; 
and Chen, Jiang & Moser, 

1992 

Engineering 

Calculations 
N/A N/A N/A 

C
o
m

p
u

ta
ti
o

n
a
l 

S
im

u
la

ti
o

n
 

Eng. 
Calc. 

N/A N/A N/A 

BES 

IAQ (air temperature; and relative 
humidity) 

Thermal Comfort (PMV-index); 
Energy consumption 

N/A Melhado, 2003 

AFN Pressure hierarchy 
Detailed 

design, use 
phase 

Ham, 2002 

C
o
m

p
u

ta
ti
o

n
a
l 
S

im
u

la
ti
o

n
 

C
F

D
 

 

IAQ (air temperature; particle and 
chemical contaminant 

concentration; and ventilation 
effectiveness; and age air) 

 
Č Zones of interest: room, staff 
workstation, patient, operating 

and back table; 
 

ČNote: the influence of surgical 
light and people´s movement was 

considered in particle 
concentration analyses) 

 

+ 
 

Thermal comfort (air 
temperature in the occupied 

zones; air velocity, 
airflow analysis; draught; and 

vertical air temperature 
stratification) 

Conceptual
, basic and 

detailed 
design 

stages, and 
in the use 

phase 

Zoon et al., 2010; Loomans 
et al., 2008; Nielsen et al., 
2007; Brohus, Balling and 
Jeppesen, 2006; Chow et 
al., 2006; Chow, Lin and 

Bai, 2006; Chow and Yang, 
2005; Partridge, Groenhout 

and Al-Waked, 2005; 
Colquhoun and Partridge, 

2003; Chow and Yang, 
2003; Memarzadeh and 

Manning, 2002; 
Loomans,  1998; Buchanan 

and Dunn-Rankin, 1998; 
Luscuere, Lemaire and 

Ham, 1993; and Chen, Jiang 
and Moser, 1992 

The results show that, with respect to the prediction of the performance of air 
distribution systems for application in operating rooms the use of 
computational simulation, more specifically CFD, is mostly applied. It has 
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been used to complement, but also to replace experiments and the 
application of simplified calculation methods. 

BES is not commonly used to support the design process and the analysis of 
air distribution systems for operating rooms. On the other hand, [Trcka, 
2008; Daly, 2006; and Crawley et al., 2005] discuss several applications of 
the BES method, for example, to calculate thermal comfort, to compare 
different air distribution systems and to predict indoor variables in the 
occupied zones and in the room (e.g., indoor air temperature and relative 
humidity). 

Although AFN has had limited attention in research literature with respect to 
operating room studies it has its application in deriving the pressure 
hierarchy in operating departments in The Netherlands [Ham, 2002]. AFN is 
regarded an important method and can support the designer in the 
evaluation of air exchange between rooms, bearing in mind that operating 
rooms are a critical environment and the dispersion of contaminants 
between the operating room and adjacent areas is an important indicator to 
assess the protection level provided by the air distribution system design. 

Some authors [e.g., Nielsen et al., 2007] indicate that CFD is the most 
suitable evaluation method to apply in early design stages (conceptual and 
basic), but also in the detailed design of air distribution systems, since it 
permits the flexibility to change the design options and variables considered 
in the evaluated model. CFD is regarded relevant to support decisions on the 
most suitable ventilation strategy. Further discussion on CFD technique 
supporting the performance assessment of air distribution systems for 
operating rooms are presented and discussed in Appendices III. 

The review above identified evaluation methods that are available and 
applied based on research literature. Despite the possibilities that CFD 
apparently has in the design phase, its adoption in practice is less apparent 
(see also Section 3.4). Issues on possible critical barriers to the application 
of computational simulation therefore are addressed in the next section. 

 

3.3.4 Critical barriers for the use of computational simulation in the 
performance assessment of air distribution system designs for 
ORs 

[Schälin, 2007] noted that simulations do not represent real situations and 
indicates this as one of the reasons for their delayed practical use. The 
question remains whether one should strive for as realistic a situation as 
possible to perform a design assessment if this increases the complexity of 
the simulation and requires more detailed verification. Instead, one may want 
to strive for application of a more simplified situation that does represent the 
critical conditions of the design but may reduce complexity of the modeling. 
VDI 2167, 2007 presents such a solution for the experimental assessment of 
an operating room. 
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In opposition to the above, [Papamichael and Pal, 2002] argue that the main 
barriers in using currently available evaluation methods are related to the 
limitations in time requirements and the availability and compatibility of input 
data (e.g, weather, building component and operational characteristics). If 
these barriers are dealt with, more realistic scenarios can be investigated. 

A study in the Czech Republic identified three types of barriers to the use of 
building simulation: cultural, economic and technical. The cultural barrier was 
related to the fact that the design companies are not convinced or aware of 
the advantages offered by simulation. As most state-of-the-art software is 
available only in English, language also appeared to be a barrier [Dunovska, 
Drka and Hensen, 1998]. Finally, the economic aspect is a significant barrier. 
As mentioned earlier, numerical simulation is considered by many to be too 
costly in terms of money and time. 

The resistance of people to adopt a technology is common and the barriers 
discussed above are part of the cause of this behavior. [Zachary, 2008] by 
using some examples, discusses the human resistance or otherwise to an 
omnipresent risk of any technology innovation that, to be accepted, must 
deliver enough benefits to make change worthwhile. The degree of an 
individual adopting a new idea is related to personal characteristics, and this 
diversity is what makes the diffusion possible. The diffusion of innovations 
was theorized by [Rogers, 2003], who defined five categories of adopters: 
Innovators, Early Adopters, Early Majority, Late Majority, and Laggards ï 
see Figure 5. 

 

Figure 5. Categories of Innovations by [Roger, 2003] 

The Innovators are venturesome, educated, and use multiple info sources. 
Their experiences with the technology are of particular value and will 
influence the subsequent decisions of potential adopters. The Early 
Adopters are social leaders, popular, well informed decision-makers and 
educated, and are encouraged to adopt the innovation since it has been 
effective for the óInnovatorsô. The Early Majority are deliberate, have many 
informal social contacts, are careful but accept change more quickly than 
average people do. The Late Majority are skeptical, traditional, of lower 
socio-economic status, and will use an innovation when the majority of 
people are using it. The Laggards are critical about new ideas and will only 
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accept the innovation if it becomes mainstream or even tradition. [Surry and 
Ely, 2001] argue that this concept of adopter categories shows that all 
innovations go through a natural, predictable, and sometimes lengthy 
process before becoming widely adopted within a population. 

Though application of this concept to the specific domain of application of 
computational simulation in practice is not confirmed, it is assumed that in 
general similar categories can be distinguished. In that case currently two 
categories of adopters can be identified: (1) the researchers are the 
óInnovatorsô, they have been developing/investigating/using the evaluation 
methods and improving the models. (2) the óEarly Adoptersô are the few 
companies and practitioners ï designers and specialists - that are using 
computation simulation (e.g., CFD technique) in a dedicated way for their 
particular benefit. 

According to Rogers the group of Early Adopters represents 13.5% of total 
population. Why are the others not embracing this innovative technology? 
[Samuel, 2006] points out the growing use of computational simulation by 
designers, who are more conscious of the possibilities and largely are 
convinced of the effectiveness of computational simulation to lead to 
different design aspects. However, he also states that ñmany significant 
barriers ð in addition to the need for more refined models ð remainò. A 
significant barrier to potential users that are not yet embracing this 
technology is related to the credibility/accuracy of the results. This barrier is 
continuously addressed in the simulation technique and improvements are 
ongoing and are being confirmed by other researchers [Papamichael and 
Pal, 2002; and Schälin, 2007]. 

Following the above, striving to represent reality as realistically as possible 
may not be convincing at this point-in-time. Alternative solutions may serve 
just as well and still be in line with the performance approach that generally 
requires the use of computational simulation methods. 

Striving for less complexity in performance assessment may also improve 
the credibility of numerical results such as from CFD. This is confirmed in 
two reference studies where CFD is applied to a number of similar problems 
to assess heat- and smoke removal in case of fire [Loomans et al. 2010; and 
Loomans et al., 2008]. In this study it was shown that even for a relatively 
well defined flow problem deviations can be quite large. These deviations 
can be related to choices made in the modeling process. These choices 
relate back to interpretations made with respect to the flow problem and to 
the limitations of the model used. The latter supports the wish for ongoing 
improvements as indicated above. Assumptions with respect to problem 
complexity reduction for design assessment should provide conservative 
results as compared to the realistic (complex) situation. 

Several barriers to the application of computational simulation and CFD 
specifically for the design of air distribution systems in operating rooms in 
practice were verified from interviews and in the literature. To reduce these 
barriers, a well-defined assessment procedure is one of the requirements. 
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An approach is proposed in which design assessment can be performed as 
objectively as possible. This information is presented in Chapter 4. 

Though the computational simulation methods will remain a research topic 
for some time to come, following the developments indicated above, CFD 
has shown potential for application in practice. This has been acknowledged 
by consultancy firms in The Netherlands, and also in other countries who 
have already been applying the evaluation method for a number of years for 
design decision support and evaluation. However, it is unclear what the 
status of CFD and other computational simulation methods is in the current 
design process for air distribution systems for operating rooms, how they are 
valued by practitioners and clients, and which barriers are found for further 
implementation in the design process in practice. These aspects were 
investigated and are presented in Section 3.4.1. 

 

3.3.4.1 Survey on evaluation methods used in the performance 
assessment of air distribution systems for ORs 

The data collected in a survey on evaluation methods used in the 
performance assessment of air distribution systems for operating rooms is 
reported in this section. The interviewees possess extensive knowledge in 
HVAC and computational simulation. The methods used in the survey are 
described in Section 2.2.4.1. The main results are summarized in Table 7. 

Table 7. Overview of performance aspects and evaluation methods that 
designers should consider in the performance assessment of air 
distribution system designs for ORs 

 
Evaluation 
methods  

Rate of 

computational 
simulation 

supporting the 

design 
evaluation 

Performance 
assessment of 
in the following 

stages: 

Barriers using 
computational simulation 

In
te

rv
ie

w
e

e
s

 

 

 

Experiment in 
real ORs;  

Full-scale OR 
model; 

 Engineering 
calculation; 

 CFD; AFN; 
and BES 

 

Extremely important             
(3 interviewee) 

 

Very important       
(3 interviewee) 

 

somewhat 
important (1 
interviewee)  

 

Prior the use 
phase; 

 

 Design process 
(conceptual, 

basic and detail 
stages); 

 

and use phase 

(1) It is difficult to use some of 
the tools; 

(2) Boundary conditions, 
emissions of internal 
contaminants, and movement 
of people; 

(3) Grid independency tests. 
(4) Convergence criteria; 

(5) knowledge by many 
engineers; 

(6) Time and cost; 

(7) Realistic simulation of the 
boundary conditions as they 
occur in practice; 

(8) some simulation tools are 
very complex / complicated  

(9) some simulation tools 
require powerful computers 
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Experiments, engineering calculations and computational simulation were 
pointed out by the interviewees as methods to assess the performance of air 
distribution systems for operating rooms. In the opinion of the majority of the 
interviewees, experiments in real operating rooms and engineering 
calculation should be used by designers in this assessment. Full-scale 
models should also be used in the opinion of some experts. The use of 
computational simulation is seen by the majority of experts to be of high 
importance to support the performance assessment of air distribution system 
designs for operating rooms. The data collected indicates that the use of 
CFD was shared among all the experts. On the other hand, the use of BES 
and AFN was indicated as useful only by a minority of the experts. Some 
experts argued that AFN should be considered for flow between rooms, 
while the CFD technique or simplified models should be applied for 
consideration of detailed air distribution inside a single operating room. 
Another expert indicates the use of AFN, CFD and a coupled approach (AFN 
+CFD) as a tool for designing operating rooms. 

 

 

3.3.5 Impact of methods currently used for the assessment of 
performance in air distribution systems for ORs 

The main conclusions as derived from the above overview of methods 
currently used to assess the performance of air distribution systems are: 

¶ Experimental methods remain important tools for the performance 
assessment of air distribution system designs for operating rooms. 
Due to time and costs constraints, they generally find a place in the 
use phase and not in the design phase. Simplification of the complex 
flow problem as found in an operating room is used to allow 
comparison of assessment results. They also still take an important 
position in the validation of computational simulation. 

¶ Simplified engineering calculations are relatively simple to apply, 
have a physical meaning, and need little requirement in computing 
resources. At zonal level it may provide useful information if 
sufficient information on boundary conditions is available. However, 
results from this method will generally not provide significant 
information at intra-zonal level for complicated design cases such as 
an operating room air distribution system. Disadvantages include the 
large number of assumptions (e.g., with respect to supply conditions 
and room conditions), and the complexity of the prediction of some 
performance indicators (e.g., CFU/m

3
 concentration). However, due 

to the advantages and accessibility for all designers, engineering 
calculations still have a firm place in practice for the design phase. 

¶ Computational simulation techniques such as BES, AFN and, most 
importantly, CFD have already been used extensively to address a 
number of performance aspects of air distribution system designs. 
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These methods, coupled or stand-alone, have the potential to 
improve the performance assessment of air distribution systems in 
the design phase, and therefore their use should be extensively 
addressed in the methodology, which is the object of this thesis. 

¶ Each technique has its principal application areas with respect to an 
operating department. AFN and BES focus at room and department 
level. CFD has its main potential for application in the operating 
room itself and the assessment of several performance indicators in 
the different internal zones that can be identified there. In literature 
several performance indicators related to the operating room have 
been identified that have been assessed by one of these three 
techniques. 

¶ Critical barriers to the use of computational simulation are still 
prominent. Research is still directed towards improvement of 
modeling, discretization and solver techniques. In response to the 
modeling of the complexity of an operating room simplification of the 
assessment problem is seen as one possible approach. Well-
defined assessment procedures are important to deal with model 
assumptions still required. 

 

3.4 Assessment of current practice in the Netherlands 

3.4.1 Interviews in design companies and hospitals 

The aim of this section is to provide a clearer picture of the design of air 
distribution systems for operating rooms in practice in the Netherlands from 
the perspective of both designers in consulting companies and decision 
makers at the hospitals. 

A series of interviews were conducted in three design companies 
(Companies 1, 2 and 3) and three hospitals (Hospitals 1, 2 and 3) in the 
Netherlands. In the design companies project leaders, who deal with health 
care facilities and specialists in computational simulation were interviewed. 
While at the hospitals, two other persons were interviewed - the hospital 
manager and the hospital project leader. Details of the method applied are 
found in Section 2.2.2.1.2. 

The interviews were carried out to: 

(1) Understand the current design process of air distribution system design 
for operating rooms in practice and investigate if, how and when evaluation 
methods have been used to evaluate the performance of air distribution 
system design in operating rooms; 

(2) Understand the decision process to choose an air distribution system 
design for operating rooms and to investigate if and how computational 
simulation supported the decision; 
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(3) Identify the types of air distribution system that have been designed for 
application in operating rooms; 

(4) Identify the performance requirements and indicators that have been 
considered in the assessment and which variables are taken into account in 
the evaluation. 

A more extended description of the data collected in the interviews is 
presented in Appendices IV. The main results of the interviews are 
summarized below. 

 

3.4.1.1 Results and discussion of interview results 

Table 8 summarizes the main results of interviews conducted with designers 
of air distribution systems for operating rooms and hospital managers. The 
latter link their experience directly to.one specific company. 

The interviews focused the design process of the companies specifically in 
two design stages (conceptual and basic design). In practice, it was verified 
that the use of standards and guidelines is common, and that three 
supporting evaluation methods were used in the design process of air 
distribution systems for operating rooms: engineering calculations, 
experiments, and computation simulation. The experiments are more 
common for validation purposes and to check the performance prior to the 
use phase. In terms of the computational simulation, only the CFD technique 
has been applied in practice. CFD has been regularly used in two of the 
companies, while in the other company it was used only once. 

Of the nine people interviewed at the companies to determine if 
computational simulation can support the performance assessment of air 
distribution system design for operating room, seven interviewees posited, 
with caution, that computational simulation is an important evaluation 
method and may provide important support. The caution noted was based 
on the following positions: (1) that CFD technique would not permit the 
evaluation of the real situation of movement of people in the operating room. 
The study by [Brohus, Balling and Jeppesen, 2006] shows possible, work-
around procedures how to address these limitations; (2) that CFD is useful 
only to give an idea; (3) that the user of CFD technique must exercise great 
caution before drawing conclusions based on simulation; and (4) that there 
is a need for new studies in the field and for a ñStandard Evaluationò that 
permits to check how accurate and useful the evaluation method is. The 
other two persons interviewed responded more reserved. Either because of 
limited knowledge in the CFD technique, or because of recent knowledge on 
validation issues with respect to the application of CFD for this type of flow 
problem. The latter person insisted on further research on this issue. 
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Table 8. Overview of results based on interviews with designers of OR 
air distribution systems and hospital managers 
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With respect to communication in the design process, in Company 1, the 
interviewees indicated different types of participation and communication of 
the specialist in computational simulation with the designer based on the 
project leader in charge. From close participation and communication to 
performing computer simulations as requested. This indicates that, although 
all project leaders posited the importance of the use of computational 
simulation in the design process, integration of the specialist in simulation in 
the design process differs. A possible explanation for the difference in 
approach may be found in the relatively recent uptake of this type of 
computation simulation. More time may be required to incorporate it 
differently in the design process to support it better. 

The CFD technique permits the comparison of different air distribution 
system designs. This is very useful for designers and clients to determine if 
an air distribution system design will meet the requirements set and take this 
information into the overall assessment, e.g. also economical, to determine 
which system has the best overall performance. This would assume its 
usage in the earlier stages of the design process. However, it was observed 
that in Company 1 most of the time simulations are performed in the basic 
design, i.e. after the design decision for a system has been made. 
Companies 2 and 3 also do not provide different strategies for the clients. 
This seems to point out that the companies are not yet using the potential 
that computational simulation may provide in the design process, and, 
consequently, could also affect the decision process of the client. During the 
interviews two possible reasons for design companies not comparing 
different design concepts in the design process were identified: 

¶ The limited time that design companies (can) reserve for performing 
simulations during design process. This influences the level of information 
available to the designer and presented to the client. A change to this point 
is found by improved credibility, and with that value, of the simulations 
performed and reduction of the time required to perform these types of 
simulation. In the context of computer simulation both issues have 
continuous attention with respect to software, hardware and users [IBPSA, 
2012]. 

¶ Often project leaders/designers have a pre-determined preference towards 
specific air distribution system designs, based on their beliefs and also on 
their experience in practice; so, many times they are not open to consider, 
or to compare other design strategies. An increased focus on performance 
instead of solutions [CIB, 2005] may require designers to include 
alternatives to defend or not their original preferences. It also opens space 
for innovation and adaptation to new medical equipment and procedures. 

The CFD technique permits the comparison of different air distribution 
system designs. This is very useful for designers and clients to determine if 
an air distribution system design will meet the requirements set and take this 
information into the overall assessment, e.g. also economical, to determine 
which system has the best overall performance. This would assume its 
usage in the earlier stages of the design process. However, it was observed 
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that in Company 1 most of the time simulations are performed in the basic 
design, i.e. after the design decision for a system has been made. 
Companies 2 and 3 also do not provide different strategies for the clients. 
This seems to point out that the companies are not yet using the potential 
that computational simulation may provide in the design process, and, 
consequently, could also affect the decision process of the client. During the 
interviews two possible reasons for design companies not comparing 
different design concepts in the design process were identified: 

(1) The limited time that design companies (can) reserve for 
performing simulations during design process. This influences the 
level of information available to the designer and presented to the 
client. A change to this point is found by improved credibility, and 
with that value, of the simulations performed and reduction of the 
time required to perform these types of simulation. In the context of 
computer simulation both issues have continuous attention with 
respect to software, hardware and users [IBPSA, 2012]. 

(2) Often project leaders/designers have a pre-determined preference 
towards specific air distribution system designs, based on their 
beliefs and also on their experience in practice; so, many times 
they are not open to consider, or to compare other design 
strategies. An increased focus on performance instead of solutions 
[CIB, 2005] may require designers to include alternatives to defend 
or not their original preferences. It also opens space for innovation 
and adaptation to new medical equipment and procedures. 

Computational simulation has supported the discussion with the decision 
makers and architects. However, in the three interviewed hospitals it was 
argued that the simulation results did support the decision-making process to 
opt for one air distribution system design or another. In accordance with the 
interviewees at Hospital 1 and 2, the simulations helped them to visualize 
and understand the performance of the air distribution system. According to 
the specialist in Company 2, movies and pictures help to visualize many 
aspects, including the airflow dynamics and temperatures, but he argues that 
the most important information is the discussion of the results that shall be 
provided to the client. It was also observed that clients (decision makers) are 
not always aware of the analytical possibilities of the CFD technique and 
about the kind of information that can be gained from such simulations. 

On the other hand, in Hospital 3, the use of the CFD technique was 
requested in the beginning of the design process. This suggests that 
simulation is becoming more usual in the design process, and that the clients 
are becoming more conscientious of the value of the computational 
simulation supporting the process. 

The project director in Company 2 indicated that simulation has also been a 
very useful tool in meetings with architects and engineers. The use of 
computational simulation supporting meetings with external people was not 
identified in other companies. However, a remaining weak point in the design 
process, as observed by the interviewees, is the communication between 
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them and the architects. Here the use of computational simulation supporting 
the discussion of air distribution system design for operating rooms should 
be studied and considered in future. How to realize this integration remains a 
theme for future research. 

In terms of the performance assessment of air distribution systems for 
operating rooms at the three design companies, it was verified that usually 
only the indoor air quality is considered. Particle distribution and 
concentration, and also the temperature and relative humidity are evaluated. 
Some performance indicators (e.g. gases concentration), they explain are 
only evaluated if the client request. Although some of the interviewed project 
leaders are aware of the importance of thermal comfort evaluation, it is only 
considered at client´s request. 

Another limitation in the performance assessment of air distribution system 
designs verified in one of the companies is the lack of scenarios considered 
in the design process. In multi-purpose operating rooms, it is important that 
different medical procedures be evaluated in order to check if the air 
distribution systems may adjust for them and vice versa. What can be 
concluded from these observations is that with limited evaluation and 
analyses, there is the risk that other performance requirements are not met 
and, therefore, it cannot be assured that an air distribution system design will 
perform well in other situations that were not considered in the analysis. 

Another aspect observed in the interviews and that could be improved in the 
design process and decision process is the communication between project 
leader and clients. Although the interviewees did not directly report problems 
in this communication, it was verified that sometimes the clients provided 
limited information on needs with respect to the air distribution system for 
operating rooms. In addition, some project leaders did not check specific 
performance requirements and performance indicators, because the clients 
did not request it. Therefore, in order to avoid a possible lack of information 
and to clarify important aspects that should be considered in the design 
process, it would be beneficial to have a procedure with information that 
should be evaluated and minimum aspects that should be considered in the 
performance assessment. 

 

3.4.1.2 Impact of current practice in the design assessment of air 
distribution systems for ORs 

The topics below summarize the issues with higher impact in the 
assessment of performance of operating rooms, according to the interviews 
with designers and hospital managers: 

¶ Simulation is currently used in the design, although its scope in the 
design is restricted. 

¶ There is a lack of awareness on the complexity of operating rooms 
regarding the needs of different stakeholders, the differentiation 
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between zones in the operating room and the multiplicity of 
performance indicators influencing the overall performance of the 
operating room. 

¶ There is clearly room for improvements regarding assessment with 
respect to performance indicators, design phases, stakeholders and 
zones taken into account. 

¶ A standardized procedure to support the design process, as well for 
designers as for clients, of air distribution systems for an operating 
room is not available. 

 

3.4.2 Observation of air distribution systems in ORs 

Several types of air distribution system designs are applied in operating 
rooms. However, it was not clear from the literature that surgical teams were 
using the chosen system set-up correctly. From the interviews at the 
companies, some project leaders reported that systems are not always used 
correctly by all users.  Although these project leaders argued that in order to 
get best performance of the system it is important to óeducateô the surgical 
teams to use the system correctly, the literature and interviews both show 
that this is not common in practice. At the hospitals it was verified that 
decision makers and users are not always aware of the importance of using 
the air distribution system correctly, and the possible implications of incorrect 
use. Only one of the interviewees (the Hospital Managers at Hospital 1) said 
that since they would need to use an uncommon air distribution system 
design (3T-plenum), he and also the surgical team visited a full-scale 
operating room model with a similar system to see how it should be used. 
However, no information was provided on whether or not the surgical team 
has been using the system correctly in the real multi-purpose operating room 
during the use phase. 

Therefore, it was necessary to gain a better understanding of the use phase 
of air distribution system designs in operating rooms. In particular, further 
investigation was made to verify if the system meets the usersô needs, and to 
identify aspects and behaviors that could deteriorate the performance of the 
air distribution system, and consequently the quality of the operating room 
environment. 

As the work is focused on the design and performance assessment of air 
distribution systems for operating rooms in the design phase, consequently 
problems observed in the surgeries regarding the misuse of the operating 
rooms cannot be solved within this context. Nevertheless, observations of 
actual surgeries can provide useful information to identify the problem further 
and address the issue in the assessment procedure to be developed. 

 



 

 

 

46 

 

3.4.2.1 Method used in the observations of surgeries in ORs 

A small sample of nine observations was defined. The criteria used to 
choose the Hospital in The Netherlands was that the hospital should have 
multi-purpose operating rooms and that the air distribution system design 
should follow the minimum dimensions established by Dutch regulations 
[CBZ, 2004]. Although several types of surgery are performed in this 
hospital, this research restricted itself to one specialty to allow better 
comparison of the results. Orthopedic surgery was considered a suitable 
specialty since it is characterized by a high incidence of surgical site 
infection. In addition, of the many surgery types, orthopedic procedures 
require among the largest amount of equipment and people working during 
the surgery. In this sense, orthopedic surgery can be understood as one of 
the more difficult scenarios for air distribution system operation. Importantly, 
despite the difficult conditions that it presents, orthopedic surgery is very 
common in hospitals throughout the world. 

In terms of observation, the choice was made not to include emergency 
orthopedic surgery, since emergency cases are unpredictable and may 
require uncommon or combined procedures. Elective surgery, alternatively, 
is well defined, meaning that the number of staff, the type and amount of 
equipment and the set up used are predictable, and therefore also 
comparable. The particular surgeries observed were determined in 
agreement with the head of the Orthopedic Department, allowing 
observation of operating rooms for three days. Since all operating rooms in 
this particular hospital have the same characteristics (e.g., dimensions and 
layout), a comparison of the observations made in different rooms was 
possible. 

During the observations three investigative techniques were employed: (1) 
observation of the medical behavior: starting with the preparation of the 
patient and of the room, continuing during the surgery and ending when the 
patient left the operating room; (2)  photographs were taken to record 
individual elements within the operating room. These elements were the 
people, the equipment and the set-up used; (3) drawings were made in order 
to provide an overview of these individual elements captured in the 
photographs. After the observations these drawings were converted into 
schematic representations, which are shown in Figure 32. This figure and 
the summary of the observations are presented in Appendices V. 

Before presenting the results, details of the operating room and the air 
distribution system design observed are provided. 
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Figure 6. Scheme of the floor plan for the observed operating rooms 

 

The floor plan of the observed operating rooms is presented in Figure 6. The 
area of the room is 36 m

2
, common for rooms where large surgeries are 

performed. The pink square shown in the figure represents an actual square, 
with dimensions of 3 x 3 m, which is used to delimit two zones in the 
operating room: 

¶ Zone 1 (within the square) is an ultra-clean area, which is ventilated by 
laminar airflow (downflow) with a HEPA filter. Access to this zone is 
restricted to the patient, surgeon, and auxiliary nurse. Ideally, the instrument 
table and back table should also be located in this zone. On some occasions 
zone 1 may include other individuals, such as a resident surgeon. 

¶ Zone 2 (outside of the square) is a clean zone, which is meant for 
remaining members of the operating team, who support the surgery, i.e. the 
anesthesiologist, nurses, and other technical support staff. 

The type of air distribution system used in the observed operating rooms is a 
large-plenum downflow, with dimensions of 2.8 x 2.8 m. In Figure 6, the 
diffuser is represented in projection by a blue dashed-line. On the walls, 
close to the corners of the room, four exhausts are represented 
schematically in dark red. The light blue  rectangle at the centre of the 
operating room represents the base of the operating table. The operating 
room has four doors: one for the staff to enter the room after washing their 
hands; the second door is used to bring the patient to the operating room; 
the third door gives access to storage materials; and the fourth door is used 
to bring the patient to the recovery room, and also to remove used materials, 
waste disposal, and instruments or equipment to be washed and sterilized. 
People who are responsible for cleaning the operating rooms also use this 
same door to enter and leave the room. 
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3.4.2.2 Results and discussion of observations of surgeries, regarding the 
information relevant for the design of OR 

The observations in the specific operating rooms assessed if the air 
distribution system design met the needs of different medical procedures, 
and identified which aspects could negatively influence the performance of 
the air distribution system design. Below, further information is provided in 
order to clarify problems identified in the observed situations. Additionally, 
some directions on how to deal with some of these problems are provided in 
the discussion. 

The discussion is divided in 4 topics: (1) Layout and positioning of people, 
equipment and tables in the operating room; (2) The role of heat sources in 
the ventilation of OR during the surgery; (3) Similarity in the layouts of 
different surgeries; (4) Inappropriate use of OR regarding the ventilation 
system. Each of these topics corresponds to a section. 

 

3.4.2.3 Layout and positioning people, equipment, tables and waste 
disposal in the OR during the surgeries 

In all of the nine observed medical procedures, the instrument table and the 
over table were positioned on the boundary between the ultra-clean and 
clean zones delimited by the square, or completely out of the ultra-clean 
zone. Figure 7 shows the position of instrument tables and both the ultra-
clean zone and clean zone. 

 

Figure 7. Visualization of the instrument table positioned partly in the 
ultra-clean zone and partly in the clean zone 
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The airflow dynamic in the clean zone assumes a mixing situation, whereas 
in the centre of the ultra-clean zone the laminar downflow is assumed to be 
present, providing filtered supply air to the exposed areas. At the boundary 
of the ultra-clean zone and clean zone, the airflow dynamic is turbulent and 
induction of contaminated air from the clean zone into the boundary layer 
between the ultra-clean and clean zone is present. When tables are 
positioned at or near the boundary, there is therefore an increased risk of 
particles from the clean zone mixing with the ultra-clean air, and also a risk 
that contaminants could reach the instruments, the prosthesis used in the hip 
surgeries and also the operating table. The same situation may occur when 
equipment and people are positioned at this boundary between the two 
zones (see Figure 8 and Figure 9). In order to visualize these situations, 
studies such as [Loomans et al., 2008; Swift et al., 2007; Chow, Lin and Bai, 
2006; and Brohus, Balling and Jeppesen, 2006] can be used. 

 

 

Figure 8. Visualization of equipment positioned partly in the ultra-clean 
zone and partly in the clean zone in the operating room 

 

Looking at Figure 9, the position of the surgical team during a surgery can 
be observed. In this picture, the auxiliary nurse, the surgeon and a resident 
surgeon are located at the boundary of the ultra-clean zone and clean zone. 
As such they affect the airflow dynamic and possibly increase the dispersion 
of particles into the operating area. 
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Figure 9. Visualization of the auxiliary nurse, surgeon and resident 
surgeon, partially in the ultra-clean zone and partially in the clean zone 

 

Figure 10 shows the position of the waste disposal containers in the ultra-
clean zone. In some surgeries the unclean waste disposal was positioned in 
the ultra-clean zone or at the boundary of the two zones. Literature provides 
no information on the potential negative effect of this position. Nevertheless, 
careful handling of this material can be read from academic papers and 
guidelines. 

 

Figure 10. Visualization of the waste disposal containers in the ultra-
clean zone 

 

3.4.2.3.1 The role of heat sources in the ventilation of OR during the surgery 

Heating sources may also affect the airflow dynamic in the room due to 
buoyancy driven flow above the heat source. If heating sources are placed 
below the plenum, it can disturb the air distribution of the applied downflow 
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system. In operating rooms the main heating sources include lights, people 
and equipment. 

The surgical light is a difficult issue to resolve, because it needs to be in the 
operating area and focused on the surgical wound. Therefore, it is important 
to choose surgical lights that will have less influence on the airflow dynamic 
of the supply air zone, and at same time meet the level of light needed 
during the medical procedure [Zoon et al. 2010]. 

Human thermal plumes in the operating zone cannot be avoided since the 
workstation of surgeons and auxiliary nurse are (still) located there. In 
hospital schools the number of people present in the operating is usually 
higher than in normal practice. However, minimizing the number of people in 
operating rooms should always be priority. 

 

3.4.2.3.2 Similarities and some problems observed in OR layouts 

It was observed that the layouts differed with the medical procedure 
performed. In the observations the surgical team was questioned about why 
they defined the layout of the surgeries in those ways. In the foot surgery 
and the tibia surgery, for example, the surgical team explained that the 
instrument table and the over operating table were kept out of the ultra-clean 
zone throughout the surgery, because the operating table needed to be 
moved from the centre of the room in order to have the right inclination for 
the table to perform the procedure. Here a design limitation of the operating 
table was identified that affected the behavior and layout in the room and, 
consequently, the performance of the air distribution system. In terms of the 
positioning of the instrument table out of the ultra-clean zone, they said that 
it was placed in that position in order to have an ergonomic workstation for 
the auxiliary nurse to perform his work. 

Observing the three hip surgeries and the two clavicle surgeries permitted 
the identification of similarities in the medical procedures of the common 
surgeries, which suggests it is possible to define a layout for these surgeries. 
Additionally, the head of the orthopedic department argued that usually there 
is a standard procedure for each surgery. To confirm this fact, future work 
should be conducted to evaluate different types of surgeries and specialties. 

From the observations it was also concluded that in some of the observed 
procedures, for example in the hip surgeries, due to the number of people,  
tables and space requirements, it is difficult to keep everything in the ultra-
clean zone and have an ergonomic workstation for the auxiliary nurse. 

 

3.4.2.3.3 Inappropriate use of OR regarding the air distribution system 

In the preparation of the room observed, the instrument table was prepared 
in a corner of the operating room near the exhaust. The instruments were 
unpacked and afterwards the instrument table was covered. The instrument 
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table was kept in the same place until the patient was prepared and the 
surgery began. Figure 11 shows the situation that occurred in some of the 
observed surgeries. However, the asepsis in this zone in the operating room 
is lower than in the ultra-clean zone, and therefore is not a suitable area in 
which to open the instrument package and prepare the instrument table. In 
this zone there is an increased risk of particle deposition at the instruments 
that later on will be used in the surgery. In order to keep the asepsis of the 
instruments, their preparation could be done in the operating zone, and then 
the instrument table could be covered and moved to the other area in the 
operating room until the surgery begins. In some hospitals this problem is 
solved with the construction of an adjacent area with ultra-clean air, where 
the materials/instruments are prepared and brought to the operating room; 
while in other hospitals a small laminar airflow was included in the operating 
room area to prepare the instruments. 

 

Figure 11. Preparing the instrument table before start the surgery 

 

Another example of inappropriate use is provided in Figure 12.  It shows a 
waste disposal container blocking the exhaust in the operating room. This 
problem was observed in all nine surgeries. The container actively 
interrupted the air extraction at this position of the operating room. This will 
affect the airflow dynamic in the room [Zoon et al., 2011]. 

 

 

 

 

 

 

 

Figure 12. Detail of the waste disposal container blocking the exhaust 
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Although some users noticed the waste disposal container in front of the 
exhaust, it was kept there during the surgeries. This assumes that there is a 
possible lack of awareness with respect to hygiene issues, affecting 
ultimately the risk of infection. 

Another problem observed in some of the surgeries is related to people 
walking and entering the room during the surgery. The movement of the 
nurse, who brings materials to the instrument table, is expected. However, 
as an example, it was observed in one of the surgeries that a nurse entered 
the ultra-clean zone to have a quick look and then left the zone. Entering an 
operating room and moving between the clean and ultra-clean zone affects 
the airflow dynamic in the room and increases the risk that particles from 
adjacent areas enter the operating room [Brohus et al., 2006]. 

 

3.4.2.4 Impact of observation of surgeries for the assessment of 
performance in OR 

The observations of surgeries in operating rooms provided further 
information for the development of a methodology for the performance 
assessment of ventilation systems in operating rooms. Based on the 
observations, the following conclusions can be made: 

¶ Only a limited number of observations have been performed. These 
observations allowed for a confirmation that the available systems 
not always meet users´ needs, and that the surgical team is not 
always using the available system correctly. 

¶ The boundaries between zones in an operation room, clean and 
ultra-clean in the case of a laminar downflow system, are not always 
respected. This either may be due to lack of attention or because of 
space limitations. Evaluation of the robustness of the air distribution 
design for actual use may be assumed. This would require 
information on user behavior in different medical procedure. 

¶ The layout of an operating room differs for specific surgeries. 
Common points between some layouts suggest the possibility of 
assuming a limited number of ñuse situations" to address a variety of 
surgery types. 

 

 

3.5 General discussion of the Descriptive Study I 

In Section 3.5, the main results of Descriptive Study I are discussed. The 
collected information in this study provides an overview of the current state 
of performance assessment of air distribution systems for operating rooms.  

Various air distribution system designs are being used in operating rooms.  
Some systems are more popular than others, and some of them are reported 
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to provide increased protection in terms of infection control. However, a 
relatively limited number of studies with respect to these systems is 
discussed in literature, and in practice the performance assessment of air 
distribution systems often is simplified, which makes it difficult to determine 
which of these design alternatives is more suitable for particular situations. A 
clear methodology to decide on which system alternative meets the clientôs 
needs best is not yet available. 

Standards and guidelines are important supporting tools that establish 
indoor air climate requirements in operating rooms. These documents, 
however, do not provide much information to support designers in the 
performance assessment of air distribution system designs. For the use 
phase VDI 2167, 2007 presents one of the very few examples of a 
performance based approach to assess the functioning of a built air 
distribution system, only with respect to contaminant concentration and for a 
relatively simple evaluation configuration. The observations in operating 
rooms identified the higher complexity of use configurations. 

Computational simulation tools are applied as evaluation methods to assess 
the performance of air distribution systems in research. CFD is regarded 
most important with respect to air distribution in operating rooms. In practice 
computational simulation is applied to support the design process of air 
distribution systems for operating rooms. For the Dutch context it is however 
not yet generally regarded as a design decision tool. Despite its potential, 
several disadvantages and barriers have been identified. Within the context 
of this work these are not specifically addressed, it is however noted that 
research and development in this area continues and adds to its potential. 

The information discussed in this chapter, with reference to the individual 
sections indicating the impact of individual topics addressed, was used as 
input data to develop an assessment procedure with respect to air 
distribution system designs in operating rooms and more specifically the use 
of computational simulation in that process. This is presented in the 
Prescriptive Study (Chapter 4), as part of the DRM. 
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4 
Prescriptive Study 

 

In the previous chapter results from the Descriptive Study have been 
presented. In this chapter, the Prescriptive Study as part of the DRM, these 
results have been synthesized to arrive at a proposal for a performance 
assessment methodology including computational simulation for air 
distribution system designs in operating rooms. 

Chapter 4 is organized in five sections.  Section 4.1 proposes a general 
method based on a brief review of existing performance assessment 
methods as starting point for the assessment method. Section 4.2 and 4.3 
detail this approach towards air distribution systems for operating rooms. 
Section 4.4 addresses the use of computational simulation in the method. 
Section 4.5 provides a discussion of the Prescriptive Study. 

 

 

4.1 Selection of a general assessment methodology for air 
distribution systems in ORs 

Section 4.1 is organized in two sub-sections. First a number of existing 
assessment methodologies with a focus on buildings is discussed. From this 
discussion, one of the general assessment methods is taken up for further 
application with respect air distribution systems for operating rooms 

 

4.1.1 Existing performance assessment methods 

Performance assessment methods enable the systematic determination of 
the influence of a building or building product on the quality of the 
environment, and to identify aspects that could be improved. The purpose of 
the present research is to develop a specific performance assessment 
methodology. For this reason, a brief insight into available existing 
performance assessment methods was made to identify how those existing 
methods could (or not) relate to addressing the intended goal. 

A review of the literature revealed that there are several assessment 
methods currently in use around the world. Some of these reviewed 
assessment methods are summarized in Table 9, in no particular order. It 
presents the building type applicability of each method, the assessment 
categories and the evaluation methods in the design phase are identified. 
Afterwards, a brief discussion is presented. 
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Table 9. Overview of reviewed performance assessment methods 

Performance 

Assessment 
Methods 

Building type 
Applicability 

Assessment 
Categories 

Evaluation methods 

BREEAM 

 

Office, education, 
healthcare, industrial 

and ecohomes 

management; health 

and wellbeing; energy;  
transport;  water;  

materials;  land use & 
ecology; pollution 

Design specifications 

[DGBC 2012]; 
Simulation and 

calculation [Lee and 
Burnet, 2008] 

LEED 

Home, 
neighborhood 
development, 

commercial interiors, 
core & shell, 

schools, healthcare, 

and retail 

Sustainable sites; 
Indoor Environmental 

Quality; Energy; 

Resources & 
materials; Water; 
Emission/pollution 

innovation 

Design specifications 
[USGBC 2011] 

(Simulation and 
calculation [Lee and 

Burnet, 2008] 

CASBEE 

 

Many types of 
buildings (e.g.,  

offices, schools, 

retail stores, 
restaurants, halls, 

hospitals, hotels and 

apartments 

Indoor environment; 
Quality of Service; 

Outdoor  Environment 
on site energy; 
Resources & 

Materials; Off-site 
Environment; covering 

four assessments: 

energy efficiency, 
resource  Efficiency, 

local environment; and 

indoor environment 

Design specifications 
[CASBEE, 2012] 

[Simulation [Zheng 

and Pan, 2007; and 
Chung, 2005] 

 

 

CEPAS 

[CEPAS, 2006; 
Cole, 2005] 

Residential and non-
residential (e.g., 

offices, commercial, 
institutional 

buildings, mixed-

used buildings) 

Resource Use; 

Loadings; Site 
Impacts; 

Neighbourhood 

Impacts; Indoor 
Environmental Quality; 

Building Amenities; 

Site Amenities; and 
Neighbourhood 

Amenities 

Computer simulation; 
calculation 

DQI All types of buildings 
 Impact; functional; 

building quality N/A 

PBB 

dwellings, schools, 

offices, hospitals, 
governmental 

buildings  

Building technique;  

Buildings and the built 
environment; Building 

process; Building 

industry 

measurement, 
calculation or 

simulation 

BEDM 
Building and building 

products 

Basic Well-Being 
(health & comfort) 

Functional Value 
Economic Value 

Local Value 

Ecological Value 
Strategic Value 

measurement, 
calculation or 

simulation 
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BREEAM (Building Research Establishment Environmental Assessment 
Method) is a rating system that sets the standard for best practice in 
sustainable design and has become one the more prominent measures used 
to describe a buildingôs environmental performance. BREEAM is adaptable 
to local regulations and conditions and the international version is adjustable 
to apply in other countries. It is considered a simple and fast assessment 
method, and has a good balance between price and quality. [BREEAM, 
2008; Vreenegoor, Hensen and Vries, 2008] 

LEED (Leadership in Energy and Environmental Design) consists of a set of 
standards for environmentally sustainable construction and defines a 
certification program for high-performance green buildings. It can be applied 
to new constructions, renovations, and existing buildings (operations and 
maintenance). Its use is less appropriate for the early design stage. 

CASBEE (Comprehensive Assessment Scheme for Building Environmental 
Efficiency) is a rating system for the evaluation of Building environmental 
Quality and Performance and Building Environmental Loading. Although 
CASBEE is a time consuming assessment method, it presents advantages, 
including the fact that a wide range of issues can be considered. [Saunders, 
T. 2008] 

CEPAS (Comprehensive Environmental Performance Assessment Scheme) 
is applicable to various building types in the different building life-cycle 
stages. It makes a distinction between óhumanô and óphysicalô performance 
issues, as well as between óbuildingsô and their ósurroundingsô. [CEPA, 2006] 

DQI (Design Quality Indicator) is a method of evaluating the design and 
construction of new buildings and the refurbishment of existing buildings. It 
assists clients to define their aspirations, and with that to develop a shared 
language for the project between clients and the design team. The success 
of a project is then measured against these aspirations. DQI sets a broader 
range of goals and objectives as compared to building environmental 
assessment methods [Cole 2005]. [Gann, Salter and Whyte, 2003] posit that 
DQI is a method with the potential to capture lessons from the design 
process, and from the clients, stakeholders and designers. 

PBB (Performance Based Building) is an approach that involves a rigorous 
determination of what a building or building product is required to do. The 
approach is conceived and worked out with ends in mind.  Therefore, the 
design solution, whether traditional or novel, will always require a 
quantitative base for the testing and evaluating of its performance. In a 
performance based approach, all decisions, choices, and tradeoffs start with 
the performance-in-use requirements rather than prescribed solutions to 
meet the stated needs [Loomans and Bluyssen, 2005]. Another fundament 
of performance-based building is the logical structuring of all the related 
information, which was derived from the work of [Hill, 1997; and Mallory-Hill 
2004]. 

BEDM (Building Evaluation Domain Model), as developed by [Mallory-Hill, 
2004], is a three-dimensional matrix format that considers the performance 
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criteria related to a building, and the combination of human-environment on 
different levels. BEDM permits a logical structuring of important information 
related to performance based building. This model has been an important 
support tool in the communication within the building and building product 
evaluation project and to position the knowledge domain required in the 
design [Groot, 1999]. 

Inadequate performance of air distribution systems has been discussed in 
several studies and has also been identified and reported on in practice. In 
Descriptive Study I, the reduced awareness of the complexity of operating 
rooms regarding the needs of different stakeholders, the differentiation 
between zones in the operating room and the multiplicity of performance 
indicators influencing the overall performance of the operating room were 
identified as some of the possible causes for the non-optimal design of these 
systems. A formalized and comprehensive methodology for designers of 
these systems is regarded important to cope with the complexity identified. 
The performance assessment methodology should be able to incorporate 
these specific requirements and application area. 

The identified building assessment methods such as BREEAM, LEED, 
CASBEE, CEPAS and DQI provide little flexibility to incorporate and support 
the identification and assessment of detailed performance aspects typically 
considered in the assessment of air distribution system designs and for the 
specific application of the operating room. 

PBB takes up the performance as principle driver for assessment (either 
design or in-use). The general assessment methods as discussed above, 
and some very recent developments in this area, to some extent follow this 
approach but with respect to application limitations in practice refer to design 
solutions as well to rate performance [Loomans et al., 2011]. For the specific 
application in an operating room, design solutions however should not be 
referred to but left open for assessment in the specific use and with respect 
to the specific requirements. 

BEDM provides a rigorous structure to link the stakeholder (demand) to the 
building systems (supply) at different levels of detail of the building. With 
respect to the specific application, BEDM provides the flexibility to 
distinguish demand and supply at the air distribution system level for an 
operating room. Performance requirements (demand) and provided 
performance (supply) following the PBB approach can find a logical place 
within this structure. 

Based on the above discussion, the more general approaches of PBB and 
BEDM are found to provide more flexibility with respect to the intended 
goals. However, they also require more development efforts. 

To address this issue, as a first step the BEDM is explained in somewhat 
more detail. As shown in Figure 13, BEDM includes three different axes, 
which refer to the óBuilding Systems Levelô, the óArchitectural System Levelô 
and the óHuman Systems Levelô [Mallory-Hill, 2004]. 
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Figure 13. Building Evaluation Domain Model [Mallory-Hill, 2004] 

 

The Building System level (BSL) is subdivided in six levels, which relate to 
the number of changes that may occur during the buildingôs life time. The 
levels are: stuff, space plan, services (e.g., HVAC), skin (envelope), 
structure, and site (form / orientation). 

The Architectural System Level (ASL) presents five sub-levels of complexity 
as illustrated in Figure 14. [Mallory-Hill, 2004] defines the workstation as the 
individual area where a person works, the workplace as the area a group of 
people or groups work, and floor area as the adjacent areas to the 
environment evaluated. 

 

 

Figure 14. Architectural System Levels [Rutten, 1996] 

 

The Human System Level (HSL) focuses on the stakeholders involved in the 
design process and the associated values as grouped in the value 
framework. Within the HSL level six sub-levels are defined: 



 

 

 

60 

 

a) The óindividualô level, refers to the relationship of a building with the 
individual occupants and their sense of psychological and physical well-
being. This level gives weight the so-called basic values; 

b) The ógroup & organizationô level is concerned with how the activities 
that take place inside the building are supported. At this level the 
functional values of a building design mainly are addressed; 

c) The óownersô level is based on the relationship with people concerned 
with the ownership and marketing of the building, and also the 
requirements associated with the construction and life-cycle costs. Here 
economic values play a dominant role; 

d) The ócommunityô level is concerned with defining peculiar or specific 
requirements for a particular place, or any other aspect that may prevent 
the construction of a building. The focus is on local values; 

e)  The óglobal communityô considers the relationship of the building with 
the global environment. This involves understanding how a building uses 
resources and/or creates waste and pollution. As such ecological values 
are covered; 

f) The ófuture usersô would identify possible changing user requirements 
and use in future and therefore relate to the strategic values of the 
building. 

With these subdivisions on each axis up to 180 cubes may be generated, 
each representing a sub-domain of investigation within the total domain of 
building science. 

With BEDM model, the design problems can be evaluated from different 
levels and points of view, allowing the identification of all people involved in 
the design process and use phase of a building and building product, as well 
as their interests. Based on the work of [Mallory-Hill, 2004], a general 
approach for assessment of building and building product is proposed. 

 

4.1.2 Applied general performance assessment methodology 

The system levels provided in BEDM and its underlying intentions as 
presented in [Mallory-Hill, 2004] formed the basis for the development of a 
general performance assessment methodology that can be applied for 
building and building products. The general approach is shown in Figure 15.  
It intends to encourage evaluation of the design problem in a systematic 
way, and from the point of view of different stakeholders involved. Looking at 
the figure, the three columns on the left side represent the Building System 
Level (BSL), the Architectural System Level (ASL) and the Human System 
Level (HSL), respectively. The first row includes the criteria related to each 
intersection of the BEDM presented in Figure 13 , such as: functional 
requirement, performance requirement, performance indicators and target 
value. The description of each item is presented below.  
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Figure 15. Performance Assessment Methodology of Building and 
Building products ï a general approach 

 

Functional requirements address intended aspects, or required 
performances that a building (or building product) should achieve. [Loomans, 
and Bluyssen, 2005] 

Performance requirement is ña quantitative statement giving the level of 
performance required to meet the user needs or expectations for the item 
being addressedò. [Gross, 1996] Performance requirements can be 
established for an extensive field of interests of key players, as discussed by 
[Trinius, Sjöström and Chevalier, 2005] In this research, the performance 
requirements associated with safety, productivity and well-being are indoor 
air quality (IAQ), thermal comfort, and thermal risks for the patient 
(hypothermia). 

Performance indicators are related to the performance requirements that 
have been set in the project, and indicate the general state or trends of a 
phenomenon. [Deru and Torcellini, 2005] Performance indicators can be 
applied to any air distribution system configuration and its values can, to a 
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certain degree, be mutually compared, helping in the identification of which 
design is the most efficient. [Schild, 2008] argues that performance 
indicators are essential for the assessment of air distribution systems in 
individual rooms. Performance indicators must be capable of being either 
predicted (e.g., simulated) and/or measured at various stages of the life 
cycle so that the achievement of the desired performance can be evaluated. 
[Crawley, Hänninen and Hitchcock, 2007] 

In the context of this research, target value is a quantitative request related 
to the performance indicators, which should be achieved by the design. 

In the general approach, all system levels, described in BEDM, are 
considered. In the development of the performance assessment 
methodology for air distribution systems for operating rooms, however, only 
those parts related to the óServicesô are of principal interest. In addition, 
within this context, four levels of the HSL (individual, future users, group and 
owners), three ASL (workstation, workplace and floor area) are focused on. 
This is illustrated in Figure 16. Here only the identified cubes for the 
workplace level are shown. The general approach is detailed by addressing 
each intersection (cube) in order to identify the relevant issues and the 
stakeholders involved in each HSL. 
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Figure 16. Indoor system evaluation at workstation/workplace/floor 
area level for different stakeholders, looking at the system level 
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4.2 Identification of levels and stakeholders in the design and 
operation of ORs 

In the assessment of air distribution system designs for operating rooms, 
several stakeholders, functional requirements and performance 
requirements were identified (refer to Chapter 3, Descriptive Study I). 
Stakeholders involved in the design and use phase of the air distribution 
system in operating rooms and requirements of the design are described in 
turn below. 

In the ASL, the workstations identified in an operating room are the zones of 
the patient, surgeon, auxiliary nurse, anesthesiologist and the supporting 
staff. These workstations can differ, with respect to size and location, with 
the type of surgery, so it is important to have an overview of the type of 
medical procedure performed in the room and of the layout used. 
Workstations are defined according to the ergonomics and user tasks. The 
workplace encompasses the total environment of the operating room, while 
the floor area refers to adjacent areas directly connected to the operating 
room as part of the operating department. The adjacent areas could, for 
example, include the hallway, antechamber, storage and other operating 
rooms. 

 

Figure 17. Zones of interest in ORs 
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In the intended approach, the HSL of interest are the individual level, future 
users, group and organization level, and owner. 

The individual level encompasses the patient, the surgical team and 
everyone else who provides support during the surgery. As representative 
for the patient, patient associations may assume requirements in the interest 
of the patient. For the patient, aspects, such as well-being and safety are 
important. For the surgeon, auxiliary nurse, anesthesiologist and support 
staff well-being, safety and productivity are important functional 
requirements. 

The future users include the patient and the surgical team. The difference 
between future users and the individual level is that, in case of future users, 
consideration should be given to possible developments in medical 
procedures and equipment, or possible different use of the room. 
Performance value to future users may reflect in terms of adaptability. 
Functional requirements for future users generally would still include well-
being, safety and productivity. 

In the group and organization level, regulations, the operating room staff, the 
hygienist and the technical department are involved. For these stakeholders, 
the functional requirements are safety, productivity and satisfaction for the 
users of the operating room. 

The ownerôs level includes the hospital managers, health insurers, 
government (in public hospitals) and actual owners (in private hospitals). The 
functional requirements for them include the identified aspects for the patient 
and staff. In addition, for the owners, the cost aspect is important and needs 
to be weighed, for example, against the perceived gain in public confidence 
resulting from improved rates of well-being of the users. 

Energy use is an important aspect to consider in the assessment of the total 
Operating Unit. Despite its importance, primary requirements as identified in 
Chapter 3 focus on the basic values for the patient and the operating staff. It 
therefore was not included in the specific assessment of the air distribution 
system design for operating rooms. 

For the functional requirements as discussed above, performance 
requirements and performance indicators have to be identified. With respect 
to these indicators an important consideration is that they should have an 
evaluation possibility in the design (simulation) and use phase 
(measurement). This in order to adhere to the performance based approach 
that has been assumed as point-of-departure for the methodology. The 
performance requirements and indicators related to air distribution systems 
in operating rooms are presented in the next section. 
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4.3 Identification of performance requirements and 
performance indicators related to air distribution systems 
in ORs 

Performance goals need to be defined as clearly as possible to allow proper 
implementation and assessment. Proposals are given for performance 
requirements and indicators related to air distribution systems in operating 
room that may find a place in the performance assessment. In addition to the 
results obtained in Chapter 3, further details are included based on further 
literature review and by use of a survey. The results are presented below. 

 

4.3.1 Performance requirements and indicators for air distribution 
systems in ORs 

In Chapter 3, two main performance requirements were identified for the 
patient and the surgical team: good indoor air quality to reduce SSI rates 
and safety for the patient and surgical team and good thermal conditions to 
promote, e.g., good work conditions and reduce hypothermia for the patient. 
The next section describes results of interviews with experts regarding these 
performance requirements in operating rooms. This is followed by two 
sections discussing in detail these performance requirements and the related 
performance indicators. 

In this context costs related to the performance of the air distribution system 
is not assumed. The costs involved in the investment and operation of the 
system are considerable. However, with reference to [Knobben, 2006], the 
costs of treatment of a SSI currently is less than one order of magnitude 
smaller than the investment costs of a downflow system as applied in Dutch 
operating rooms. Though optimization may be assumed, investment in 
systems that reduce SSI is regarded beneficial. 

 

4.3.2 Results of interviews regarding the performances in ORs 

Part of the survey performed consisted of investigating which performance 
requirements and performance indicators should be applied in practice in the 
opinion of experts. A copy of the applied questionnaire is enclosed in 
Appendices VI (Section II). Seven researchers with detailed knowledge of 
HVAC systems were interviewed, of which six had also been involved in the 
design/consultancy and/or in research of air distribution systems for 
operating rooms. The performance requirements and related performance 
indicators that the experts judge important to consider in the process are 
presented in Table 10. The zones of interest that should be evaluated by 
designers are also included. 
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Table 10. Overview of performance requirements, performance 
indicators and zones of interest in ORs 

 Performance Aspects  
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In the opinion of all experts, acceptable indoor air quality to provide a healthy 
and safe environment to the patient and operating staff should be 
considered in the assessment of air distribution systems for operating rooms. 
Six related performance indicators were indicated: particles concentration, 
gas concentration, air temperature, relative humidity, local mean age of the 
air and ventilation effectiveness. The evaluation of the ventilation 
effectiveness was pointed out only by one expert, while the other 
performance indicators were agreed by the majority of the interviewees. 

The zones of interest that should be considered in the prediction of the IAQ 
were the workstation, workplace and critical zones, such as the breathing 
zone, wound area, instrument table, and supply air diffuser area. These 
zones were defined as function of the performance indicator to be evaluated. 

Thermal comfort for the patient during pre-anesthesia in operating rooms 
should also be considered. The performance indicators given by the experts 
were the operative temperature, the PMV-index, draught rating, skin 
temperature and core temperature. Similarly, these indicators should be 
evaluated for specific zones. 

The investigation of the thermal comfort for the operating staff during the 
surgery was agreed on by the experts. Of the indicators provided in the 
survey, operative temperature and PMV-index, draught rating, vertical air 
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temperature between the head and ankles, and radiation asymmetry were 
rated most important . Here the zones of interest that should be considered 
are the staff workstation and the operating room. 

Five of the experts indicated that thermal conditions for the patient during 
surgery should be considered in the assessment of air distribution system 
designs for operating rooms in order to reduce the chance of perioperative 
hypothermia. Of the performance indicators provided to evaluate the thermal 
conditions for the patient, air temperature, air velocity and skin temperature 
was agreed on by all five experts. In addition four indicated the supply air 
temperature and core temperature to be be considered as well. In this case 
the zones of interest comprise the zone(s) occupied by the patient, the 
wound area and the operating room. 

The survey identified no other performance indicators, apart from the ones 
provided, that may be applied in the assessment of air distribution systems, 
addressing the basic (individual) value. The next section provides some 
further detail on the individual indicators identified. Then, in Section 4.3.5, 
this information and the input from Chapter 3 (Descriptive Study I) is 
synthesized. 

 

 

4.3.3 Performance indicators for indoor air quality in ORs 

Air contaminants in an environment include non-biological particles, 
bioaerosols, gases and vapours. Bioaerosols are airborne microbiological 
particulate matter (e.g., viruses, bacteria, fungi), often associated with other 
particles such as dried residues from water droplets, dust, soil or skin flakes. 
[Beggs, 2002; and ASHRAE, 2001] The behavioral characteristics of 
bioaerosols are influenced by the size and distribution of non-biologic 
particles that they can be associated with, by air movement, adhesion and 
electrostatic charge [Morawska, 2006; Macintyre, 1990; Howorth, 1986; 
Mesquita, 1985; and Dorman, 1974]. 

In the next sections first main issues in operating rooms regarding IAQ are 
discussed, and then related performance indicators are discussed in more 
detail. 

 

4.3.3.1 Relevant aspects and physical phenomena 

Aerosols, which include solid and liquid particles and microorganisms 
dispersed in the air, can either come from outside or from the indoor 
environment. In operating rooms, aerosols may be introduced from outside 
in a number of ways, for example, when the filters are not efficient and/or not 
performing properly, due to inappropriate pressurization of the room, or to a 
contaminated HVAC system [Pereira, 2008; Kelkar, Bal and Kulkarni, 2005; 
CDC and HICPAC, 2003; and Gunderman, 1980]. Aerosols can also be 
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introduced in the environment when the door of the room is open [Tang et 
al., 2006]. The main sources, however, are generally found, in the operating 
room itself. The most important indoor sources are the people in the room 
(from skin, or dispersed from the respiratory tract during coughing, sneezing, 
or talking, or blood spray), surfaces of the room, some materials and 
equipment present potential contaminant sources. [e.g., Wan, Chung and 
Tang, 2011; Brohus, Balling and Jeppesen, 2006; Morawska, 2006; Chow 
and Yang, 2004; Beggs, 2002; Schneeberger, 2002; Woodhead et al., 2002; 
McCarthy and Spengler, 2001; Spengler and Chen, 2000; Gosden, 
MacGowan and Bannister, 1998; Kruppa and Ruden, 1996; Lewis, 1993; 
Howorth, 1986; Spendlove and Fannin, 1983]. Bioaerosols may settle in 
implants, gloves, or instruments and may be transferred to the wound of the 
patient, or be redispersed from contaminated surface (e.g., floor and surgical 
lights). [Hambraeus, 1988; Whyte, 1988; and Laurell, 1980]. 

[Gosden, MacGowan and Bannister, 1998] point out that the infection can 
increase the rate of morbidity and mortality.  [Lidwell, 1983; Lidwell et al., 
1982; and Lidwell et al., 1981] show that the incidence of SSI is correlated 
with the concentration of colony-forming units per cubic meter of air 
(CFU/m

3
). 

For further information on the types of microorganisms and the role of 
transmission, the limits of CFU/m

3
 in the environment, and their effects on 

people´s health, is referred to studies, such as [Pereira, 2008; Li et al., 2007; 
Fleischer et al., 2006; Morawska, 2006; ASHRAE-B, 2004; Beggs, 2002; 
ASHRAE, 2001; McCarthy and Spengler, 2001; McDonald and Ouyang, 
2001;  Alcini et al., 1996; Etkin, 1994, Whyte, Hodgson and Tinkler, 1982; 
and Lidwell, 1981]. 

Another risk in operating rooms is characterized by chemical compounds, 
which could cause adverse effects in the health of the staff. Chemical 
compounds in the operating room indoor air include anesthetic gases, bone 
cement used in orthopedic surgeries, some compounds that are produced 
during laser surgery (e.g., Formaldehyde and VOCs), and substances used 
to disinfect and to sterilize medical devices, equipment and surfaces [ISIAQ, 
2003; and McCarthy and Spengler, 2001]. More information on the common 
chemical indoor compounds is presented in [Weschler, 2011]. 

The exposure to anesthetic gases is a significant concern in operating 
rooms. The concentration of gases in the operating room needs to be 
controlled, otherwise the productivity and quality of the work of the surgical 
team can decrease, and in the medium and long term health problems may 
occur. The use of the vacuum scavenging system, to recover the waste 
anesthetic gas, in combination with efficient ventilation strategies can 
considerably reduce concentration levels in operating rooms [Krajewski, 
2007, Dobrovolsky, 2003, McCarthy and Spengler, 2001, Dascalaki et al., 
2008; Malekirad, 2005; Dobrovolski, 2003; McCarthy and Spengler, 2001; 
Seppänen, Fisk and Mendell, 1999; and Alessio and Alessio, 1996]. [Nilsson 
et al., 2005] discuss the need for further investigation on the effects of 
anesthetic gases exposure in future researches. 
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Higher carbon dioxide (CO2) concentration is often applied as an indicator of 
inadequate indoor air quality [Persily, 1996]. Current systems in operating 
rooms apply relatively high air change rates. As the staff and patient are the 
only sources, CO2 concentration therefore generally is not a problem. At the 
same time that people generate CO2, they produce odorous bioefluents, 
which are important to consider, particularly in operating rooms in those 
situations when the surgery is septic and the patient may be a significant 
source of odors. Complaints of occupants in operating rooms are also 
related to the smell of blood. The concentration of gases is expressed in 
ppm. Fanger proposed an analysis to determine olfactory comfort. In this 
assessment the presence of bioefluents is assessed in combination with 
available ventilation conditions. He derived an expression to determine the 
percentage of persons dissatisfied with the indoor conditions present 
[ASHRAE, 2001]. Acceptable concentration levels of individual chemical 
components, from a health point-of-view are defined by relevant authorities. 

Several researchers [e.g., Hainer, and Usatine, 2002; and NIOSH, 1998] 
indicate that smoke plumes also represent a potential risk for patients and 
surgical teams. The smoke plume in operating rooms is the result of 
application of lasers and electrosurgical units, which are used in a number of 
surgical procedures, including laparoscopic and microsurgical procedures.  
The plume may contain particles, which may contain bioaerosols, toxic 
gases and vapours. 

Source control of contaminants produced in the operating room should 
always be the starting point. Several actions may be taken to prevent and 
control aerosols in operating rooms, including the use of appropriate 
clothing, a hygiene protocol, the quality of the work, and the efficiency of the 
air distribution system strategy [McDonald and Ouyang, 2001; and Salvigni 
and Piva, 1993]. As sources currently still cannot be avoided completely, air 
distribution systems are required and responsible for keeping the level of 
aerosols and other contaminants in the operating room, more specifically the 
operating area, within acceptable limits [Nielsen, P.V., 2009; Lehto and 
Buck, 2008; Krajewski, 2007, Dobrovolsky, 2003; McCarthy and Spengler, 
2001; Gosden, MacGowan and Bannister, 1998; Seppänen and Tarvainen, 
1996; Lewis, 1993; Lidwell et al, 1983; Lowbury and Lidwell, 1978; 
Bouwman et al., 1977]. 

 

4.3.3.2 Performance indicators related to the IAQ 

In this section, an overview of performance indicators related to the IAQ in 
operating rooms is presented. 

Identified performance indicators related to the IAQ in operating rooms 
include: 

¶ concentration of particles; 

¶ concentration of chemical contaminants; 
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¶ air temperature and relative humidity; 

¶ local mean age of air; and 

¶ ventilation effectiveness 

Further information on these performance indicators and evaluation methods 
used to assess them are discussed below. 

 

4.3.3.2.1 Concentration of particles 

The concentration of particles is an important performance indicator that has 
been used by many to assess the IAQ in different kinds of environments, 
including operating rooms and other critical environments. Operating rooms 
have been classified and evaluated in terms of concentration of CFU, a 
method that has been used in clean-rooms and has shown to be effective 
and related to SSI rate [Lidwel et al. 1982]. This approach has been used by 
several researchers, including [Zhao et al., 2009; Loomans et al., 2008; 
Pereira, 2008; Rui, Guangbei and Jihong, 2008; Brohus, Balling and 
Jeppesen, 2006; Zhang and Chen, 2006; Chow and Yang, 2005; Chen and 
Zhang, 2005; Memarzadeh and Manning, 2002; Chen, Jiang and Moser, 
1992; Loomans and Lemaire, 2002; Lidwell et al., 1982; and Lowbury and 
Lidwell, 1978]. The target value that shall be achieved is provided in 
guidelines or less formal references. It can vary for different countries and 
organizations, for different medical procedures, and is also dependent on the 
conditions of the patient. The concentration and dispersion of particles in the 
workstation, workplace, critical areas and floor area can be predicted using 
engineering calculations and computational simulation. Generally, CFD is 
used for the assessment of this indicator. See also the references mentioned 
above. 

With reference to Chapter 3, evaluation of the concentration of particle has 
also been applied in Dutch practice to assess the system performance. 
Examples are available to show application in the design and use phase 
(e.g. Loomans et al. 2008; VDI 2007). The impact of user behavior in 
operating rooms in this context is not yet widely addressed. Different heat 
loads in the room however was shown to affect the performance of the 
system [Zoon et al. 2011]. Operating team lay-out and equipment use should 
therefore be well considered. The zones of interest identified include the 
occupied zones, the total room and critical zones such as the instrument 
table and breathing zone. In agreement with the information above, CFD 
technique is recognized as an important support to predict this performance 
indicator. 

 

4.3.3.2.2 Concentration of chemical components 

The concentration of chemical components in the room has been stated by 
many as an important indicator of the IAQ. Target values that should not be 
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exceeded for some specific individual chemical component are established 
in standards and guidelines. However, dose-response relations are yet 
insufficient to address all known chemical components, and mixtures of 
these components. Concentrations and dispersion of contaminants can be 
predicted by computational simulation, of which AFN, at floor area, and CFD, 
at workplace, workstation are most prominent. The line approach is similar to 
the assessment of CFU concentration as presented above. Other studies in 
this area are [Chen, 2009; Karthikeyan and Samuel, 2008; Zhang and Chen, 
2007; Lawrence and Braun, 2006; Stewart and Ren, 2003; Herczeg, 
Hrustinszky and Kajtár, 2000; and Persily, 1996]. 

Evaluation of the concentration of chemical components (e.g., anesthetic 
gases) in Dutch practice is not common, only at request. Nevertheless, the 
experts approached identified the evaluation of the concentration of gases 
(e.g., CO2 and anesthetic gases) as part of the performance assessment of 
air distribution systems for operating rooms. The breathing zone was 
indicated as the main zone of interest. 

Assessment of the concentration of chemical gases is very similar to that of 
the assessment of the CFU concentration. However, firstly, this assessment 
is only rated important if specific sources of chemical compounds cannot be 
avoided; With respect to the surgical team this would mainly refer to 
anesthetic gases and possible odorous chemical compounds. Secondly, 
only if the source production can be quantified and exposure limits are 
available assessment of concentration levels provides applicable 
information. As such it will only be presented as an important performance 
indicator in the overall scheme to allow future developments with respect to 
quantification to be assumed. 

 

4.3.3.2.3 Air temperature and relative humidity 

Other key indicators are the air temperature and relative humidity [Spengler, 
Chen and Dilwali, 2004], which have an influence on bioaerosol survival and 
on the perceived air quality. Target values are established by standards and 
guidelines. 

The evaluation of the air temperature and relative humidity was also 
exploited in the review of studies as discussed in Chapter 3 and finds 
application in Dutch practice. 

The main zones of interest identified include the operating table and 
workplace, workstation, operating table and wound area. 

 

4.3.3.2.4 Local mean age of air 

[Spengler, Chen and Dilwali, 2004; and Simons, Waters and White, 1999] 
discuss that the ólocal mean age of the airô is an important indicator of local 
air change

 
efficiency. [Roos, 1999] explains that the spatial distribution of the 
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local mean age of the air is important since it offers an indication of whether 
or not there are regions in the room air flow pattern where stagnation occurs. 

Local mean age of air is the average time that the air takes to travel from the 
inlet to any point P in a room or enclosure. Local mean age of the air in a 
point P, e.g. a workstation in an operating room can be assessed in the 
design by using the CFD technique. [e.g., in Memarzadeh and Manning, 
2011; Hensen, 2003; Roos, 1999; and Simons, Water and White, 1999] An 
extensive discussion on this performance indicator may be found in [Roos, 
1999; Awbi, 1991; and Sandberg and Sjorberg, 1983]. 

This specific performance indicator was addressed in Section 3.3.3. In Dutch 
practice, the evaluation of age of air has not been applied. 

 

4.3.3.2.5 Ventilation effectiveness 

In close connection to the local mean age of the air [Mundt et al., 2004] 
explain that the effectiveness of the airflow distribution system is related to 
the ability to exchange the air in the room and to remove contaminants. 
Ventilation effectiveness may be referred to as a general term. Example 
indicators the address the ventilation efficiency would include: the air change 
efficiency [Rim and Novoselac, 2010]. This indicator relates the local mean 
age of the air as measured at the exhaust to the theoretical air change time 
[Mundt 2004]. A fully mixed room has an air change efficiency of 50%. At 
local level, the local air change index is applied and may take on values 
>100% for well ventilated positions in a room. These indicators do not 
address the ventilation of contamination if local sources are present in the 
room. For, at room level, the contamination removal effectiveness (CRE) can 
be applied, which relates the average contaminant concentration level in the 
exhaust air to the mean concentration level in the room. High values imply 
good CRE [Mundt et al., 2004]. At local level similar reference to the exhaust 
concentration can be applied. [Mundt et al., 2004] In that case, for example, 
the contaminant removal efficiency near the breathing zone can be 
determined [Ho, Rosario and Rahman, 2009] to assess the ventilation 
performance of an operating room. 

In the reviewed literature in Descriptive Study I, few studies evaluated the 
ventilation effectiveness according to the above criteria for the assessment 
of air distribution systems for operating rooms. In practice in the 
Netherlands, no information was provided about this indicator. Only one of 
the surveyed experts indicated the evaluation of the ventilation 
effectiveness. The fact that the contaminant concentration (particles, 
chemical) allows quantitative assessment of exposure levels and can be 
related directly to health requirements, provides an explanation for the 
limited attention for the specific application of ventilation efficiency indicators 
in an operating room. 
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4.3.3.3 Main conclusions regarding performance indicators of IAQ in ORs 

The most important IAQ performance indicators with respect to application 
for the assessment of air distribution systems in operating rooms are related 
to concentration levels of particles and chemical components. Certainly for 
high risk operations requirements for CFU-concentration levels may be 
challenging. Temperature and relative humidity levels allow wider band 
widths with respect to IAQ. Assessment of ventilation effectiveness, 
specifically the local air change index, may provide additional information on 
the general performance of a system, i.e. less related to specific locations of 
contaminant sources. 

 

 

4.3.4 Performance indicators related to the thermal comfort in ORs 

This section provides further information on performance indicators related 
to thermal comfort in operating rooms. 

An often used definition for thermal comfort reads as óóthat condition of mind 
which expresses satisfaction with the thermal environmentò [ISO 7730, 2005; 
and ASHRAE-A, 2004]. Factors that affect the thermal comfort include 
physiological perception, climate, age, the level and type of physical activity, 
and the types of clothes used [Parsons, 2001; ASHRAE, 2001]. Thermal 
comfort in relation to environmental factors depends on air temperature, 
radiant temperature, relative humidity, and air velocity. [ASHRAE-A, 2004] 
Many scientific studies have been performed in this area and several indices 
for thermal comfort have been developed as a result of that [Parsons, 2001]. 

Managing the thermal comfort in operating rooms is a complex matter. The 
patient and each member of the surgical team present different needs in 
terms of thermal environment. Further differentiation is found the type of 
surgery. Though an important performance requirement of the patient during 
pre-anesthesia is thermal comfort, during the surgery this is referred to in 
terms of hypothermia. 

 

4.3.4.1 Performance requirement: Thermal comfort of the patient during 
pre-anesthesia 

Thermal comfort of the patient during pre-anesthesia is an important aspect 
to consider when the anesthesia is made in the operating room. [Smeltzer 
and Bare, 2002] posit that some patients wait ~45-75 minutes to receive the 
anesthesia and then the surgery starts.  Studies by (e.g., Leslie and Sessler, 
2003; Marcario and Dexter, 2002; and Humphreys and Taylor, 2002) have 
indicated a correlation between thermal discomfort in the hours that precede 
the surgery and increased risk to the patient of developing hypothermia, and 
consequently becoming more vulnerable to contracting a SSI. The type of 
surgery that will be performed has an influence on the thermal comfort, since 



 

 

 

74 

 

it defines the position of the patient in the room, the warming systems used, 
and how much of the body will be exposed, which are directly related to the 
heat loss of the patient during the surgery. The patient will lose heat through 
radiation, conduction (touch with the operating table), convection, and 
evaporation. Factors that contribute to the thermal discomfort of the patient 
include the typical lack of clothing worn by a patient, the fact that patients lie 
on the operating table, which results in a low metabolic rate, and the 
influence of immediate environment factors. 

 

4.3.4.2 Performance requirement: Thermal comfort of the surgical team  

The thermal discomfort of the surgical team during the surgery is difficult to 
manage, because each member of the team presents different needs and 
perception of the thermal environment. [Balaras, Dascalaki and Ganglia, 
2007] Adaptive adjustments remain a key issue in operating rooms. 
Whereas in an office environment users can adapt to the environment 
independently by changing clothing, opening or closing a window, or 
adjusting a thermostat, in an operating room facets such as clothing, air 
velocity and temperature cannot always be governed independently by 
individual users. In terms of clothing, the anesthesiologist and nurse are 
more flexible. 

Thermal comfort in operating rooms has been discussed and evaluated by 
several researchers such as [Mazzacane et al., 2006; Melhado, 2003; Leslie 
and Sessler, 2003; Mora, English and Athienitis, 2001; Cosentino et al. 
1996; Wildt, 1996; DôAlessandro et al 1996; Boschi and Woods, 1996; 
Nagamitsu et al. 1993; Graafmans, 1992; Olesen and Bovenzi, 1985; and 
Johnston and Hunter, 1984]. 

Different thermal comfort responses in the reviewed literature result from, for 
example, the type of surgery performed and the air distribution system used. 
[Melhado, 2003; and Mora, 2001] reported that the thermal sensation of the 
surgeon and nurses is often hot, while the anesthesiologist sometimes 
indicates a cold thermal sensation. To improve the thermal comfort in 
operating rooms, air temperature adjustments have been proposed by some 
researchers [e.g., in Mora, 2001; and Johnston and Hunter, 1984] or 
integrated designs have been developed to take the thermal comfort 
requirements into account [Loomans et al., 2008]. 

 

4.3.4.3 Performance requirement: Thermal conditions for the patient 
during surgery 

Thermal conditions for the patient during surgery must avoid causing 
perioperative and postoperative hypothermia. Perioperative hypothermia 
results from the inhibition of thermoregulation induced by anesthesia and 
due to a low ambient temperature. [Severens, 2008, Marcario and Dexter, 
2002; and Sessler, 1997] For burn patients, especially children, the risk is 
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higher since they lose a large amount of heat due to the lack of an insulating 
layer of skin and the large exposed area. [Wong, Walker and Brandley, 
2004]  Hypothermia may lead to a higher chance of SSI [Thiele, Huffmyer 
and Nemergut, 2008; and Kurz Sessler and Lenhardt, 1996], and several 
other complications, such as tripling the incidence of cardiac problems in 
high risk patients and a prolonged recovery time [Reynolds, Beckmann and 
Kurz, 2008; Leslie and Sessler, 2003; and Kurz, Sessler and Lenhardt, 
1996]. [Slotman, Jed and Burchard, 1985] indicate that hypothermia also 
increases mortality risk in some types of patients. 

The issue of the thermal risks of the patient during surgery is difficult to 
manage, because the patient is anaesthetized and, therefore, his/her 
thermoregulatory mechanisms are not in action. During surgery some 
alternatives are used to prevent hypothermia, for example, warming devices 
(e.g., passive and active warming devices) and intravenous fluid warming. 
[Leslie and Sessler, 2003] However, some types of surgery do not permit 
heating through warming devices or other systems. In such cases, it is 
crucial that the thermal environment of the operating room is set up to 
minimize the development of hypothermia.  One way to prevent hypothermia 
in the patient is to have a high ambient temperature in the operating room. 
[Wildt, 1996]  

 

4.3.4.4 Performance indicators related to the thermal comfort in ORs 

In order to evaluate general and local thermal comfort conditions in 
operating rooms, indoor environmental parameters must be assessed. For 
that dry-bulb temperature, relative humidity, air velocity, and radiant 
temperature are the principal parameters. From these results further 
information can be derived with respect to, e.g., temperature gradients, 
turbulence and radiant temperature asymmetry. Several indices have been 
developed to quantify thermal sensation and thermal comfort [Parsons, 
2001]. Most prominent indicators relate to the heat balance approach 
(Predicted Mean Vote/Percentage People of Dissatisfied (PMV/PPD) 
[Fanger 1972]; and the adaptive approach for naturally ventilated buildings 
(operative temperature as function of outdoor temperature; e.g. [Brager and 
De Dear, 2001]). Standards [ISO, 2005; and ASHRAE, 2004-A] additionally 
provide indices to assess local discomfort (Draught, vertical air temperature 
gradient, radiant asymmetry, floor temperature). 

With the availability of thermophysiological model assessment of skin and 
core temperatures receives additional attention when addressing local 
comfort in non-uniform thermal conditions [Zhang, 2003]. 

The models, which are related to the thermal comfort in operating rooms and 
the thermal conditions for the patient, will be discussed in the following 
sections. 
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4.3.4.4.1 Operative temperature 

Operative temperature is defined as the average of the air temperature and 
the mean radiant temperature weighted by their respective heat transfer 
coefficient [ASHRAE, 2001]. For a given space, an optimum operative 
temperature can be determined as a function of, amongst others things, 
activity and clothing level of the occupants. This applies the PMV approach 
as provided in ISO 7730. 

The adaptive thermal comfort assessment applies the operative temperature 
as evaluation parameter. For naturally ventilated buildings a correlation was 
identified between the outdoor temperature, e.g. weighted over a number of 
preceding days, and the optimal indoor operative temperature [Brager and 
De Dear, 2001]. This correlation however was found for naturally ventilated 
buildings and therefore is not applicable for operating rooms which normally 
will have HVAC-systems installed. 

The use of the operative temperature was not identified in the reviewed 
literature and interviews in the Descriptive Study I. In the survey it was 
mentioned as an important performance indicator to assess the staff and 
patient´s thermal comfort in operating rooms. This however can only be read 
in the context of application of the PMV approach. 

 

4.3.4.4.2 Predict mean vote (PMV) and predicted percentage of dissatisfied 
(PPD) in ORs 

The PMV is an index that predicts the mean value of the votes of a large 
group of persons exposed to the same environment with no option to change 
clothing or metabolic rate. This approach is applied worldwide and for 
various situations [Hoof, 2008]. It has a firm basis in standards worldwide 
[ISO 7730, 2005 and ASHRAE-A, 2004] and has been used in studies of the 
thermal comfort in operating rooms [e.g., in Melhado, 2003; and in Cosentino 
et al., 1996]. With information on clothing level and metabolic rate, 
assessment of PMV is possible in the design phase applying computational 
simulation (BES [information on air velocity required], CFD). Further 
information on PMV-index is found in e.g., [Hoof, 2008, ISO 7730, 2005; 
EUROACADEMY, 2005; ASHRAE-A, 2004; and Fanger, 1972]. The PMV 
index can be used to predict thermal comfort of the surgical team during the 
surgery and of the patient during the pre-anesthesia. 

PPD translates a PMV-value, thermal sensation, to a percentage that 
indicates the relative amount of people that will not identify the specific 
thermal conditions as comfortable and complaint [Parsons, 2001]. Its basis 
and wide application assumes its applicability for assessment of thermal 
discomfort of, for example, the zone where in which the surgical team 
remains in the operating room. This is supported by the survey results 
among the experts. However, as it provides an assessment of whole body 
comfort, local discomfort may still be an issue of concern and with that affect 
overall thermal comfort [Ham, 2002]. 
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4.3.4.4.3 Local thermal discomfort 

Draughts, large vertical air temperature differences and radiant temperature 
asymmetric conditions, and too warm or cold floors are the most prominent 
performance indicators with respect to local thermal discomfort [ISO 7730, 
2005].  These indicators, by definition require assessment of the local 
conditions in an occupied zone. In operating rooms the most common 
sources of local thermal discomfort are draughts resulting from supply air, 
and asymmetric thermal radiation resulting from the surgical lights. 

Draught is defined as an undesired local cooling of the body caused by air 
movement, which applies to people doing light and sedentary activity with a 
thermal sensation for the whole body close to neutral. [ISO 7730, 2005] 
Factors that affect this discomfort include the air temperature, the mean 
velocity, the airflow direction and frequency of velocity fluctuation [Melikov, 
2006]. Assessment in the design phase is possible through computational 
simulation [Popiolek, 2006]. With respect to operating rooms, complaints due 
to draught in the application of a downflow system would limit the maximum 
downflow velocities that can be applied [Ham, 2002]. 

A large radiant temperature asymmetry, caused by warm or cool surface 
temperatures in the environment may cause thermal discomfort [ISO 7730, 
2005]. In operating rooms surgical lights can have a significant influence on 
the local thermal discomfort of the surgeon and auxiliary nurse and need to 
be considered in the thermal comfort assessment. But this generally should 
be assessed at specific locations and application of the lights. 

With respect to vertical air temperature gradient and floor temperature 
standards [ISO 7730, 2005] provides additional information on percentage of 
people dissatisfied as function of the gradient and temperature. 

Draught and the influence of the surgical light were discussed in some 
literature in Descriptive Study I. In practice, in the Netherlands, some 
interviewees indicated the importance of considering the surgical light as an 
important heating source in the operating room, but its analysis focuses on 
the down flow disturbance and generally not towards thermal comfort. The 
experts indicated draught and radiant asymmetry as important indicators 
with respect to local discomfort. 

 

4.3.4.4.4 Skin air temperature and core temperature 

Thermal human response to microclimatic conditions can be evaluated using 
a human body thermoregulation model. Available thermoregulation models 
vary in level of detail, complexity and applicability. Generally they consist of 
a passive part which defines the body parts and heat transfer within the body 
and to the environment and an active part representing the thermoregulatory 
system [Kingma, 2012]. Several models are available in literature [Kingma, 
2012; Tanabe, 2002; Huizenga et al., 2001; Havenith, 2001; Stolwijk, 1971; 
Gagge, 1937; and Winslow et al., 1936] and have application in various 
environment which can be more complex due to the more detailed input 
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possible. Many of these models have been integrated with computational 
simulation (e.g., Tanabe, Ozeki and Takabayashi, 2005; Tanabe et al., 2002; 
Fiala, Lomas and Stohere, 2001; Fu, 1995; and Gagge, 1973). Further 
information on the characteristics, complexity and accuracy of each model 
and applications are found in [e.g., Munir, Takada and Matsushita, 2009; 
Severens, 2008; Nilsson, 2007; Severens et al., 2007; DôAmbrosio, 2006; 
Nilsson, 2004; Jones, 2002; and Fiala, Lomas and Stohrer, 1999]. 

To predict the thermal conditions of the patient and of the surgical team, two 
indicators appear to be most important for evaluation: skin and core 
temperatures. In the survey, experts indicate the skin temperature as an 
important indicator to evaluate the thermal comfort of the patient during the 
pre-anesthesia. During surgery, this indicator, in combination with the core 
temperature, would also be important to verify if the thermal conditions in the 
patient zone will not cause perioperative hypothermia. For staff thermal 
comfort skin and core temperatures were not identified as important. 

 

4.3.4.5 Main conclusions regarding performance indicators of thermal 
comfort in ORs 

Thermal comfort has firm basis in standards with respect to the design of 
indoor environments in buildings. Although some project leaders in practice 
in the Netherlands are aware of the importance of thermal comfort 
evaluation, thermal comfort is not yet evaluated as a part of the design 
assessment of air distribution systems for operating rooms in practice, only 
on request. The survey also indicated that experts recommend assessment 
of the thermal comfort conditions in operating rooms. 

Three areas of thermal comfort assessment of air distribution designs are 
identified: 

¶ Thermal comfort for the patient during pre-anesthesia in the 
operating room in order to decrease the risk of hypothermia and  
thereby reduce vulnerability to contracting a surgical site 
infection; 

¶ Thermal comfort for the surgical team during surgery; 

¶ Thermal conditions for the patient during surgery that do 
not cause perioperative hypothermia, which could lead to a 
higher chance of surgical site infection. 

Identified indicators relate to whole body thermal comfort. But within the 
context of assessment of an operation room weight should be given to local 
comfort conditions. They latter of course is very much related to the air 
distribution system design investigation. 

All indicators identified have the potential to be assessed by computational 
simulation. 
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¶ The performance indicators and respective zones of interest 
identified in Descriptive Study I and in Sections 4.3  are included in 
the developed methodology proposed in Section  4.3.5 (Table 11 to 
Table 14); 

¶ The decision on the evaluation methods to use in the prediction of 
each performance indicator and other aspects that should be 
considered in the assessment are discussed in Section 4.4. 

 

 

4.3.5 Proposal for performance assessment methodology for air 
distribution system designs in ORs 

The main data discussed in the previous sections are summarized in a 
single approach that is presented in Table 11 to Table 14. The approach is 
called ñPerformance Assessment Methodology using Computational 
Simulation for Air Distribution System Designs in Operating Roomsò. A 
description of the approach is provided below. 

The approach has as its basis the framework presented in Figure 15, 
identifying the architectural system levels of interest (workstation, workplace 
and floor area) and the stakeholders involved and their functional 
requirements. For each functional requirement, a listing of performance 
requirements and performance indicators that should be considered in the 
assessment of air distribution system designs for operating rooms is 
provided. Additionally, informative target values are provided, as retrieved 
from literature, to assess a system. 

The list of performance indicators is relatively long, nevertheless, some 
performance indicators overlap with respect to the assessment procedure. 
The decision as to which performance indicators will be evaluated depends 
on three aspects: (1) on the information available to the engineer during the 
design process to predict the performance indicator(s); (2) on the level of 
investigation needed by the engineer to verify if the proposed design solution 
will meet the clients´ needs and that it will perform properly, according to the 
environment requirement and type of medical procedures performed. The 
more critical the environment, the more detailed the investigation should be; 
and (3) on the level of information required by the client.  Reminding the 
reader, only those indicators that have an evaluation possibility in the design 
(simulation) and use (measurement) phases are regarded, in order to adhere 
to the performance based approach. Although the measurements are 
important to check the performance of the air distribution system in the use 
phase and also to validate the simulation, it is not within the focus of this 
research. A further discussion on the use of computational simulation in the 
the evaluation procedure of the performance indicators in the different 
design stages is presented in Section 4.4. 

The approach was developed to be flexible such that it may be applied for 
any type of air distribution system design for operating rooms, considering 
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the different types of surgeries, and also accepting future developments in 
the medical and HVAC fields. Additionally, it accepts the addition of other 
performance requirements and indicators that could be used in the future. 
The approach could be applied for new constructions, for existing buildings 
when they are refurbished, and for assessment in the use phase of the air 
distribution system. 

The definition of the minimum performance limits that the design should 
reach is an important step in the performance assessment of air distribution 
systems for operating rooms. In Table 11 to Table 14 presented target 
values as found in literature do not always show mutual agreement. This 
disagreement indicates that for several indicators there is still need for 
further research. 

Table 11.  Performance assessment methodology using computational 
simulation for air distribution system designs in ORs 
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Draught 

e.g., < 20% dissatisfied (for typical 

applications and  when other information 
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Skin 
temperature 

e.g., ~34°C for sedentary people and 
~31°C an activity three times that 

of the sedentary level [Fanger, 1973] 

Core 
temperature 

e.g., 36.1-37.2ºC [Gyton, 1988] 
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Table 12. (Continuedé) 
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applications and  when other information 
is not available) [ASHRAE - 55P, 2003] 

Draught 
e.g., < 20% dissatisfied (for typical 

applications and  when other information 

is not available) [ ASHRAE - 55P, 2003] 
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temperature 

difference 
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e.g., < 3ºC difference between 1.1 m and 
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Radiant 
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temperature 
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Skin 

temperature 
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Table 13. (Continuedé) 
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Table 14. (Continued) 
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4.4 Assessing the performance of air distribution systems in 
ORs using computational simulation 

The purpose of this section is to provide a description of the stages in which 
computational simulation may play a role in the design process of air 
distribution systems. Additionally, an evaluation procedure with steps that 
should be followed in this assessment is proposed. 

 

4.4.1 Computational simulation in the design process of air 
distribution systems for ORs 

The use of computational simulation supporting the design process of air 
distribution systems for operating rooms is illustrated in Figure 18. The 
design process of air distribution systems for operating rooms may be 
divided in different stages. Four stages were defined in the proposed 
methodology: Stage 1 consists of the program of requirements, and Stages 
2, 3 and 4 refer to conceptual design, basic design and detail design, 
respectively.  This division permits to distinguish the characteristics of each 
stage and in which way computational simulation may support and contribute 
to the design process. 
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Figure 18. Design process stages of air distribution systems using 
computational simulation. (Note: PI: performance indicator; CS: 

computational simulation) 

 

4.4.1.1 Design Process Stage 1 

The design process of air distribution systems for operating rooms starts in 
Stage 1. Needs and expectations are provided by the client. This information 
is processed and interpreted by designers as functional requirements (e.g. 
well-being and safety) and then linked to performance requirements (e.g. 
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IAQ and thermal comfort) that the air distribution system design should meet. 
Afterwards, the performance indicators to be evaluated are defined and the 
respective target values established. The framework as presented in Table 
11 to Table 14 provides a reference for this stage, computational simulation 
is not used. 

After completing this stage, one or more design solutions are proposed 
which will be evaluated in the next stages. 

 

4.4.1.2 Design Process Stage 2 

This stage is called the Conceptual Design Stage. In Stage 2, one or more 
preliminary design solutions are proposed and evaluated. The designer will 
assess the performance of the proposed air distribution system design(s). 
The process consists of evaluating the performance indicators by using 
computational simulation. Although the design is in the initial phase, 
information on most input parameters to assess the performance of air 
distribution systems is known or can be estimated with the use of more 
sophisticated simulation methods (e.g. CFD technique). This analysis will 
help to verify if the performance limits are complied with, and if the client 
needs are met. The analysis will also support the decision-making for the 
suitable design. Based on these analyses, the designer will make the 
decision if the design can go to next stage, or if a new evaluation should be 
made, or if a new concept should be proposed. 

As in this stage design parameters may have an uncertainty included 
sensitivity and uncertainty analysis is used to estimate the reliability of the 
results, and to identify input parameters that show most sensitivity in the 
results [Jornada, 2007; and Kleijnen, 1997]. Several studies in different fields 
indicate the importance of investigating the effect of uncertainty on the 
predictions made. Sensitivity analysis is used to find a set of parameters, 
which accounts for most of the uncertainty in the output model [De Wit, 
2001]. Based on these analyses, the designer will verify if the design 
performs properly and meets the client needs, or if adjustments or a new 
design should be proposed. 

 

4.4.1.3 Design Process Stage 3 

Stage 3 refers to the Basic Design. In this stage, the design solution is 
already defined and, although some evaluations have been concluded in 
Stage 2, a new assessment should be made. The performance prediction in 
this design stage is very important in order to check if the air distribution 
system design will work properly in different situations; that is, for example, 
changing the layout, or the medical procedure, or using different surgical 
lights, or including a different number of people or equipment in the 
environment that could affect the performance of the system. I.e., at this 
stage the sensitivity assessment should be extended to the use 
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characteristics of the room. The importance of investigating the influence of 
the surgical lights is discussed by many, including [Walenkamp, 2000]. 
[Nielsen et al., 2007] state that the CFD technique is the most suitable 
method to evaluate a design in different situations. 

If the air distribution system performs properly, the designer can go to next 
stage of the design process. However, if any problem in the performance is 
identified in the analyses, the basic design should be adjusted, e.g., 
changing the dimensions of the system or use of curtains. If the system still 
presents problems, a new design concept should be proposed and 
evaluated. 

 

4.4.1.4 Design Process Stage 4 

In the last stage of the design process, the air distribution system is detailed. 
If during the detail design, the designer identifies any significant changes 
compared to the basic design, which could result in malfunctioning 
performance of the system, a new evaluation will be necessary. 
Computational simulation can support this investigation, and the CFD 
technique is the most suitable in this case. At the completion of this stage 
the air distribution system can be built. 

 

The above stages describe in general steps the design process and 
potential inclusion of computational simulation in these stages. Next, further 
information is provided on how it could be used and how to decide on the 
appropriate method. 

 

4.4.2 Computational Simulation in the Performance Assessment of 
Air Distribution System Designs 

In this section, information to guide designers in the performance 
assessment of air distribution system design for operating rooms is 
presented. The text is organized in two parts: first, a brief overview of early 
assessment strategies is provided; then, the developed evaluation 
procedure using computational simulation to assess the performance of air 
distribution system designs is introduced. In the evaluation procedure, the 
steps that should be followed in the assessment and the decision process 
for the suitable method to evaluate performance indicators are explained. 

Current evaluation methods to assess performance indicators and their 
applicability were discussed in Section 3.3. Deciding which of those methods 
is the most appropriate to evaluate a particular performance indicator may 
be complex, as noted by some researchers [e.g., Hensen, 2003; and 
Djunaedy, 2005]. Therefore, an objective decision support to direct 
designers in the identification of the minimum resolution level that could be 
used and when a more sophisticated method would be necessary to solve 
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the problem required, is beneficial. Following this line, [Slater and Cartmell, 
2003; and Djunaedy, 2005] provide strategies to select a simulation method. 

 

Figure 19. Early assessment design strategies [Slater and Cartmell, 2003] 














































































































































































