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1. Abstract 
The indoor environmental quality (IEQ) of buildings affects the health, productivity and well-being of 

building occupants and the energy consumption of buildings (Heinzerling, Schiavon, Webster, & Arens, 

2013). Providing a sufficient IEQ in school buildings is critical, due to the high occupancy density and 

influence of IEQ on the academic performance of students (Zomorodian, Tahsildoost, & Hafezi, 2016). 

The indoor air quality and thermal comfort are the most reported IEQ problems in Dutch school 

buildings (Grosfeld, 2011). The increase in requirements results in the need for performance 

assessments of climate systems during the design and exploitation. Prescribed performance 

requirements can hinder the appliance of innovative systems.  

Performances of climate systems are assessed regarding existing issues in school buildings: indoor air 

quality and thermal comfort. An innovative heating, cooling and ventilation system, applied in school 

buildings, is assessed for this study. Guaranteeing the required performances according existing 

generalized performance indicators is complicated, due to the uncertainties regarding ventilation 

efficiency, flow patterns and counterintuitive system aspects. The goal is to explore which 

performance indicators can be used to guarantee low energy consumption and a healthy and 

comfortable indoor climate in school buildings with an innovative climate system. The following 

research question is formulated: “How can the in-use performance be assessed for the airConomy 

climate system concerning the indoor climate and ventilation efficiency?”. 

Through full-scale measurements in a mock-up and in a real class room is the performance determined 

of the airConomy. The airConomy is a climate system that combines ventilation with floor cooling and 

heating. The step-down tracer gas method is used to determine the air change efficiency (ACE) and 

the local air change index (LACI) for various system settings. Simultaneously are the thermal comfort 

and local thermal discomfort measured. Performance indicators for the thermal comfort are predicted 

mean vote (PMV) and the operative temperature (OT). Local thermal discomfort is assessed by 

measuring the vertical temperature gradient, temperature asymmetry and draught. Continuous 

inserted CO2 measurements are performed to assess the ventilation performance with the expected 

amount of pollution emittance for an in-use situation. Limited measurements are done in a classroom 

to validate the methodology. 

A strong correlation is observed between the measured ACE and the measured ventilation flow rate. 

Displacement ventilation occurs when the ventilation rate is lower than 84 m3/h per supply vent. The 

local air change indexes showed to be higher for lower ventilation rates. The local air change index is 

slightly more favourable for positions in the middle of the room. The thermal comfort assessment 

showed that the airConomy climate system is capable of obtaining a thermally comfortable indoor 

environment. A potential risk for draught was found in the near vicinity of the ventilation supply vents. 

The vertical air temperature increase was within comfort ranges.  

Full-scale measurements in a mock-up setup is a proper methodology for the performance assessment 

of climate systems. Consistent repetition of the measurement methodology with varying system 

settings allows assessment by comparing an assembly of results. Performing the methodology in 

rooms with different dimensions and construction properties resulted in consistent outcomes. The 

ventilation efficiency assessment of the airConomy shows a transition from displacement ventilation 

to mixing ventilation, and therefore reduced efficiency, with increasing flow rates. The large amount 

of occupants in school buildings requires high ventilation flow rates. The required flow rate for heat 

removal is higher than the required flow rate for pollution removal. The airConomy is capable of 

ensuring a comfortable indoor climate. The potential cause for local discomfort are draught problems 

caused by high ventilation supply rates.   
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2. Introduction 
The indoor environmental quality (IEQ) of buildings affects the health, productivity and well-being of 

building occupants and the energy consumption of buildings (Heinzerling, Schiavon, Webster, & Arens, 

2013). Providing a sufficient IEQ in school buildings is critical, due to the high occupancy density and 

influence of IEQ on the academic performance of students (Zomorodian, Tahsildoost, & Hafezi, 2016). 

The pollution level and temperature of the indoor air is heavily affected by the level of occupancy and 

their activities (Madureira, et al., 2016). An insufficient IEQ can cause respiratory illness, allergies, 

asthma symptoms and sick building syndrome, which negatively affects the performance of occupants 

(Fisk, 2000). A poor IEQ in classrooms may be a risk for health symptoms and cause absence from 

schools (Turunen, et al., 2014). The most common symptoms in elementary school buildings are stuffy 

nose, fatigue, and headache (Turunen, et al., 2014). Noise nuisance, stuffy air or poor indoor air quality 

(IAQ) are IEQ aspects that cause daily inconvenience in schools. Most schools report having a high 

indoor temperature, dust or dirtiness in the air and noise issues (Turunen, et al., 2014) (Grosfeld, 

2011). Daily stuffiness or poor IAQ correlated with the measured ventilation rates and thermal 

comfort in the classrooms (Turunen, et al., 2014). Air refreshment in school buildings is often found 

to be insufficient and indoor air temperatures are often found to be too high (Bakó-Biró, Clements-

Croome, Kochbar, Awbi, & Williams, 2012). There is a strong correlation between different ventilation 

modes and academic performances (Toftum, et al., 2015). Toftum et al. assessed the ventilation 

modes: mechanical balanced, mechanical exhaust and natural ventilation. Toftum et al. used the 

compulsory national test scheme developed by the Ministry of Education in Denmark to examine 

academic performances. Toftum et al. found that school buildings with natural ventilation are more 

likely to have higher carbon dioxide (CO2) levels than school buildings with mechanical ventilation. 

Schools with a mechanical ventilation system typically showed higher academic performances among 

students compared with schools with natural ventilation. Toftum et al. concluded that an active 

ventilation system is necessary in school buildings for a good IAQ. Improving the IAQ is mostly done 

by improving the ventilation system. Improving an existing ventilation system often has a positive 

effect on the academic performances of students (Bakó-Biró, et al., 2012). Poor IAQ significantly 

impairs children’s attention and vigilance. Schools managers are advised to equip classrooms with 

devices to monitor the CO2 level, the temperature and the relative humidity in classrooms (Bakó-Biró, 

et al., 2012).   

 

Figure 2.1: The influence of the IEQ on the performance of students (Bakó-Biró, et al., 2012). 

Poor IEQ is also an issue in Dutch school buildings (Grosfeld, 2011) (Versteeg, 2007). This is not only 

found through “hard” measurable performance indicators but also confirmed by “soft” opinion based 

performance indicators such as questionnaires. The analysed Dutch school buildings include relatively 

recently built buildings, i.e. in use for only three to five years. Measurable performance indicators are 

often sound levels, CO2 levels and air temperatures. The building users experience is determined 
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through surveys, questionnaires and interviews. More than 88 % of the assessed classrooms had CO2 

levels higher than 1200 ppm, indicating a poor IAQ (Versteeg, 2007). The poor IAQ in these classrooms 

is often caused by an insufficient ventilation flow rate. Assessing the indoor climate through surveys 

or questionnaires can lead to other conclusions, than when the indoor climate is assessed through 

measurements (Grosfeld, 2011). Measurements of the CO2 level and the air temperature show that a 

comfortable indoor climate is realised. Surveys, questionnaires and interviews indicate that users of 

the same buildings are more negative about the indoor air quality. Five out of the ten school buildings 

showed dissatisfaction by more than 75% of the building occupants. Most common complaints are 

concentration issues, headache, irritated eyes and irritated respiratory systems. The building users 

report less complaints about the sound level in classrooms than measurements would indicate. 

Measurements indicate often noise nuisance, while building users often have no noise complaints 

(Grosfeld, 2011).  

A high IEQ is desired in school buildings. A low energy consumption is desired for environmental and 

economic reasons (Vringer, van Middelkoop, & Hoogervorst, 2014). The European Union’s goal is to 

reduce CO2 emissions by 20% by 2020, compared to the CO2 emission level of the year 1990 

(Menkveld, Sipma, Tigchelaar, Vethman, & Volkers, 2010). The Dutch government has a CO2 emission 

reduction target of: 20% in 2020, 40% in 2030 and 80-95% in 2050 (EZ, 2016). The Dutch government 

stimulates the application of energy efficiency measures to reduce the energy requirements of the 

built environment. About 30% of all Dutch CO2 emissions are emitted within the built environment 

from the use of fossil fuels (BZK, 2011). Energy performance requirements for new built school 

buildings have increased over the past years. The required EPC norm for school buildings has been 

tightened from 1.3 to 0.7 (RVO, 2015). Educational functions have a stricter EPC norm than any other 

utility building type. More energy saving measures are applied in school buildings than any other type 

utility buildings during the period from 2011 to 2013 (BZK, 2014). Most applied measures were 

increasing the insulation of the building and replacing heating boilers.  

Frisse Scholen is a guideline defined by the Dutch government to help both clients and designers to 

reduce the energy usage and increase the IEQ in school buildings (RVO, 2016). Frisse Scholen is widely 

used in the Netherlands. Frisse Scholen helps with the formulation of requirements and how to assess 

these requirements. Defined requirements vary in system types, system requirements, system control 

and room condition requirements. Requirements are validated during the exploitation phase to 

determine if the building design is sufficient. Frisse Scholen can be used to formulate requirements by 

clients and designer, but can limit the freedom of choice for designers. The predefined system types 

and system requirements can prohibit the application of innovative systems. The guideline Frisse 

Scholen is mainly established for existing traditional building systems and can misrepresent the system 

types or requirements for innovative systems. Beforehand performance assessment of innovative 

systems can be problematic. It can be uncertain if predefined (system) requirements actually result in 

the desired performance, e.g. healthy indoor environment. It can be difficult for innovative systems 

to demonstrate the desired performance, regardless of existing performance indicators based on 

common knowledge, (generalized) standards and even legal prescription. This raises the question if 

building design should focus more on the desired end result, rather than the means to acquire the end 

result. 

The assessment of the performance of innovative climate systems in school buildings is investigated 

in this study. The assessed performances of the climate systems are regarding existing issues in school 

buildings: indoor air quality and thermal comfort. This study consists of two parts: a literature study 

and an experimental study. A test case is selected as subject for this study: the airConomy climate 

system (Schütz GMBH & Co. KGAA , 2015). The airConomy is an innovative heating, cooling and 
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ventilation system applied in school buildings. Guaranteeing the required performances according 

existing generalized performance indicators is complicated. Room ventilation is intended to be 

achieved with less ventilation air than legally prescribed. Reducing energy costs while still maintaining 

the desired IAQ. Ventilation flow pattern and the efficiency are unknown for the airConomy. This 

complicates the assurance of requiring less air to achieve the desired IAQ. Ventilation air is inserted 

from the floor near occupants. Draught near ventilation supply vents can be a concern when high 

ventilation rates are necessary. Counterintuitive aspects of the design complicate the assurance of the 

performances as well. A radiant floor is used to provide room cooling. Cooled air must spread from 

the floor through the room, potentially causing large vertical temperature differences or cold feet.  

This test case is used to assess the required performance, uncertainties and counterintuitive aspects. 

The performance of the test case is assessed regarding thermal comfort and ventilation efficiency. The 

following research question is formulated: 

“How can the in-use performance be assessed for the airConomy climate system concerning the indoor 

climate and ventilation efficiency?” 

The following sub research questions are formulated: 

 What are relevant performance requirements regarding indoor air quality and thermal 

comfort in school buildings? 

 Which performance indicators can be used to assess these performance requirements? 

 How can these performance indicators be assessed, representing an in-use situation? 

 What is the performance of the airConomy climate system concerning the indoor climate and 

energy efficiency? 

 How do these performances comply with existing norms and standards? 

The first part of this study consists of a literature study. The goal of the literature study is to obtain 

more insight on predefined performance requirements for (school) buildings during the design phase 

and assessing the performances during the exploitation phase. The current existing performance 

requirements for climate systems formulated by norms, standards and certification tools are 

inventoried and assessed. Assessment methods and building monitoring tools are inventoried to 

explore in-use performance assessment. 

The second part of this study is an experimental study of a test case. The proposed performance 

indicators and assessment method of the first part of this study are used to determine the 

performance of the airConomy climate system.  
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3. Literature 
Background information is given on the necessity of performance requirements in the built 

environment in this chapter. This chapter will focus on three topics: 

 What are the benefits of assessing performances in the built environment? 

 How are performance requirements currently formed in the built environment? 

 How are the designed and operating performances assessed? 

 

Literature has been obtained using Elsevier Science Direct and Taylor & Francis online. Combinations 

of the following keywords were used to find literature regarding the benefits of performance 

assessment: Performance Based Design, Performance Based Approach, building systems, in-use 

performance, DBFMO and (Key) Performance Requirements. These topics were selected to explore 

how performance assessment can benefit buildings during the exploitation phase. The used sources 

focus mainly on the methodologies for performance based design. The goal is to create a better 

understanding of the benefits of performance based design and how it can be applied successfully. 

 

Information about currently used performance requirements are obtained from existing norms, 

standards and certification tools. These are LEED, BREAAM, WELL, GPR building and the Frisse Scholen 

guide. There are no universally used performance requirements for building systems regarding 

performance based design. Existing norms, standards and certification tools are evaluated on how 

performance requirements are formulated and how these are intended to be assessed during the 

exploitation phase. 

 

Literature regarding performance assessment during the exploitation phase has been obtained using 

Elsevier Science Direct and Taylor & Francis online. The following additional keywords have been used 

to search literature: Performance assessment, measurements, building user experience, building user 

opinion, building monitoring, surveys, questionnaires and building occupant complaints. The goal is to 

determine which methods are available to assess the performance of the indoor climate during the 

design phase. The used sources focus on mainly building user experience assessment and indoor 

climate assessment.  

3.1. Overview of the current usage of performance based design. 
There has been a growing recognition of the need to consider buildings from the perspective of the 

end users (Spekking, 2005). Clients and end users are becoming more involved with the building 

process. They demand value for money, buildings that optimally facilitate their needs and operations. 

An important demand for building users is a comfortable and healthy indoor environment during the 

exploitation phase (Fisk, 2000). This leads to more involvement from the supplying participants, e.g. 

designers and engineers, during the exploitation phase of buildings. The supplying participant can also 

take on responsibilities for the maintenance and operating aspects of a building or building element. 

A performance based approach is becoming more preferred in practice, albeit consciously or 

unconsciously. An useful and clear definition for Performance Based Design (PBD) is formulated in 

1982 by E.J. Gibson: 

“The Performance Approach is the practice of thinking and working in terms of ends rather than means. 

It is concerned with what a building or building product is required to do, and not with prescribing how 

it is to be constructed.” (Gibson, 1982) 

Using the traditional prescriptive approach often results in client defining how the building or a 

building element needs to be constructed to meet their demands or requirements. The performance 
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approach offers more focus on the functional needs and requirements of building users and gives 

designers and engineers more freedom in the development of technical solutions. Designers are not 

only responsible for achieving the requirements, but also liable. This gives the supplier more freedom 

to apply innovative solutions if preferred. The risks of innovations is not for the client, but for the 

supplier. This can have an adverse effect. The supplier can refrain from applying innovative solutions 

and use more traditional solutions instead to minimise risks. A crucial part of PBD is the translation of 

user needs into requirement specifications. The intended use is inventoried and the requirements to 

facilitate the intended use are formulated. A definition of performance requirements given by D. 

Spekking in 2005: 

“Performance requirements in building express in measurable, solution independent terms the 

properties of a building, space or building part, that are required to facilitate the intended use.” 

(Spekking, 2005) 

Assessment of the performances while the building is in-use is imperative with PBD Figure 3.1 (Gibson, 

1982) (Spekking, 2005). The method of assessing if performance requirements are met and the 

consequences need to be formulated during the design phase as well. It is important to have a reliable 

assessment method of the performance based on (preliminary) design results.  

 
Figure 3.1: The ‘Hamburger model’ of the performance concept (Spekking, 2005). 

The ‘Hamburger model’ created by D. Spekking is shown in Figure 3.1. The figure shows the two 

separate halves: Demand and Supply. The demand halve represents the desires and needs of the client 

and end users. The functional needs must be translated into performance requirements for the 

designing participant. The supply halve represents the technical specifications of solutions created by 

the supplying participant. Performance specifications are formulated to determine if the technical 

solutions of the designer comply with the performance requirements of the client. The performance 

specifications are compared during the exploitation phase and matched with the performance 

requirements. This is done to determine if the building or building element performs satisfactory.  

Two important aspects to successfully use performance based building are according to (Spekking, 

2005): 

 The functional needs of the client translated in assessable performance requirements. 

 An assessment method to validate and verify the performance specifications. 

3.2. Overview of the currently existing performance standards. 
There are no standardized or universal performance requirements for the indoor environment 

regarding performance based design. Prescriptive requirements are often used. User specific 

requirements are often added to existing prescriptive requirements, but rarely replace them (Foliente, 
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2000). The prescriptive requirements are often used as basis to give the client certainty for a minimum 

performance based on experience with traditional design processes. Existing performance standards 

are inventoried: standards and norms, BREEAM, LEED, WELL certification, GPR building and the Frisse 

Scholen standard. The performances relevant for this research are performances regarding the indoor 

environment in school buildings: thermal comfort and indoor air quality.  

Dutch legislation (BZK, Bouwbesluit 2015) has no specific requirements regarding thermal comfort. 

Dutch legislation does define performance indicators such as sound proofing levels and ventilation 

flow rates. Publications have been made by ISSO regarding thermal comfort (ISSO-publicatie 74, 2014). 

This publication gives performance requirements of the indoor environment, based on the predicted 

mean vote (Fanger, 1970) and the adaptive comfort theory. The predicted mean vote is based on air 

temperature, radiant temperature, air velocity, relative humidity, metabolism and clothing factor. The 

temperature boundaries are minimum and maximum air temperatures based on the outdoor 

temperature and climate system type. Recommended assessment methods during the design are: 

calculations or computational simulations. Measurements are recommended during the exploitation 

phase. 

BREEAM certification is a sustainability and durability label created by the Building Research 

Establishment (BRE) in 1990. The BREEAM standard acknowledges credits dependent on system 

specifications and design decisions (Dutch Green Building Council, 2014). Requirements for lighting, 

heating, cooling, ventilation and acoustics are prescribed based on mainly NEN norms, ISSO norms 

and REHVA guidelines. Not only is the design and the required documents to guarantee performances 

examined, but there are also in-use audits. These audits consist of checks of the building quality.  

Leadership in Energy and Environmental Design (LEED) is a green building certification program, 

developed by U.S. Green Building Council (USGBC). The LEED certification is a credit system with 

prerequisite credits necessary for a basis evaluation and extra credits for a higher evaluation (LEED, 

2015). The prerequisite credits regarding IAQ refer to other sources: ASHRAE Standard 62.1-2010 or 

CEN Standards EN 15251-2007 and EN 13779-2007. If a local equivalent of a requirement exists, than 

is the more stringent requirement preferred. The recommend assessment of the IAQ is monitoring 

the outdoor air intake flow. Additional credits are given for enhanced indoor air quality strategies, 

construction management plans and indoor air quality assessment. For the indoor air quality 

assessment is a method defined of measuring the pollution level in the building while occupied. This 

is the only direct indoor air quality performance assessment, the other defined requirements are 

mainly specifications of the system, construction or maintenance. No prerequisite credits are defined 

regarding thermal comfort. Only extra credits are given for thermal comfort design and control. LEED 

refers to well-known comfort models such as: predicted mean vote, percentage people dissatisfied 

and local thermal comfort criteria (NEN-EN-ISO 7730:2005 en, 2005).  

The WELL Building standard is developed by the International WELL Building Institute. The standard is 

a mixture of performance-based requirements and prescriptive specifications (WELL Building Institute, 

2015). Performance-based conditions are defined regarding pollution levels, ventilation effectiveness, 

vertical temperature gradient, radiant temperatures, etc. The prescriptive specifications are 

ventilation rates, operable windows, temperature control, etc. The WELL Building standard has 

implemented two options for designers and engineers to incorporate innovative features: Alternative 

Compliance Paths and Innovative Features. WELL allows for innovative, alternate solutions for 

meeting requirements via the Alternative Adherence Path, so long as proposals still meet the intent 

of the requirements and are supported by scientific, medical and industry research. Innovative 

Features pave a way for project teams to develop unique strategies for creating a healthy 

environment.  
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GPR building is a performance label for buildings to formulate ambitions regarding five performance 

indicators: energy, environment, health, user quality and long term value (van Hulten & Medendorp, 

2010). A building can receive a rating between 1 (worst) and 10 (best) for each performance indicator. 

GPR building has sub performance indicators formulated regarding energy as energy performance and 

demand reduction. The energy performance is based on Dutch standards using only a restricted 

number of parameters. This results in a primary energy use per square meter of usable area of the 

building. Extra credits can be earned by implementing renewable energy production in the building 

design. The health quality is ensured by the sub performance indicators: noise, air quality, thermal 

comfort and lighting and visual comfort. Per sub performance indicators are credits given for certain 

design options. The tool user is stimulated to make design decisions which are believed to increase 

the wellbeing of occupants. This performance assessment tool focusses mainly on the building design 

and the implemented design choices. There is no in-use performance assessment done. 

The program of requirements Frisse Scholen is created to help clients, schoolboards and communities 

determine suitable requirements for a school building with low energy usage and a healthy indoor 

climate (RVO, 2016). Not only are requirements formulated, but an assessment method to validate 

and verify the requirements is also defined. Three different comfort classes are defined, with class C 

representing lowest ambition class (acceptable good), class B representing the middle ambition class 

(reasonable good) and class A representing the highest ambition class (very good). The Frisse Scholen 

guide is a mixture of prescriptive specifications and performance-based conditions. Mostly 

performance-based conditions are defined for air quality and thermal comfort: CO2-level, operative 

temperatures, air velocities, floor surface temperatures, etc. Additional specifications are given for 

which system specifications are preferred to indicate the performance requirements. The prescribed 

assessment method requires (at least) two assessment moments during the exploitation phase. An 

audit is prescribed to determine if the designed building specifications are implemented in the actual 

building. The audit can consist of a check of the insulation values of constructions or a ventilation 

flowrate measurement at supply and exhaust vents. The second prescribed assessment is based on 

mainly room conditions during exploitation of the building. Long duration measurements are 

prescribed to assess the CO2 levels and air temperatures in the building. The air temperature 

measurements are preferred to be done during typical winter and summer periods 

Most performance assessment standards that are evaluated in this section are design based. Certain 

design decisions are deemed to increase the IEQ and energy efficiency and are rewarded with a higher 

performance rating. Audits are used to determine if made design decisions are actually realized in the 

building. Prescribed performances regarding climate systems are mostly system specifications. 

Prescriptive system specifications are often based on existing systems and can hinder innovations 

(Spekking, 2005). Prescriptive system specifications regarding thermal comfort are often implemented 

to reduce the occurrence of local thermal discomfort, e.g. draught or thermal asymmetry.  Prescriptive 

system specifications are often implemented to reduce local discomfort and to increase the 

ventilation flow rate. While the prescriptive system requirements are often deemed to be beneficial 

for all types of systems, other design decisions can be used if they are equivalent to the prescriptive 

system requirements. A system is equivalent to prescriptive systems when it can achieve the same 

desired room conditions. Performance-based requirements based on room conditions are directly 

usable as performance requirements for the thermal comfort and air quality in school buildings. The 

prescriptive room conditions defined by the standard Frisse Scholen are suitable performance 

requirements. Prescriptive system specifications in the standard Frisse Scholen are deemed to be less 

suitable, they might not be just for some (innovative) building systems. Performance requirements 

can be obtained from several norms regarding the local discomfort parameters the system 

specifications were meant to reduce (ISSO-publicatie 74, 2014) (NEN-EN-ISO 7730:2005 en, 2005). 
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Additional requirements regarding the ventilation air can be formulated regarding energy or 

ventilation efficiency. Ventilation air conditions, such as velocity and temperature, can increase the 

ventilation efficiency and thus the air quality (Skistad H. , Displacement ventilation - in non-industrial 

premises, guidebook 1, 2002). 

3.3. Overview of the currently existing monitoring methods 
Multiple assessment methods are possible for the assessment of the performance of a climate system: 

surveys, questionnaires, simulation tools and measurements.  

Surveys can be used to determine how well the indoor climate is experienced by the end user (Guerra-

Santin & Tweed, 2014). Occupant experience and opinion can be assessed with surveys. The 

experience and opinion of occupants is not only influenced by the room conditions, but also 

dependent on various personal variables such as metabolism, clothing, activity and location in the 

room (Horr, et al., 2016). The influence of one single aspect on the user experience is difficult to 

determine. Surveys are best suitable for an evaluation of the total indoor climate, but can also be used 

for evaluating the air quality and thermal comfort. There are three main types of surveys: 

retrospective questionnaires, real-time questionnaires and seasonal thermal comfort questionnaires 

(Guerra-Santin & Tweed, 2014). Retrospective questionnaires are comfort surveys regarding the 

comfort experience of users for an extended period of time.  Real-time questionnaires are surveys 

regarding the current experience of users. Seasonal questionnaires are surveys regarding a specific 

season, e.g. winter or summer. Real-time questionnaires are often viewed as the more accurate survey 

type. The other survey types require the building user to indicate the comfort experience by memory, 

which can be influenced by other experiences or aspects. Surveys are an import indicator for the actual 

user experience of the indoor climate.  

Simulation tools are widely used to assess the indoor climate of buildings during the design phase. The 

simulation method involving ventilation efficiency with room heating and cooling would most likely 

result in a Computational Fluid Dynamics (CFD) simulation. Ventilation efficiency is related with the 

thermal behaviour of the air (Mundt, Mathisen, Nielsen, & Moser, 2011). Ventilation flow patterns 

rely on thermal buoyancy. CFD simulations are usable to assess a non-isothermal indoor climate, 

influenced by complex air flows (Blocken, 2014). CFD simulations provide complete information of the 

simulated environment. There are no similarity constraints. CFD simulations can be used for 

parametric studies and numerical experiments. Reliability is a major concern with (CFD) simulations. 

Users of simulation tools are able to generate results, but the results can be unjust if the user does 

not possess the required knowledge about the physics and the simulation tool. Results are very 

sensitive due to the large number of parameters set by the user. Verification and validation are 

necessary. Most people are not familiar with the tool, complicating for a large number of persons the 

ability to apply results for future assessment. 

Measurements can be used to assess performance requirements in a realistic situation. 

Measurements can be conducted in either a test room or in an actual occupied building. The test setup 

can be used for measurements without the interference of users. This gives the opportunity to 

alternate between different settings of the climate system, without obstructing the normal activities 

of building users.  Measurements have the advantage that they can be repeated in the future for other 

buildings or configurations. The measurement plan can be used as an assessment tool for future 

buildings to determine if the desired performances are realized. Measurements are often 

recommended assessment methods by standards and norms regarding IEQ. There are three types of 

measurements: Performance measurements, spot measurements and continuous measurements 

(Guerra-Santin & Tweed, 2014). Performance measurements are used to determine the capacity and 
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performance of a building or building element. Spot measurements are measurement samples to 

determine the conditions of room. These measurements can be repeated during the year for different 

seasons to create a broader representation of the room condition. Long term measurements can be 

used to assess the continuous performance of the building. Continuous monitoring can be applied to 

discover malfunctions or performance problems and result in a faster response to correct issues (de 

Wilde, 2014). 

The performance of climate systems in school buildings can be evaluated with various methods, which 

can have possibly different outcomes (Grosfeld, 2011). The goal of this research is to assess the 

performance of climate systems in school buildings during the design phase and exploitation phase. 

While surveys and questionnaires are good tools to determine occupant satisfaction regarding the 

indoor climate (Grosfeld, 2011), they can mainly be used during the exploitation phase. Determining 

the system efficiency through surveys can be difficult. Computational simulation tools can be useful 

to do an extensive prediction of the performance during the design phase and can be validated during 

the exploitation phase with measurements, as demonstrated by (Mikeska & Fan, 2015). A test setup 

or an actual system setup in a school building is required to validate the simulation results. Measuring 

the performance during the design phase in a test setup has the advantage that during the exploitation 

phase the same methodology can be used in an actual (school) building. Differences between a test 

setup and an actual building will always exist, such as occupants, boundary conditions, climate 

conditions, etc. Continuous measurement with a long duration of the indoor climate in a test room is 

ineffective when the room is unoccupied during the measurement. Short duration measurements to 

determine the system capacity to achieve the desired performances can be more proficient. The 

influence of occupants can be simulated, e.g. thermal manikins. This increases the comparability 

between the test setup and a real situation.  
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4. Performance assessment through measurements 
This research explores performance assessment through measurements. An innovative climate 

system is used as example for performance assessment. The innovative climate system used for this 

research is the airConomy climate system. The airConomy climate system is a heating, cooling and 

ventilation system applied in school buildings. The existing indoor climate problems of school buildings 

in general result in higher requirements regarding air quality and thermal comfort (Grosfeld, 2011). 

The capability of ensuring an adequate indoor climate is put to the test. The indoor climate does not 

only affect the well-being of occupants, but also influences the energy consumption, approximately 

12 percent of the total financial costs of Dutch school buildings (SME Advies, 2007). The absence of 

experience based knowledge, regarding innovative systems, complicate guaranteeing these 

performances. An uncertainty of innovative systems is the correctness of simplified and standardized 

performance indicators (Spekking, 2005).  

The goal is to explore which performance indicators can be used to guarantee low energy consumption 

and a healthy and comfortable indoor climate in school buildings with the airConomy climate system. 

The assessment methodology and accuracy determines how representative the indicators are for the 

requirements. This research not only focusses on the actual performance of the airConomy, but also 

aims to determine the appropriate assessment methodology. This led to the following research 

question: 

 “How can the in-use performance be assessed for the airConomy climate system concerning the indoor 

climate and energy efficiency?” 

The following sub research questions are formulated: 

 What are relevant performance requirements regarding indoor air quality and thermal 

comfort in school buildings? 

 Which performance indicators can be used to assess these performance requirements? 

 How can these performance indicators be assessed, representing an in-use situation? 

 What is the performance of the airConomy climate system concerning the indoor climate and 

energy efficiency? 

 How do these performances comply with existing norms and standards? 

4.1. The airConomy climate system 
The airConomy climate system (Figure 4.1) combines ventilation, cooling and heating in a single floor 

system (Schütz GMBH & Co. KGAA , 2015). The airConomy has a radiant floor for room cooling and 

heating. The climate floor can provide a constant supply of fresh air, or a varying supply of fresh air 

determined by the CO2-based demand. The air handling unit is equipped with a heat recovery system. 

The heat recovery system is able to recover up to 90% of the heat from the exhaust air. The ventilation 

supply air flows under the radiant floor and is thermally influenced by the floor. The ventilation supply 

air temperature is always minimal 2◦C lower than the room temperature. The air supply vents are 

positioned in the floor at the façade. The ventilation air can distribute heat and cold faster in the room 

than the radiant floor, thus increasing the response time of the room heating or cooling. A faster heat 

distribution in the room by the ventilation air does not only reduce the response time, but also the 

heating/cooling overshoot of the radiant floor when the set temperature is met. The radiant floor has 

a more gradual temperature due to the interaction with the ventilation air. The ventilation air removes 

heat/cold from the floor, thus reducing the temperature difference between the ventilation supply air 

and the room temperature. 
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Figure 4.1: A schematic image of the ventilation air flow under the radiant floor (Schütz GMBH & Co. KGAA , 2015). 

4.2. Performance indicators  
It is crucial that the right users’ requirements are formulated (Spekking, 2005). The requirements need 

to be translated into assessable performance indicators. The performance of the airConomy is 

assessed for both the system efficiency and the indoor climate. The system efficiency is assessed as 

air change efficiency. The indoor climate is assessed for air quality, thermal comfort and local 

discomforts.  

4.2.1. Ventilation efficiency performance indicators 
Indoor air quality can be assessed in terms of the ability of a ventilation system to remove pollution 

originating from a source in the room (Sandberg, 1981). The ventilation efficiency can be determined 

by measuring the air change efficiency (Mundt, Mathisen, Nielsen, & Moser, 2011). The air change 

efficiency (ACE) is the ratio between the minimum air replacement time and the actual mean air 

replacement time (eq. 4.1).  

𝜀𝑎 =
𝑀𝑖𝑛𝑖𝑚𝑢𝑚 𝑎𝑖𝑟 𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑡𝑖𝑚𝑒

𝐴𝑐𝑡𝑢𝑎𝑙 𝑚𝑒𝑎𝑛 𝑎𝑖𝑟 𝑟𝑒𝑝𝑒𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑡𝑖𝑚𝑒
=

𝜏𝑛
2〈�̅�〉

 ∙ 100 % (eq. 4.1) 

 

Where: 

εa   Air change efficiency [%] 

τn  Nominal time constant [h] 

〈�̅�〉  Mean age of the air in the enclosed space [h] 

The ACE can be used to determine the ventilation efficiency of the total room air. The local air change 

index (LACI) can be used as an indicator for the local ventilation efficiency on certain positions (Mundt, 

Mathisen, Nielsen, & Moser, 2011).   

𝜀𝑝
𝑎 = 

𝜏𝑛
𝜏𝑝̅̅ ̅
 ∙ 100 % (eq. 4.2) 

Where: 

𝜀𝑝
𝑎  Local air change index at point position p [%] 

τn  Nominal time constant [h]  

𝜏𝑝̅̅ ̅ =  Mean age of the air at position p [h] 

The nominal time constant is determined by dividing the room volume by the ventilation flow rate 

(eq. 4.3).  

𝜏𝑛 =
𝑉

𝑄𝑣
 (eq. 4.3) 

Where: 

τn  Nominal time constant [h]  

V   Room volume [m3] 

Qv   Ventilation flow rate [m3/h]  
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The ACE and the LACI are dependent on the flow pattern of the room. Four generic flow patterns can 

occur in a ventilated room (Figure 4.2): ideal piston flow, displacement flow, fully mixed flow or short-

circuit flow. The flow patterns and the corresponding ACE are given in Table 4.1. 

 

 
Figure 4.2: Illustration of the different flow patterns possible in a ventilated room (Mundt, Mathisen, Nielsen, & Moser, 2011). 

Table 4.1: The possible flow patterns and corresponding air change efficiency (Mundt, Mathisen, Nielsen, & Moser, 2011). 

Flow pattern Air change efficiency, εa 

Ideal piston flow 100 % 

Displacement flow 50 % ≤ εa ≤ 100 % 

Fully mixed flow 50 % 

Short-circuit flow ≤ 50 % 

  

4.2.2. Thermal comfort performance indicators 
The thermal comfort can be assessed with the Predicted Mean Vote (PMV) (Fanger, 1970). The PMV 

is a value between -3 (cold) and +3 (hot). The value 0 represents neutral thermal sensation. The PMV 

value is calculated with the air temperature [◦C], the mean radiant temperature [◦C], the relative 

humidity [%], the air velocity [m/s], the metabolism of occupants [W] and the clothing factor of 

occupants [-].  

0 +1 +2 +3-3 -2 -1

NeutralCold HotCool WarmSlightly cool Slightly warm  
Figure 4.3: The Predicted Mean Vote scale, based on (ISSO-publicatie 74, 2014). 

 

The operative temperature is used for measurements and calculations of the thermal comfort for the 

adaptive approach (NEN-EN-ISO 7726:2001 en, 2001). The operative temperature is dependent on the 

air temperature, radiant temperature and the air velocity. 

𝑇𝑜 = 𝑇𝑎 + (1 − 𝐴)(𝑇𝑚𝑟 − 𝑇𝑎) (eq. 4.4) 

Coefficient A can be calculated with the following equation: 

𝐴 = 0.73 ∙ 𝑣0.2 (eq. 4.5) 

Where: 

To   Operative temperature [◦C] 

Tmr   Mean radiant air temperature [◦C] 

Ta   Air temperature [◦C] 

v   Air velocity [m/s] 
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4.2.3. Local thermal discomfort performance indicators 
School buildings have a high ventilation flow rate. Enough air refreshment is necessary for the high 

occupancy. Potential causes for local thermal discomfort are assessed. The air velocity and air 

temperature can be used to predict draught problems. Prescribed thresholds exist for both these 

parameters, for example in the Frisse Scholen standard (RVO, 2016). Another indicator for draught is 

the draught rate (NEN-EN-ISO 7730:2005 en, 2005).  

𝐷𝑅 = (34 − 𝑇𝑎)(𝑣𝑎 − 0.05)
0.62(0.37 × 𝑣𝑎 × 𝑇𝑢 + 3.14) (eq. 4.6) 

With  va < 0.05 m/s: use va = 0.05 m/s 
  DR > 100 %: use DR = 100 % 
 
Where 

DR    Draught rate [%] 
va   Average air velocity [m/s] 
Ta    Average air temperature [◦C] 
Tu    Locale turbulence intensity [%] 

 
A vertical air temperature gradient often occurs in rooms with displacement ventilation (Skistad H. , 
Displacement ventilation - in non-industrial premises, guidebook 1, 2002). A too large vertical air 
temperature gradient can cause thermal discomfort (RVO, 2016). The vertical air temperature is 
measured to assess if it can be a cause of thermal discomfort. 
 
Radiance asymmetry can be a cause for thermal discomfort. The surface temperatures of the floor, 
walls, glazing and ceiling can be used to determine the radiance asymmetry. An extreme warm or cold 
floor can cause thermal discomfort. The floor surface temperature is a performance indicator. 
 

  



J.M. van der Steen Eindhoven University of Technology December 2016 

18 | P a g e  
 

4.3. Performance requirements for the performance indicators 
Performance requirements are obtained from the program of requirements Frisse Scholen, standards 

and literature. The Frisse Scholen standard represents agreed upon requirements for (Dutch) 

classrooms (RVO, 2016). Standards such as NEN norms and ISSO publications are used to complement 

the missing requirements. Additional requirements are found in literature (Skistad H. , Displacement 

ventilation - in non-industrial premises, guidebook 1, 2002). These requirements are related to the 

ventilation efficiency. 

Table 4.2: Selected performance requirements for an innovative climate system in school buildings. 
Parameter Desired value per ambition class for school buildings Source 

Class C Class B Class A 

Air quality 

Maximum CO2 concentration 1200 ppm 950 ppm 800 ppm Frisse Scholen 

Thermal quality 

Predicted Mean Vote -0.7 < PMV < +0.7 -0.5 < PMV < +0.5 -0.2 < PMV < +0.2 NEN-ISO-EN 
7730 

Percentage People dissatisfied < 15 % < 10 % < 5 % NEN-ISO-EN 
7730 

Operative temperature 
(Heating season) 

19-25 ◦C 
 

20-24 ◦C 
 

21-23 ◦C 
 

Frisse Scholen 

Operative temperature 
(Cooling season) 

22-27 ◦C 23-26 ◦C 23.5-25.5 ◦C Frisse Scholen 

Operative temperature fluctuation in time < 2K per h < 2K per h < 2K per h Isso 74 

Floor temperature 17-29 ◦C 
< 25 ◦C 

19-26 ◦C 
< 25 ◦C 

19-26 ◦C 
< 25 ◦C 

Frisse Scholen 
(Skistad,2002) 

Air velocity Heating season ≤ 0.19 m/s ≤ 0.16 m/s ≤ 0.13 m/s Frisse Scholen 

Cooling season ≤ 0.23 m/s ≤ 0.20 m/s ≤ 0.16 m/s 

Draught rate < 30 % < 20 % < 10 % Frisse Scholen 

Vertical temperature gradient ≤ 4 K ≤ 3 K ≤ 2 K Frisse Scholen 

Radiant temperature asymmetry – Warm ceiling < 7 K < 5 K < 5 K Frisse Scholen 

Radiant temperature asymmetry – Cool wall < 13 K < 10 K < 10 K Frisse Scholen 

Radiant temperature asymmetry – Cool ceiling < 18 K < 14 K < 14 K Frisse Scholen 

Radiant temperature asymmetry – Warm wall < 35 K < 23 K < 23 K Frisse Scholen 

Relative humidity 40 – 60 % NEN-ISO-EN 
7730 

Ventilation efficiency 

Temperature ventilation air Tair - Tsupply > 2 K (Skistad, 
2002) 

Air supply velocity Heating season ≤ 0.15 m/s (Skistad, 
2002) Cooling season ≤ 0.25 m/s 

 

4.4. Required accuracy for the performance indicators 
Measurement ranges, accuracy and response times required for measuring performance indicators 

are defined in (NEN-EN-ISO 7726:2001 en, 2001). The standard Frisse Scholen, Isso publication 74 and 

NEN-ISO-EN 7730 refer to NEN-EN-ISO 7726 regarding the requirements for measurement equipment. 

An overview of recommended measurement ranges, accuracy and response times is given in Table 

4.3.  

Table 4.3: Required measurement ranges, accuracy and response times (NEN-EN-ISO 7726:2001 en, 2001). 
Parameter  Symbol Range Accuracy Response time  

Air temperature [◦C] Ta 10 ◦C – 30 ◦C Demanded: ± 0.5 K 
Desired:       ± 0.5 K 

Short as possible 

Mean radiant temperature [◦C] Tmr or Trad 10 ◦C – 40 ◦C Demanded: ± 2.0 K 
Desired:       ± 0.2 K 

Short as possible 

Radiance asymmetry [K] ∆Ts 0 K – 20 K Demanded: ± 2.0 K 
Desired:       ± 0.2 K 

Demanded: 1.0 sec 
Desired:       0.5 sec 

Air velocity [m/s] va 0.05 m/s – 1.0 m/s Demanded: ±|0.05 +0.05·va| [m/s] 
Desired:       ±|0.02 +0.07·va| [m/s] 

Not defined 
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5. Performance measurement in a demonstration room 
The assessment of the performance of the airConomy climate system is done through measurements 

in a demonstration room. A test setup of the airConomy is available in a demonstration room. The 

demonstration room is an unoccupied room. The assessment can be done without interfering 

occupant activities or vice versa. The performance of the airConomy climate system is assessed for 

ventilation efficiency, thermal comfort and local thermal discomfort. 

5.1. The demonstration room 
The demonstration room has a test setup of the airConomy climate system. The room has a floor 

surface of 50 m2 and a room height of 2.6 m. The room is situated within an unheated warehouse 

(Figure 5.1). Sunlight is unable to reach the demonstration room walls or glazing. The walls of the 

demonstration room are not insulated. The north wall is connected to an unheated space. The east 

wall is in contact with an exterior wall. The south and west walls are in contact with rooms with an 

internal heat load from climate systems. Six ventilation supply vents are situated in the floor near the 

west wall. One ventilation supply vent is situated at the north wall near the corner with the west wall. 

One ventilation supply vent is at the south wall near the corner with the west wall.  

27 sq m

27 sq m

27 sq m

27 sq m

N

2
.6

0
 m

7
.1

5
 m

7.00 m 7.00 m

Ventilation supply vent

1 sq m

Radiant floor

 
Figure 5.1: A schematic layout of the demonstration room. 

          
Figure 5.2: Pictures of the demonstration room: South-West corner (left) and North-West corner (right).     

          
Figure 5.3: Pictures of the demonstration room: North-East corner (left) and South-East corner (right).     
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5.2. Measurement approach demonstration room 
The demonstration room has been used to measure the performance indicators regarding ventilation 

efficiency, thermal comfort (heating season) and local discomfort. Measurements were repeated for 

various settings of the climate system. This resulted in 14 different measurement scenarios. The 

ventilation efficiency (Figure 5.4) is measured with a step-down tracer gas decay test. The thermal 

comfort and local thermal discomfort are measured during each decay test. Measurements with 

continuously inserted CO2 have been done for two scenario’s (Figure 5.4). This serves as a situation 

where occupants continuously exhale CO2. 

A second system setup has been created, which forced fully mixture of the ventilation air in the room. 

Four different scenarios were measured for the mixture setup. This was done to compare the 

airConomy climate system with a mixture ventilation system four different system scenarios were 

measured with a step-down tracer gas decay test. Measurements with a continuously inserted CO2 

have been done for two scenarios for the mixture setup. 

Start 
Step down tracer gas decay test

Step 1) - Thermographic pictures
- Smoke test

Step 2) - Set up measurement equipment

Step 3) - Set radiant floor
- Set ventilation flow rate
- Setup heat sources

Step 4) - Activate ventilation system
- Measure ventilation flow rate
- Deactivate ventilation system

Step 5) - Activate data loggers

Step 6) - Insert CO2 gas
- Mix room air with fan

Step 7) - Stop inserting CO2 gas (@± 1900 ppm)
- Mix room air with fan

Step 8) - Stop mixing with fan when air is fully mixed.
- Leave room
-Activate ventilation system

Step 9) - Retrieve data from data logger

Repeat for
 each decay

measurement

Step 4a) - Activate data loggers
- Activate ventilation system

Step 6a) - Insert CO2 continuously

Step 7a) - Stop inserting CO2 gas (30 min)

Step 8a) - Retrieve data from data logger

Repeat for 
each continuous 

measurement
Decay measurement 
Duration    3x τnom

Continuous measurement 
Duration    30 min

Continuous (decay) measurement 
Duration    30 min

FinishFinish

Step 3) - Set radiant floor
- Set ventilation flow rate
- Setup heat sources

Start
Continuous inserted tracer gas measurement

Step 1) - Thermographic pictures
- Smoke test

Step 2) - Set up measurement equipment

Step 9a) -  Remove measurement equipmentStep 10) - Remove measurement equipment

Step 5a) - Measure ventilation flow rate

 
Figure 5.4: General overview of measurement approach of the step-down tracer gas measurement and the continuous 
measurement. 

The room is examined through thermographic photographs and smoke tests (step 1). The 

thermographic pictures are used to determine if all the floor elements are heating and cooling with 

similar surface temperatures. Thermographic pictures of the walls, glazing and the ceiling are used to 

indicate how uniform the heat loss is through the walls. The walls do not have a uniform surface 

temperature. The thermographic pictures of the surfaces are used to determine which measurement 

positions are representative for most of the total surface. The smoke tests are done to visualize how 

the ventilation air is inserted into the room. A position heavily influenced by the ventilation air flow is 

selected for draught related measurements. The system configurations were set for the measurement 

scenario (step 2) and the internal heat sources placed (step 3).  
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The ventilation flow rate has been measured at the eight ventilation supply vents with a flow finder 

(step 4). The data loggers have been activated (step 5). The CO2 gas was inserted into the room (step 

6). The room was air mixed with a powerful fan during the insertion of the CO2 gas. The insertion of 

CO2 gas was stopped when the CO2 level of the room air is approximately 1900 ppm (step 7). This is 

the highest CO2 level within the range of the measurement equipment. The mixing of the room air 

was stopped when the room had a uniform CO2 level. The ventilation system was activated (step 8). 

This is the start moment of the step-down tracer gas test. The estimated duration for the decay is 

between one and two times the nominal time constant, i.e. the duration is between the decay time 

of a piston flow and a fully mixed flow. The duration of the measurements is three times the nominal 

time constant, to be certain the decay has fully taken place. The measurement data is obtained from 

the data loggers after each decay test. This process can be repeated (step 3-10) for each decay 

scenario.  

The same measurement equipment setup is used for the continuous inserted tracer gas measurement 

as for the decay test (step 2). It is not necessary to repeat the thermographic photographs and smoke 

tests (step 1). The system configuration has been set again for each measurement scenario (step 3). 

The data loggers and the ventilation system were activated (step 4a). The airflow rate has been 

measured at the six supply vents (5a). The CO2 gas was continuous inserted into the room at breathing 

heights of sedentary students (step 6a), this is the start moment of the measurement. After 30 

minutes was the continuous gas supply stopped (7a). The ventilation system stayed active for another 

30 minutes to measure the decay. The measurement data was obtained from the data loggers 

afterwards (step 8a). This process was repeated for other measurement scenarios (step 4a – 8a). 

5.2.1. Measurement scenarios 
The measurements were done with varying system settings and varying internal heat loads. An 

overview is given in Table 5.1 of the measured scenarios for the airConomy setup and the mixture 

setup. The radiant floor was either in the cooling setting or in the heating setting. The ventilation rate 

varied from 350 m3/h to 800 m3/h. The ventilation air had heat recovery or no heat recovery via a 

bypass. A varying number of heat sources representing the heat load caused by occupants has been 

used. Cardboard boxes with a lightbulb and a ventilator inside were used as a heat emitting source 

(Figure 5.5). Each cardboard box had a surface area of 1.44 m2 (skin surface children) and produces 84 

W. In total 30 cardboard boxes are used. This resulted in 14 different measurement scenarios for the 

airConomy climate system, of which 6 are performed twice to determine the sensitivity of the 

measurement.  

Four additional measurements were done for an air mixing system setup (Figure 5.6). The radiant floor 

is deactivated, thus representing a normal floor. The room heating or cooling was fully done by the 

ventilation air. The ventilation air is inserted 1.5 meter above the ground with higher air velocities to 

ensure air mixing instead of air displacement. Results of this case are compared with the original 

airConomy results to assess the effect of displacement. 

Four continuous measurements are conducted besides the step-down measurements. Two 

measurement of the airConomy setup and two measurements of the altered climate system setup. 

Only the ventilation rate varied for the continuous measurements. 
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Figure 5.5: Thermographic picture of heat emitting cardboard box (left) and the cardboard box positioned in the 
demonstration room (right). 
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Figure 5.6: Schematic overview of the airConomy setup (left) and the mixture setup (right) in the demonstration room. 

Table 5.1: Overview measurement scenarios for the decay tests. 
airConomy setup 

Scenario Heat sources System Ventilation rate Heat recovery 

S1sc1 0 Heating 726 m3/h Yes 

S1sc2 4 Heating 755 m3/h Yes 

S1sc3 8 Heating 755 m3/h Yes 

S1sc4 16 Heating 741 m3/h No 

S1sc4a 16 Heating 792 m3/h No 

S1sc5 16 Cooling 763 m3/h No 

S1sc6 30 Cooling 763 m3/h No 

S1sc6a 30 Cooling 793 m3/h No 

S1sc7 16 Heating 609 m3/h No 

S1sc8 30 Heating 609 m3/h No 

S1sc8a 30 Heating 609 m3/h No 

S1sc9 30 Heating 613 m3/h Yes 

S1sc10 30 Cooling 620 m3/h No 

S1sc10a 30 Cooling 620 m3/h No 

S1sc11 16 Cooling 439 m3/h Yes 

S1sc12 30 Cooling 366 m3/h Yes 

S1sc12a 30 Cooling 354 m3/h No 

S1sc13 16 Cooling 366 m3/h Yes 

S1sc14 16 Heating 374 m3/h Yes 

S1sc14a 16 Heating 374 m3/h Yes 

Mixture setup 

Scenario Heat sources System Ventilation rate Heat recovery 

S2sc1 30 Cooling 753 m3/h No 

S2sc2 30 Cooling 652 m3/h No 

S2sc3 30 Heating 781 m3/h Yes 

S2sc4 30 Heating 652 m3/h Yes 
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5.2.2. Thermographic photos and smoke tests 
Thermographic photos have been made from the floor, the walls, the glazing and the ceiling. The 

thermally active floor is divided in four parts. The thermographic photos were used to assure if those 

four parts had similar surface temperatures. The photos of the walls, glazing and ceiling are used to 

indicate how uniform the heat loss is of those surfaces. Measurement positions for the surface 

temperatures have been chosen dependent on the thermographic pictures. Reasonable uniform 

surface temperature were found at the glazing (∆T < 1K) and the ceiling (∆T < 1K). The floor had mainly 

a uniform temperature, the vents in the floor resulted in locally lower surface temperature (∆T < 3K). 

The wall had a varying surface temperature due to the wooden studs (∆T ≈ 1.5K). Wooden studs in 

the wall resulted locally in a lower surface temperature. These location were avoided for the 

measurement positions of the surface temperature. 

   
Figure 5.7: Thermographic pictures of the floor (left), wall (middle) and ceiling (right). 

The smoke tests were done to visualize the inserted ventilation air. A position for the draught 

measurement was selected, dependent on the smoke test. The prescribed heights for draught related 

measurements are 0.10 m (ankle height) and 1.10 m (head height of a seated person) (NEN-EN-ISO 

7726:2001 en, 2001). The first smoke test was done for a total ventilation rate of 781 m3/h and no 

heat sources. The second smoke test was done for a total ventilation rate of 420 m3/h and 25 heat 

sources. The air is inserted upwards for high ventilation rates. The air flows via the wall to the ceiling. 

The air descend in the room after time. Ventilation inserted with a low ventilation rate flows more in 

the direction of the room and less upwards. The inserted ventilation air remains in neither tests 

directly at the floor. The height 1.10 m is preferred over the height 0.10 m for the draught related 

measurements.  

 
Figure 5.8: Smoke test with a ventilation flow rate = 781 m3/h. 

 
Figure 5.9: Smoke test with a ventilation flow rate = 420 m3/h. 
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5.2.3. Ventilation efficiency 
The step-down tracer gas method is used to determine the ACE and LACI (Mundt, Mathisen, Nielsen, 

& Moser, 2011). The step-down tracer gas has a relatively short measurement duration, dependent 

of the ventilation flow rate. The used tracer gas was CO2, which is often used as performance indicator 

for continuous monitoring or measurements regarding indoor pollution. CO2 is a gas which is always 

present in the room, its concentration is constant when the room is unoccupied. The ideal tracer gas 

has a density which is equal to the air density for easy mixing. CO2 has about 1.67 times the density of 

air, which is more favourable than other available tracer gasses. The gas is easy measurable with the 

available equipment. CO2 is not damaging, toxic or flammable and therefore safe to use.  

The ventilation flow rate of the supply vents was measured with the flow finder for each step-down 

tracer gas decay measurement. The tracer gas was inserted into the room and thoroughly mixed with 

a ventilation fan. Inserting the tracer gas was stopped when the total room air had a uniform CO2 

concentration of approximately 1900 ppm. Activating the ventilation system resulted in a CO2 

concentration decay, which was measured with a non-dispersive, infrared CO2 sensor. The CO2 decay 

was measured in the exhaust vent to determine the average age of air of the room, which has been 

used to calculate the ACE. The CO2 decay has been measured at several positions in the room. The 

chosen positions varied in distance from the supply vent, measured at the same height to give the 

horizontal gradient of the local mean age of air in the room. The chosen height was 1.10 m, which is 

the height of the head of a sitting person. At one position was the CO2 level measured at different 

heights, for an assessment of vertical gradient in local mean age of air. The CO2 level is measured at 

different heights. Similar CO2 levels are expected at the different heights when a fully mixed flow 

occurs. Rooms with displacement are expected to have cleaner air at breathing height and a more 

polluted air layer higher in the room. The chosen heights were 0.20 m (near the floor, presumably an 

unpolluted air layer), 1.10 m (breathing height of a sitting person), 1.70 m (breathing height of a 

standing person) and 2.30 m (near the ceiling, presumably the air layer with the most pollution). The 

CO2 concentration of the supply air was measured to determine if the inserted CO2 concentration of 

the ventilation air was constant. 

The CO2 concentration was measured with two SBA-5 CO2 gas analysers. Each CO2 gas analyser 

measured the CO2 level of 4 locations. Rubber hoses with a diameter of 6 mm were used to extend 

the reach of the CO2 gas analyser. The air sampling of the four positions was not simultaneously but 

alternating. The air is sampled for each measurement position for 15 seconds. The first 3-5 seconds of 

the sampling period resulted in contaminated samples by the previous measurement position. The 

mean value of the last 5 seconds of the sample period was used as value for the CO2 level. One CO2 

gas analyser was used for short distance (Lhose = 2.5 m) measurement points (position 3a,b,c,d). The 

other CO2 gas analyser was used for long distance (Lhose = 5.0 m) measurement points (positions 

1,2,4,5). An extra air suction pump was used for the long hose. The air pump created suction in the 

hoses which were not sampled. The stagnant air in the hose would be sampled first without the 

additional air suction.   

CO2 is inserted into the room from 30 positions during the continuous inserted gas measurement. Air 

hoses (Lhose = 5.0 m) were used to reach all the insertion points. Each position is at the breathing height 

of a seated person, i.e. 1.10 m. The total inserted CO2 flow was regulated by a mass flow divider. The 

inserted CO2 gas flow was 10 l/min, equivalent to the CO2 exhaled by 30 persons. The inserted CO2 is 

divided over 30 positions. Thus resulting in a CO2 insertion of 20 L/h per cardboard box, which 

represents the CO2 emittance of one human being. 
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Figure 5.10: Schematic cross-section (left) and plan (right) of the demonstration room with the locations of the CO2 sensors. 

         
Figure 5.11: Pictures of the SBA 5 CO2 samplers and three measurement positions 

5.2.4. Thermal comfort 
Performance indicators were measured regarding the thermal comfort during each step-down decay 

measurement. The PMV measurement and the OT measurement were measured in the room. The 

measurement positions are shown in Figure 5.3. The air temperature, the black-globe temperature, 

the air velocity and the relative humidity are measured in the room (position 2).  

The radiant temperature couldn’t be measured directly, but could be determined with the black-globe 

temperature, the air temperature and the air velocity. 

Values can be found for the metabolism and clothing factor of occupants in standards (NEN-EN-ISO 

7730:2005 en, 2005). The activities and type of clothing of the occupants are used to determine the 

metabolism and clothing factor. The metabolism of classroom occupants is assumed to be 70 W/m2 

(sedentary desk activities) and the clothing factor 0.9 clo (winter clothing).  
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Figure 5.12: Schematic cross-section (left) and plan (right) of the demonstration room with the locations of the thermal 

comfort sensors. 
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Figure 5.13: Pictures of PMV sensors: air temperature, black globe, air velocity and relative humidity. 

5.2.5. Local thermal discomfort 
Local discomfort problems are assessed near the ventilation air supply. Draught problems are more 

likely to occur near the ventilation air supply. Smoke tests are performed to visualize the air flow of 

the ventilation supply air. It was found that the air is inserted upwards into the room. The air 

temperature and air velocity are measured at a height of 1.10 m (position 2c), i.e. head height for a 

sedentary person.  

The vertical air temperature gradient is measured near the ventilation supply air (position 2a,b,c,d). 

The effect of the inserted supply air on the vertical temperature gradient is assessed to determine if 

a vertical temperature gradient occurs for displacement ventilation to take place. The chosen heights 

are 0.10 m (ankle level), 0.60 m (abdomen level when sitting), 1.10 m (head level when sitting or 

abdomen level when standing) and 1.70 m (head level when standing). 

The surface temperatures are measured for the floor, all the walls, one window per wall and the ceiling 

(Position s1-10). Thermographic photographs were made prior to determine which measurement 

positions were representative for the total area. 

The air temperatures of the ventilation supply air (position 1) and exhaust air (position 5) were 

measured to assess the cooling load and energy efficiency of the ventilation air. 
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Figure 5.14: Schematic cross-section (left) and plan (right) of the demonstration room with the locations of the local thermal 

discomfort sensors. 
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Figure 5.15: Pictures of the temperature + relative humidity sensor, vertical temperature gradient sensors, air velocity 
sensor and surface temperature sensor. 

5.3. Results Demonstration room 
The results of the measurements in the demonstration room are presented in this section. The result 

of all measured scenarios are presented in figures. The air change efficiency and local air change index 

are presented for heating and cooling scenarios. Measurement results regarding comfort and local 

discomfort are only presented for heating scenarios. The outdoor climate was representable for a 

winter situation at the time of the measurements [Appendix C – Outdoor climate during the 

measurements]. The large heat losses made measurements with cooling settings unrepresentative for 

real cooling situations.  

5.3.1. Air change efficiency 
The air change efficiencies for the airConomy setup and the mixture setup in the demonstration room 

are shown in Figure 5.16 (Mundt, Mathisen, Nielsen, & Moser, 2011). The air change efficiency are 

plotted against the ventilation rate. shown. The air change efficiency is based on the measurement 

position in the exhaust vent (ACEexhaust), as defined in by REHVA standard (Mundt, et al, 2011). All 

measurement results show an ACEexhaust lower than 50 %, thus indicating fully mixed ventilation or 

even a little short circuiting. An error was found in the tracer gas decay measurement. The nominal 

time constant (tn) calculated from the exhaust decay curve deviated from the theoretical nominal time 

[Appendix D – The nominal time constant]. The deviation between the calculated tn and the theoretical 

tn occurred for lower ventilation rates, i.e. total room ventilation rates lower than 650 m3/h, i.e. 

ventilation rate of 81.25 m3/h per supply vent. The deviations are smaller for higher ventilation rates. 

The theoretical calculated nominal time is based on the room volume and the ventilation rate. A 

declining ventilation rate should result in an increased nominal time constant. The nominal time 

constant calculated from the decay curve showed even a decrease in nominal time constant. The 

found error in the nominal time constant indicates that the calculated ACEexhaust is unreliable.  
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Figure 5.16: The ACEexhaust calculated from the decay of the tracer gas measured at the exhaust air. 

A second method is used to determine the air change efficiency. The air change efficiency in Figure 

5.17 is calculated based on the measured CO2 decay in the room (ACEroom). The ACEroom is still based 

on the mean age of air of the room and the nominal time constant. The mean age of air of the room 

is based on the measured CO2 decay in the room. The mean age of air is calculated for each 

measurement position at the height 1.10 m. The mean value of the calculated mean age of air values 

is used as the mean age of air for the total room. The nominal time constant is based on the room 

volume and the measured ventilation rate. The ACEroom calculation is based on the CO2 decay after the 

ventilation system is activated. The decay during the start-up of the system is not representative for 

an operating system. An assessment of the sensitivity of the first 20 minutes of the CO2 decay is done 

[Appendix E – ACE sensitivity]. Excluding the first 10 minutes was found to give consistent ACE results.  

The ACEroom values are presented in Figure 5.17. Similar ACEroom values are found for ventilation rates 

higher than 90 m3/h per supply vent as the ACEexhaust values in Figure 5.16. The found error in the 

nominal time constant for these ventilation rates was minimal. Higher ACEroom values are found for 

ventilation rates lower than 90 m3/h per supply vent than the ACEexhaust values. 

The found ACEroom for the airConomy has a strong correlation with the ventilation rate. Decreasing the 

ventilation rate results in a higher ventilation efficiency. Ventilation rates higher than 90 m3/h per 

supply vent results in fully mixed ventilation or even short circuiting. Ventilation rates lower than 77.5 

m3/h per supply vent result in higher ACEroom, which correspond with displacement ventilation. The 

ACEroom values for ventilation rates lower than 56.25 m3/h per supply vent are higher than 85 %. The 

mixture setup shows similar ACEroom values as the airConomy setup for high ventilation rates, i.e. fully 

mixed ventilation or slightly short circuiting.  
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Figure 5.17: The ACE calculated from the decay of the tracer gas measured at the room air. 

The decay measurements have been reproduced for six scenarios. This is done to determine how 

sensitive the method is. The results are presented in Figure 5.18. The measured ACEroom values are 

presented with red dots and the left vertical axis. The difference between measurements are given 

with blue triangles and the right vertical axis. The difference in ACEroom values is smaller than 12 %. 

The found deviation is similar to other research results (Sandberg, 1981) (Amai & Novoselec, 2016). A 

probable cause for this is that the ACE is based on local measurement points instead of the exhaust 

air. Larger deviations can be found for local air change efficiencies than for the room air change 

efficiency (Sandberg, 1981). 

 

 
Figure 5.18: The sensitivity of reproducing the same measurement. 
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5.3.2. Local air change index 
The LACI index has been determined for different heights and for different locations. The results for 

heating and cooling scenarios are presented separately. The LACI of three scenarios varying in the 

ventilation rate is presented per figure.   

The LACI at different heights for three cooling scenarios is shown in Figure 5.19. The best LACI values 

are found for low ventilation rates. The LACI for the highest ventilation rate are found to be between 

97.1% and 102.3% and indicate mixture ventilation. The deviation between the different heights is 

less than 5.2 % for the highest ventilation rate. The LACI values for the ventilation rates 620 m3/h and 

354 m3/h show more difference between the different heights, 16.9 % and 15.0 %. More air change is 

measured at the heights 1.10 m and 1.70 m, which are the breathing heights of occupants.  

 
Figure 5.19: The LACI of the airConomy at different heights for cooling situations. 

The LACI at different heights for three heating scenarios is shown in Figure 5.20. The LACI is worse for 

high ventilation rates. The LACI values for the ventilation rate 792 m3/h indicate fully mixed 

ventilation. The maximum difference over the different heights is 8.3 %. The LACI values vary 10.8 % 

when the ventilation rate is 620 m3/h. The air refreshment appears to be random better or worse at 

the different heights. The lowest ventilation rate (374 m3/h) results in a decreasing LACI values for an 

increasing measurement heights. The air refreshment at the breathing height is worse for this scenario 

than at the height 0.20 m, but better than the air refreshment at the height 2.30 m. The difference 

between the LACI at 0.20 m and 2.30 m is 28.7 %. 

 
Figure 5.20: The LACI of the airConomy at different heights for heating situations. 
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The LACI for the mixture setup at different heights is shown in Figure 5.21. Both the cooling and the 

heating scenarios are shown in this figure. Most measurements show LACI values around 100 %, 

indicating fully mixed ventilation. The cooling situation with a low ventilation rate show higher LACI 

values. This indicates a higher air refreshment compared to mixed ventilation. Displacement did occur 

instead of only mixing during this measurement.  

 
Figure 5.21: The LACI of the mixture setup at different heights for heating and cooling situations. 

The LACI measured at different positions in the room for cooling scenarios is shown in Figure 5.22. A 

lower ventilation rate results in more effective air refreshment at all the positions. The LACI in the 

middle of the room is more effective than the LACI for other positions. The measurements at the wall 

deviates with the middle of the room. The largest LACI value difference (22.6 %) is found when the 

room is ventilated with 354 m3/h.  

 
Figure 5.22: The LACI at different positions for cooling situations. 

The LACI for heating scenarios at different positions in the room is shown in Figure 5.23. A lower 

ventilation rates result in higher LACI values. The LACI in the middle of the room is the highest. The 

deviation between LACI values is much lower for these scenarios, with the exception of the LACI value 

measured near the supply vent when. This LACI value is much lower than the other positions. The 

highest ventilation rate has a small deviation between LACI values (2.4 %).   



J.M. van der Steen Eindhoven University of Technology December 2016 

32 | P a g e  
 

 
Figure 5.23: The LACI at different positions for heating situations. 

The LACI values for the mixture setup are shown in Figure 5.24. The heating scenarios show full 

mixture during the measurement at all positions. A cooling scenario shows slightly short circuiting for 

a high ventilation rate. For the lower ventilation rate are higher LACI values found, indicating 

displacement. The measurements in the middle of the room show more air refreshment than the 

other positions. The difference in LACI values is minimal for mixture scenarios. Measurement with 

displacement has larger deviations between the middle of the room and other positions (11.1 %).   

 
Figure 5.24: The LACI of the mixture setup at different positions for heating and cooling situations. 

5.3.3. Continuous inserted CO2 gas in demonstration room 
The vertical CO2 gradient is shown in Figure 5.25 and Figure 5.26. The CO2 is inserted into the room 

continuously, until after approximately 30-35 minutes. Figure 5.25 shows the CO2 gradient of the room 

when the room is ventilated with the airConomy climate system. Figure 5.26 shows the CO2 gradient 

of the room when the room is ventilated with the mixture setup. The difference in CO2 level at 

different heights is larger for the airConomy than for the mixture setup. Both systems have a maximum 

CO2 level just under 1000 ppm. The systems have similar CO2 levels at the heights 1.70 m and 2.30 m. 

The CO2 level at the heights 0.20 m and 1.10 m is lower for the airConomy than for the mixture setup. 

This indicates that the room air is less polluted at lower heights when the room is ventilated with the 

airConomy climate system. The CO2 level for the mixture setup is the same for all heights, indicating a 

higher amount of pollution in the room compared to the airConomy climate system.  



J.M. van der Steen Eindhoven University of Technology December 2016 

33 | P a g e  
 

 
Figure 5.25: CO2 level for the airConomy setup with a ventilation rate of 763 m3/h.  

 

 
Figure 5.26: CO2 level for the mixture setup with a ventilation rate of 753 m3/h. 

The vertical CO2 gradient is again shown in Figure 5.27 and Figure 5.28. The ventilation rates during 

these measurements were lower than the previous measurements. The maximum CO2 level for both 

measurements is higher compared to the previous measurements. The maximum CO2 level measured 

while ventilating with the airConomy is over 1100 ppm at the height 2.30 m. For the mixture setup is 

the maximum CO2 level approximately 1250 ppm, found at the height 1.70 m. The highest found CO2 

level occurs at breathing level for the mixture setup, while the maximum CO2 level at the same height 

does not exceed 1000 ppm with the airConomy. A maximum CO2 value of 800 ppm was found at 

sedentary breathing height (1.10 m) for the airConomy and 1050 ppm for the mixture setup. 

A vertical CO2 gradient was measured for the mixture setup. The same CO2 levels would be found at 

all the measurement position if the room air was fully mixed. This indicates that the setup was not 

ventilating the room as a fully mixing ventilation system. The higher found CO2 levels indicate that the 

mixing setup ventilates less efficient as the airConomy climate system.  
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Figure 5.27: CO2 level for the airConomy setup with a ventilation rate of 620 m3/h. 

 

 
Figure 5.28: CO2 level for the mixture setup with a ventilation rate of 652 m3/h. 

5.3.4. Thermal comfort 
The thermal comfort is assessed for the predicted mean vote and the operative temperature. The 

presented results are the measurement scenarios with heating. The cooling wasn’t necessary during 

the thermal comfort assessment due to the low outdoor temperature. The thermal comfort 

assessment for a cooling situation does not represent a real situation. Only the heating scenarios are 

used for the thermal comfort assessment. The thermal comfort measurement has the same duration 

as the decay measurement, i.e. one hour. The first 10 minutes of the measurement data after 

activating the ventilation system is excluded. Stagnant air in the supply vents was excessively heated 

by the radiant floor. The effects of this momentarily overheated ventilation air supply are absent after 

10 minutes. The results are presented as box plots. The variation in the samples is displayed in the 

boxplots by visualizing the quartiles of the data. The line with the red dots represents the median 

value (second quartile). The whiskers show the minimum and maximum values.  
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Figure 5.29: The predicted mean vote for heating scenarios in the demonstration room. 

The predicted mean vote for the airConomy (S1) and the mixture setup (S2 is shown in Figure 5.29. 

The red lines indicate the minimum (-0.7) and maximum (+0.7) PMV values within the comfort range 

class C (RVO, 2016). The green line indicates the optimal PMV value (0). For the airConomy are the 

most scenarios well within range, with the exception of some minimum or maximum measurement 

values. The median PMV values are all within the comfort range for the airConomy. Nearly half of the 

measured PMV values a heating scenario with four occupants and a high ventilation rate (S1sc2) is out 

of range.  

 
Figure 5.30: The operative temperature measured in the demonstration room for heating scenarios. 

The operative temperature is presented in Figure 5.30 (ISSO-publicatie 74, 2014). The heating system 

is set to heat the room air temperature to 22◦C. Minimal and maximal acceptable operative 

temperatures are shown with the red line (RVO, 2016). The measurements for the airConomy are 

within range. Only one scenario (S1sc9) has some extreme values higher than the prescribed range. 

The duration of the measurement is approximately one hour. The operative temperatures do not 



J.M. van der Steen Eindhoven University of Technology December 2016 

36 | P a g e  
 

fluctuate more than 2 K during this hour. The operative temperatures are lower for the mixture setup 

than for the airConomy. One scenario of the mixture setup (S2sc3) had an operative temperature 

lower than prescribed. 

5.3.5. Local thermal discomfort 
The local thermal discomfort was measured for both the cooling and heating scenarios. The cooling 

scenarios were excluded for the thermal comfort assessment. The thermal comfort assessment 

included the absolute temperature in the room. The local thermal discomfort assessment is mainly 

based on air velocities, temperature differences and the surface temperature of the radiant floor. The 

draught rate is the only indicator that is not fully representative for cooling scenarios. The draught 

rate is partially defined by the absolute air temperature. The air temperatures are lower for the cooling 

scenarios than desired, resulting in a slightly worse draught rate.  

 
Figure 5.31: The draught rate near the ventilation supply vent. 

The draught rate near the ventilation supply is presented in Figure 5.31. The draught rate is heavenly 

influenced by the ventilation rate. A high ventilation rate can cause draught rate problems. Ventilation 

rates lower than 750 m3/h give draught rates within comfort ranges. The draught rates were within 

the comfort class B range when the ventilation rate was lower than 620 m3/h. The draught rate is 

almost always higher than acceptable for the mixture setup. One scenario of the mixture setup had a 

draught rate within the comfort range. 
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Figure 5.32: The draught rate measured in the room. 

The draught rates shown in Figure 5.32 are measured further in the room. The larger distance from 

the ventilation vent reduces the draught rate. The draught rates measured for the airConomy climate 

system are within the comfort class B range. For the mixture setup are still for three of the four 

scenarios draught problems measured. This is caused by the created high velocities in the room to 

ensure mixing ventilation, which is not representative for actual mixture ventilation systems. 

 

 
Figure 5.33: The vertical temperature difference measured in the demonstration room. 

The vertical air temperature differences are shown in Figure 5.33. A vertical temperature difference is 

required for displacement to take place. There is a correlation between the air change efficiency and 

the vertical temperature difference. Two measurements show a high ACEroom with a lower vertical 

temperature difference. The measured vertical difference is no cause for discomfort. All the vertical 

temperature differences are within the comfort class B range and most of the time even within the 
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range of comfort class A. The mixture setup has a similar vertical temperature gradient as other 

airConomy measurement scenarios where mixture occurs.  

 
Figure 5.34: The surface temperature of the radiant floor.  

The surface temperatures of the radiant floor are shown in Figure 5.34. The floor temperature was 

mostly within the comfort range of class A+B for heating scenarios. The floor temperature were always 

within the range of comfort class C. The surface temperature during cooling scenarios was often too 

cold. The floor was inactive during these measurements, due to the weather conditions. This can cause 

discomfort. Lower floor temperatures were found for the heating scenario of the mixture setup. The 

radiant floor was not active for the mixture system setup. 

6. Performance assessment in a classroom 
The performance assessment of the airConomy climate system is validated through measurements in 

a school building. A classroom with the airConomy climate system was available for performance 

measurements. The measurement approach in the classroom is similar to the measurement approach 

used in the demonstration room, but less extensive. The measurements in the demonstration room 

were done for a broad range of system settings. The measurements done in the classroom were only 

done for the system settings at that moment.  

6.1. The classroom 
The classroom is situated in the school building Brede School Plus in Reusel-de Mierde. The school 

building is constructed in 2009-2010 and has an EPC value of 0.5, while 1.3 is required by legislation. 

The floor, façade and roof have an insulation value of Rc = 5 (m2K)/W. The glazing has a U-value of 1.1 

W/(m2K). The classroom is currently occupied by 24 student and one teacher. The classroom has a 

floor surface of 55 m2 and a room height varying from 2.8 meter to 3.5 meter. The room height is 

higher than the demonstration room. This allows more vertical stratification, without causing 

discomfort at the occupant height. Seven ventilation supply vents are situated at the west façade wall 

and two ventilation exhaust vents are situated at the east wall. 
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Figure 6.1: A schematic layout of the classroom. 

         
Figure 6.2: The school building Brede School Plus (left) and the classroom (right). 

6.2. Measurement approach classroom 
A validation measurement is performed in a school building. Only three step-down tracer gas decay 

measurements are performed due to the limited available time. A similar measurement approach is 

used for the tracer gas decay measurements as described in Figure 5.4. No smoke tests were done 

and no thermographic pictures were made in the classroom. The number of heat sources does not 

vary. Heated cardboard boxes were used to simulate the internal heat gains of 24 students + 1 teacher. 

The cardboard boxes were placed on the chairs of the students and the teacher. The building was 

cooled during the measurements. The room was cooled by the radiant floor. The ventilation rate could 

not be changed manually between measurements. The total supply flow rate was 520 m3/h and the 

total exhaust flow rate 515 m3/h during the first measurement. Maintenance was done at the 

ventilation system after the first measurement. The ventilation rate was higher after the maintenance. 

A higher ventilation flow rate was measured for the second and third decay measurement. The 

measured total supply flow rate was 542 m3/h and the total exhaust flow rate was 586 m3/h. In Figure 

6.3 is a general overview given of the measurement approach.  

Steps 1 and 2 represent the preparation of the room before the decay measurement. These steps 

deviate from the approach used in the demonstration room, where thermographic pictures and 

smoke tests were included. The thermographic photographs and smoke tests were not done for these 

measurements due to the limited time. Steps 3 through 9 represent the taken actions regarding the 

step-down tracer gas decay test. These are identical for the used approach in the demonstration room. 

The continuous inserted tracer gas measurement has not been performed in the classroom. 
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Step 3) - Activate ventilation system
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- Mix room air with fan
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 each decay

measurementDecay measurement 
Duration    3x τnom

Finish

Step 9) - Remove measurement equipment

 
Figure 6.3: General overview of measurement approach of the step-down tracer gas measurement used in the classroom. 

6.2.1. Ventilation efficiency 
The measurement methodology used in the demonstration room to determine the ACE and the LACI 

is also used in the classroom. This includes the CO2 decay measurements in the exhaust to determine 

the ACEexhaust. The cause of the wrong determined nominal time constant in the demonstration room 

was not found. It cannot be assumed that the same error will occur for the measurements in the 

classroom.  

Six measurement positions were available to measure the CO2 decay. The classroom has two exhaust 

ventilation vents. The CO2 decay must be measured in both exhaust vents to determine the room 

mean age of air and the nominal time constant (Mundt, Mathisen, Nielsen, & Moser, 2011). The four 

remaining measurement positions are placed in the classroom. Four different positions at the same 

height (1.10 m) are chosen to measure the local ventilation efficiency in the classroom. The chosen 

positions are shown in Figure 6.4. The chosen positions are the exhaust vents (positions e1 and e2), 

the teacher (position 1), the middle of the room (position 2), in the back of the room (position 3) and 

at the wall opposite of the supply vents (position 4).  

The CO2 level of the supply air was measured in the supply vent (position i). It was not possible to use 

another SBA-5 sampler sensor. A wireless GD47 transmitter has been used. The measured CO2 values 

of the supply air are used to determine if the supply air has the same CO2 value during the decay tests. 

The CO2 values of the supply air is used as minimum value for the decay.  
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Figure 6.4: Schematic cross-section (left) and plan (right) of the demonstration room with the locations of the CO2 sensors. 

         
Figure 6.5: Four of the CO2 measurement positions: Exhaust air, the wall, the teacher and the supply air. 

6.2.2. Thermal comfort 
The thermal comfort measurements were repeated in the centre of the classroom. The air 

temperature, the black-globe temperature, the air velocity and the relative humidity were measured. 

The measurement position is shown in Figure 6.6. 
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Figure 6.6: Schematic cross-section (left) and plan (right) of the demonstration room with the locations of thermal comfort 
sensors. 

6.2.3. Local thermal discomfort 
The measured indicators for local thermal discomfort were draught, the vertical air temperature 

gradient and the surface temperature of the radiant floor. The measurement positions of the sensors 

are shown in Figure 6.7. The air temperature and air velocity of the comfort measurement were used 

to determine draught in the room (position 2). Another air velocity sensor was placed at an occupant 

position near a supply vent (position 5).The measurement equipment was placed at the same position. 
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The floor surface temperature was measured at position 6. The air temperature of the supply air is 

measured with the GD47 transmitter (position i).  
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Figure 6.7: Schematic cross-section (left) and plan (right) of the demonstration room with the locations of local thermal 
discomfort sensors. 

6.3. Results classroom 
The results of the measurements done in the classroom are presented in this section. The air change 

efficiency is presented with the results found in the demonstration room. The local air change index, 

thermal comfort and local discomforts are presented separate from results of the demonstration 

room.  

6.3.1. Air change efficiency 
The measured ACEexhaust of the airConomy in the school building is presented with the measured 

ACEexhaust values in the demonstration room in Figure 6.8. The ACEexhaust based on the decay of the 

exhaust air gives slightly higher ACEexhaust values indicating fully mixture ventilation for one 

measurement and displacement for the other two measurements. The nominal time constant 

calculated from the CO2 decay measured in the exhaust air has been compared with the theoretical 

nominal time constant based on the room volume and ventilation rate. A difference was found 

between the two values. A similar error for this method is found in the school building as was found 

in the demonstration room.   

 
Figure 6.8: Air change efficiency based on the average age of air measured in the exhaust vent. 
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The ACEroom is also calculated based on the tracer gas decays measured in the room. In Figure 6.9 can 

be seen that the ACEroom measured in the school building is roughly in line with the ACEroom results 

measured in the demonstration room. The ACEroom indicates displacement in the classroom with a 

ventilation rate of 74 m3/h per supply vent and 84 m3/h per supply vent. The second and third 

measurements were replications. The ACEroom was found to be 71.2 % and 68.7 %, deviating 2.5 %.  

 
Figure 6.9: Air change efficiency based on the age of air measured in the room. 

6.3.2. Local air change index 
The LACI has been determined for four locations in the classroom. The measurement results are 

presented in Figure 6.10. The LACI values are higher than 100 %, indicating displacement. 

Measurement 2 and Measurement 3 give very similar results. Measurement 1 has a lower LACI at the 

teacher position and a higher LACI at the back of the room, compared with the other measurements. 

The LACI of measurement 1 appears to increase for larger distances from the ventilation supply vent, 

with the wall position as exception. The LACI values are similar for measurement 2 and 3 for all 

positions. Even though the wall position does not represent an occupant position, the LACI are similar 

for the LACI measured at occupant positions.  

 
Figure 6.10: The LACI measured in the classroom at different positions. 
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6.3.3. Thermal comfort 
The thermal comfort is indicated with the predicted mean vote and the operative temperature. The 

measured PMV is shown in Figure 6.11. The measured PMV is for all measurements within the comfort 

class B range. Measurement 2 is the only measurement that is within the range of comfort class A. 

 
Figure 6.11: The PMV measured in the school building. 

The operative temperature is shown in Figure 6.12. The operative temperature is within the range of 

comfort class C for all measurements. Measurements 1 and 3 are within the comfort class A range. 

The duration of the measurements was approximately 1.5 hours. The temperature fluctuation over 

time is minimal. The maximum variance occurred at measurement 3, which was 0.56 ◦C.  

 
Figure 6.12: The OT measured in the school building. 

6.3.4. Local thermal discomfort 
The draught rate was measured for two positions: one near the ventilation supply vent and one further 

in the room. The draught rate is shown as measured near the ventilation supply vent in Figure 6.13. 

The median values of all three measurements are within the range of comfort class B. The draught 

rate is mostly within the comfort class C range, but maximum values higher than 30 % were measured. 

The large variation and turbulence of air velocity makes it nearly impossible to remain within comfort 

ranges all of the time.  
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Figure 6.13: The draught rate measured near the ventilation supply vent. 

The draught rate is very low further in the room. The median values are zero and only the maximum 

values of measurement 3 are not within the range of comfort class A.  

 
Figure 6.14: The draught rate measured in the room. 

The maximal vertical air temperature difference is shown in Figure 6.15. The temperature difference 

is for all three measurements approximatly 2 ◦C. This is within the range of comfort class B. Vertical 

temperature stratification did occur during the measurement. Displacement ventilation causes the 

vertical temperature gradient. 

 
Figure 6.15: The vertical temperature difference measured in the classroom. 



J.M. van der Steen Eindhoven University of Technology December 2016 

46 | P a g e  
 

The surface temperature are presented in Figure 6.16. The radiant floor was set to cool the room 

during the measurement. The measured surface temperatures are within the range of comfort class 

A.  

 
Figure 6.16: The measured surface temperature of the radiant floor in the classroom. 

7. Discussion 
The discussion for this research is given in this section. The discussion focusses at first on the used 

methodology and the measurements. The results regarding the ventilation efficiency, thermal comfort 

and local thermal discomfort are discussed secondly. At last is elaborated on the design procedure of 

displacement ventilation. 

7.1. Methodology and measurements 
The performance assessment of the climate system was done through measurements. The 

measurements were done in a demonstration room. The demonstration room was an uninsulated 

room with poor air tightness. No measurements were done to indicate the level of air tightness. 

Openings were observed in the wall for air ducts to go through. The openings were excessive larger 

than the ducts, resulting in gaps. No air tightening measures were done to minimise the heat losses 

through these gaps. Cold air movements were sensible near other openings, for example near the 

electrical outlets. Air tightness can be an important factor regarding ventilation efficiency. The test 

room was within a building. There was no influence on the demonstration room by wind pressure. 

This limited the air leakage through the gaps and therefore potential measurement deficits.  

The ventilation efficiency was measured according to the step-down tracer gas method. CO2 was 

inserted into the room and the room air was mixed until the room had a uniform CO2 level around 

1900 ppm. The ventilation system was deactivated during the mixing of the tracer gas. The ventilation 

system would be activated when the mixing was complete and thus could a CO2 decay be measured. 

Activating the system resulted in a short start up period, during which the CO2 decay was not 

representable. This resulted in the exclusion of the first 10 minutes of measurement data. A different 

approach could have been used. The CO2 could have been inserted at the ventilation supply air while 

the ventilation system was running. The CO2 would be inserted until the room CO2 level is uniformly 

1900 ppm. Stopping the insertion of the CO2 would be the start of the decay measurement, without a 

start-up period for the system to activate. This method was not used because of the high number of 

measurements. This method requires a large amount of tracer gas, which would be costly and 

impractical for the 27 decay measurements.  
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The ACE assessment was originally meant to be done according to the in a REHVA guidebook defined 

method (Mundt, Mathisen, Nielsen, & Moser, 2011). The ACEexhaust can be determined based on tracer 

gas decay measurements in the exhaust vent. Incorrect nominal time constants were found after the 

measurements. The measured nominal time constants were incorrect for both the demonstration 

room measurement and the classroom measurement. The cause for the miscalculation of the nominal 

time constants has not been found. Different measurement positions have been used. The exhaust air 

is measured in the main air duct, where two exhaust air ducts come together, in the demonstration 

room. The exhaust air is measured at both exhaust vents in the classroom. Both measurement 

approaches resulted in the improbable nominal time constants. The mathematical calculations were 

checked for errors by using known data samples provided by REHVA as example (Mundt, Mathisen, 

Nielsen, & Moser, 2011). The most likely cause for the measurement error is an unexpected large 

exhaust airflow. A high ventilation exhaust airflow could explain the observed low nominal time 

constants. Accurate air flow measurements where difficult in the demonstration room due to 

obstacles in front of the exhaust vent. The exhaust air flow rate has been measured with an air velocity 

measurement in the exhaust vent. No large deviation was found between the exhaust ventilation flow 

and the inserted ventilation flow. Accurate ventilation flow rate measurements were possible at the 

exhaust vent in the classroom. An exhaust ventilation rate was found to be slightly higher than the 

inserted ventilation air. De deviation was too small to cause the low nominal time constants. Another 

possibility is a leakage of clean air near the exhaust. The exhaust duct in demonstration is located at a 

height with a lot of air gaps. The air gaps could cause a local clean air layer at the height of the exhaust 

vent. The supply of clean air through gaps can be enlarged if the exhaust air does actually have a higher 

flow rate than the supply air. A higher exhaust flow results in a room in under pressure. The under 

pressure can cause clean air to be inserted into the room through gaps. This is less likely to occur in 

the classroom. The classroom is not expected to have a poor air tightness, yet it hasn’t been assessed.  

A second method has been used to determine the air change efficiency (ACEroom). The ACEroom 

calculations were based on measurements of the local mean age of air in the room. This was not 

originally the planned method. A limited amount of measurement positions were prepared. This 

resulted in an estimation of the mean age of air of the room, based on 3 locations. The originally 

planned method was an assessment of the ACEexhaust based on the total air of the room. Local 

measurements are used to estimate the mean age of air of the room. More measurement locations 

would be preferred. Replications of measurements showed absolute deviations up to approximately 

12 %. Large variations of local air change efficiency can occur during measurements (Sandberg, 1981). 

Deviations up to an absolute percentage of 15 % are observed in the research of Sandberg. Variances 

in replicated measurements were found to be less than 16 % by (Amai & Novoselec, 2016). Despite 

the unfavourable room conditions and the limited measurement positions, the used method for this 

research did have a similar accuracy. An advantage of this method is that the assessment of the air 

quality is based on air pollution of the air in the breathing zone of occupants instead of the exhaust 

air. This approach is more directly focused on locations where the good air quality is required.  

The ventilation efficiency measurements consisted of tracer gas decay measurements. The ACE could 

be determined based on the measured slope. Data treatment of the slope had a large influence on 

the measurement result. Not the entire decay slope did represent the ventilation performance. Using 

data at the start of the slope had large inconsistencies, because the ventilation system required start-

up time at the start of the measurement. Including this data in the assessment result in randomly 

scattered results. Excluding too much data resulted in insufficient slope for the assessment, resulting 

in all outcomes to converge to 50 %. Selecting logarithmic linear decay slope results in robust 

outcomes.  
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The thermal comfort assessment is based on the predicted mean vote and the operative temperature. 

These measurements were done simultaneously with the decay measurements. The first 10 minutes 

of the measurement data are excluded from the assessment. Stagnant air remained in the ducts during 

the insertion of CO2 in the room. The stagnant air was heated up during this period by the radiant 

floor. The air inserted into the room after activating the ventilation system had a much higher 

temperature the first minutes. The indoor environment was constant after 10 minutes.  The thermal 

comfort measurements had a duration of approximately 1 – 1.5 hours. Longer measurements periods 

are usually prescribed for the assessment of the indoor climate, e.g. 21 days (ISSO-publicatie 74, 2014). 

During long measurements is the outdoor climate a dynamic aspect of the assessment. The weather 

parameters are quite constant per measurement in the demonstration room. The dynamic influence 

of occupants on the indoor climate is simplified to static heat emitting boxes. These measurements to 

assess the influence of the ventilation system settings on the performance are steady state like. 

The measurements in the demonstration room were done during the months December, January and 

February. The daily average outdoor temperature was lower than 14 ◦C during this period. The 

assessment for a cooling situation was not possible in the demonstration room, due to excessive heat 

losses. The cooling was never required and thus were the measured indoor temperatures always too 

low. Absolute temperatures are less relevant for this research than relative temperature differences, 

i.e. temperature differences between ventilation air and room air is more important than the absolute 

room air temperature for the performance assessment. The ventilation flow pattern is affected by the 

temperature difference between ventilation supply air and the room air temperature. Most 

assessments are done by comparison of results.  

The demonstration room had uncertainties regarding air tightness and thermal losses, however the 

room did suffice for performance assessments. The performance of the climate system is assessed for 

a broad range of configurations. This was possible due to the short duration per separate 

measurement. Measurements results can be compared with each other to detect correlations 

between configurations and performances. While the absolute correctness of some results might have 

uncertainties, the results show consistency and distinct patterns.  

7.2. Ventilation efficiency 
A strong correlation is observed between the measured ACE and the measured ventilation flow rate. 
The ventilation efficiency of the airConomy is equivalent to mixture systems when the ventilation rate 
is higher than 90 m3/h per supply vent. Displacement ventilation occurs when the ventilation rate is 
lower than 84 m3/h per supply vent. Measurements were conducted for ventilation flows ranging from 
45 m3/h to 100 m3/h, but the critical flow from where the ACE transitions from displacement to 
mixture is between 84 m3/h and 90 m3/h. In this specific range were no measurements done, thus is 
determining the precise maximal airflow limited. The Archimedes number can be used to evaluate the 
level of convection forces. Even though results are quite scattered, a correlation between the ACEroom 
and Archimedes number can be seen. Decreasing the ventilation rate results in an increased 
Archimedes number, i.e. more convective flow instead of forced flow [Appendix M – Archimedes 
number regarding convection]. In Figure 7.1 are other room conditions shown with the air change 
efficiency. The ventilation rate, thus the air velocity, has the largest influence on the ventilation 
efficiency. It can be observed that the temperature gradient is larger for higher ventilation efficiencies. 
The heating and cooling season does not have a large impact on the ventilation efficiency.  
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Figure 7.1: The room conditions influencing the air change efficiency. 

A stratification of CO2 levels was observed during the continuous inserted tracer gas measurement. 
The CO2 level at the breathing heights is locally lower while ventilating with the airConomy compared 
to the mixture setup. The continuous inserted CO2 measurements showed that the built up of CO2 is 
larger when the room is ventilated with a lower ventilation rate than with a higher ventilation rate.  

The local air change indexes showed to be higher for lower ventilation rates. The local air change index 
is slightly more favourable for positions in the middle of the room, but the difference is minimal. Air 
quality measurements near walls do not give large deviations for what is happening in the room. The 
local air change index has been determined at different heights. A possible reason for the absence of 
variation in LACI at different heights could be the thermal plume. The measurement sensors are 
always in the proximity of the cardboard heat boxes. CFD simulations of (individual) heat sources show 
that a similar mean age of air occurs directly above a heat source (Roos, 1999). The distance between 
heat sources is less than 1 m. The plumes of multiple heat sources could merge together. The 
measurement sensors could be positioned at all times within the plume. The plume forces the same 
air to vertically pass all the sensors, resulting in similar measurement results. 

 
Figure 7.2: Contours of local mean age of air (in seconds) calculated with CFD by (Roos, 1999). 

7.3. Thermal comfort 
The thermal comfort measurement showed that the airConomy climate system is capable of obtaining 

a thermally comfortable indoor environment according to the predicted mean vote (Fanger, 1970). 

Predicted mean vote measurements showed that based on the air temperature, radiant temperature, 

air velocity and relative humidity the room is expected to be thermally comfortable. The metabolism 

and activity of occupants, which are mainly children, are obtained from literature (NEN-EN-ISO 

7730:2005 en, 2005). These can be very diverse in school buildings, due to the freedom of clothing of 
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students and different type of school activities (ter Mors, Hensen, Loomans, & Boerstra, 2011). 

Research by ter Mors et al. showed that PMV underestimates the thermal comfort of children in 

classrooms. The thermal comfort is assessed for the heating situation in the demonstration room. This 

showed variation in the level of comfort for different settings. The thermal comfort is assessed for 

cooling situations in the school building. According to literature can cooling with displacement 

ventilation cause thermal discomfort (Skistad H. , 1994). Issues are often not found with the overall 

thermal sensation at a single position, but is more often found in local thermal discomfort aspects 

such as vertical temperature differences and draught. 

7.4. Local thermal discomfort 
The local thermal discomfort was assessed for vertical temperature asymmetry, draught and for 

surface temperatures. The two most important thermal comfort issues in the design of displacement 

ventilation are temperature differences between head and feat, and cold draught along the floor 

(Skistad H. , 1994). These two issues most commonly occur during cooling situations, when the 

difference between the ventilation supply air temperature and the room air temperature are larger.  

The vertical temperature gradient should not be a cause for discomfort, but may occur when 

displacement takes place in a room. The measurements for the airConomy show temperature 

gradients. These are within comfort ranges. Higher air change efficiencies occur in an indoor 

environment with larger vertical temperature gradient. The most extreme vertical temperature 

difference is expected in a room with displacement ventilation and floor cooling (Skistad H. , 2002). 

The measured vertical temperature gradient were within the comfort range for both heating and 

cooling settings. Measurements showed that the vertical temperature difference between head and 

feat for cooling situations was maximal 2.31 K, thus no cause for discomfort. The higher ventilation 

rates reduces vertical temperature differences (Chen, Glicksman, Yuan, Hu, & Yang, 1999). The higher 

required ventilation rates in school buildings can be beneficial for the vertical temperature difference,  

but could cause draught problems. 

Potential draught rate problems were measured at two positions: one near the ventilation supply vent 

and one further in the room. The position further in the room showed no draught problems during 

the measurements. The position near the ventilation supply vent showed potential risk for draught in 

the demonstration room. High air velocities can occur when the ventilation rate is too high. In the 

demonstration room were all measurements with a ventilation rate lower than 77.5 m3/h per supply 

vent within comfort range. The measurements in the classroom indicated that supply flow rates lower 

than 84 m3/h would still not result in draught problems. The measurement in the school building 

showed no significant draught problems for cooling situations. Draught problems were measured in 

the demonstration room with cases with a supply flow higher than 93 m3/h. Measurements were 

conducted for ventilation flows ranging from 45 m3/h to 100 m3/h, but the critical flow from where 

draught starts to occur is between 84 m3/h and 90 m3/h. In this specific range were no measurements 

done, thus is determining the precise maximal airflow limited. The upwards direction of the inserted 

ventilation limits the draught experienced by nearby occupants, compared to more typical 

displacement systems where the ventilation air is inserted horizontally towards occupants. The 

ventilation flow rate is relatively low in the school building. The school building was built according to 

“bouwbesluit 2003”. The prescribed ventilation flow rates were lower compared to current standards.  

The surface temperatures have been measured at all surfaces in the demonstration room. Radiant 

asymmetry is based on temperature differences between opposite directions. Most surface 

temperatures of (opposite) surfaces were equally low in the demonstration room, the measured 

temperature difference was minimal. More requirements exist for the radiant floor. The radiant floor 
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was within the set temperature boundaries for heating situation. The temperature was slightly too 

low during cooling situations.  

7.5. The in-use performance of the airConomy 
The measurements in this research showed an increased ventilation efficiency for lower ventilation 

rates for the airConomy, indicating an increased ventilation effectiveness. Inserted air with high 

velocities and low temperature can cause draught problems. This limits the cooling capacity of a 

ventilation system. The measurements also showed that displacement is not a certainty for the 

airConomy. Ventilation rates higher 84 m3/h per supply vent cause mixing and prohibit vertical 

stratification.  

7.5.1. Zone air distribution effectiveness 
The zone air distribution effectiveness is dependent of the air distribution configuration. Floor supply 

of cool air and ceiling return equals a zone air distribution effectiveness of 1.2 (ASHRAE, 2004b, pp. 5, 

Table 6.2). The required air flow intake for this configuration requires the same air flow intake for 

mixture ventilation divided by the zone air distribution effectiveness (1.2) to maintain the same air 

quality at occupant breathing height. The airConomy has cool air supply in the floor and ventilation 

exhaust vents at ceiling height. Measurements show that vertical thermal stratification and 

displacement ventilation can be achieved with the airConomy. Displacement ventilation occurs for 

ventilation rates lower than 84 m3/h per supply vent. The ventilation efficiency is approximately 50 % 

(fully mixture) for higher supply rates and the thermal stratification is much smaller (mostly ∆Tvertical < 

1◦C). The Frisse Scholen guide defines for each comfort class the required ventilation rate per 

occupant (RVO, 2016). The required ventilation rate per person is 6 L/s per person for class C, 8.5 L/s 

for class B and 12 L/s for class A. The prescribed ventilation rate for the airConomy can be divided by 

1.2 to achieve the same ventilation effectiveness (ASHRAE, 2004b). This results in lower ventilation 

rates for comfort class C. Lower ventilation rates can suffice for other comfort classes when the room 

has less than 24 occupants (class B) or 17 occupants (class A). The prescribed ventilation rate and the 

required ventilation rates for the airConomy are presented in Figure 7.3. 

 
Figure 7.3: The required ventilation rate for mixture and displacement ventilation based on Frisse Scholen standard. 

The Frisse Scholen guide prescribes that the required ventilation rate must be defined for 30 students 

and 1 teacher. The required ventilation rate is higher than 620 m3/h per room for comfort class A and 
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B (RVO, 2016). The system configuration in the demonstration room or classroom doesn’t comply with 

the Frisse Scholen standard.  

ASHRAE defines the required ventilation rate dependent on the number of occupants and the floor 

area used by occupants. The prescribed ventilation rate for educational buildings is 5 L/s per occupant 

plus 0.6 L/s per m2 floor area (ASHRAE, 2004b). Figure 7.4 shows the required ventilation rate for 31 

occupants in school buildings.  

 
Figure 7.4: Required ventilation rate for 31 occupants, according to (ASHRAE, 2004b). 

Figure 7.4 shows that for the airConomy with eight supply vents, a reduced ventilation rate can be 

used for rooms smaller than 110 m2. The prescribed ventilation rate by ASHRAE is compared to the 

Frisse Scholen Standard rated between class C and class B. 

7.5.2. Displacement design procedures including heat removal 
Ventilation air isn’t only necessary for the removal of pollutants, but also for the removal of excessive 

heat. Displacement ventilation has benefits for the effectiveness of both the pollutant removal and 

the heat removal. Vertical CO2 and temperature gradients results in good air quality at the breathing 

height, while high pollutant and excessive heat levels remain above the occupant height and near the 

exhaust vent. This results in a higher contamination and heat removal per unit exhaust air. The 

difficulty with displacement ventilation in school buildings is the high occupancy density in a room 

with a low room height. Higher room heights allow more heat built-up without affecting occupants. A 

larger room height enables a larger vertical stratification without causing thermal discomfort at 

occupant level. The airConomy ventilation system can be used as a displacement ventilation system. 

The radiant floor reduces the cooling load, which reduces the required ventilation air for cooling. 

Optimising the ventilation supply and exhaust temperature is necessary to determine if the system is 

capable of removing the desired heat.  

Two different design procedures for displacement ventilation can be used to determine the required 

ventilation rate for the classroom in the school building Brede School Plus in Reusel-de Mierde: one 

created by REHVA and one created by ASHRAE (Price Engineer's, 2016).  

The REHVA procedure (Skistad, Mundt, Nielsen, & Hagström, 2004) is mainly based on thermal room 

conditions and the temperature rise in rooms. The maximum cooling load for a classroom with 30 

students and 1 teacher is defined in [Appendix J]. The required ventilation air is based on the required 
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heat removal necessary to limit the temperature rise in the room [Appendix K]. The maximum 

temperature rise is 3 K and the maximum cooling load from the radiant floor is 30 W/m2. The required 

ventilation supply air is presented in Figure 7.5. The presented ventilation rates are for contamination 

removal (green), heat removal including the solar heat gains (red) and heat removal excluding the 

solar heat gains (orange). The required ventilation rate is either dominated by the required 

contamination removal or required heat removal, whichever is higher. The solar heat gains mostly 

occur when the room is unoccupied, after 16:00 hour, thus is the required ventilation rate without the 

solar gains included more realistic. Either way is a lower ventilation rate prescribed for 31 persons by 

REHVA compared to Frisse Scholen. The classroom in Brede School Plus in Reusel-de Mierde is 

occupied by 25 persons. The by heat removal dominated ventilation rate of 664 m3/h is prescribed for 

25 persons when solar gains are included in the assessment. When the solar gains are not included in 

the assessment is the contamination removal more determent, thus is the required ventilation rate 

474 m3/h. 

 

Figure 7.5: The required ventilation rate for heat removal and contamination removal per occupant (according REHVA). 

The ASHRAE procedure [Appendix L] determines the required ventilation rate for the contamination 

removal and the heat removal initially separate (Chen, Glicksman, Yuan, Hu, & Yang, 1999). The 

required ventilation rate for heat removal (with or without solar gains) and contamination removal 

according to ASHRAE is shown in Figure 7.6. For small occupancy levels is the required ventilation rate 

for contamination removal higher and therefore deterministic. ASHRAE prescribes 564 m3/h (solar 

gains excluded) or 845 m3/h (solar gains included) for 31 persons, while Frisse Scholen prescribes 

higher ventilation rates. The classroom in Brede School Plus in Reusel-de Mierde is occupied by 25 

persons. The by heat removal dominated ventilation rate of 521 m3/h is prescribed for 25 persons 

when solar gains aren’t included in the assessment. When the solar gains are included in the 

assessment is the required ventilation rate 672 m3/h. 
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Figure 7.6: The required ventilation rate for heat removal and contamination removal per occupant (according ASHRAE). 

The heat removal requires more ventilation air than the contamination removal for high occupant 

levels. The occupancy level is similar throughout the year, thus the ventilation air required for 

contamination removal also. The cooling load fluctuates during the year. The maximum required 

ventilation air for heat removal will probably occur during the summer. The design procedure is based 

on the maximum cooling load (Chen, Glicksman, Yuan, Hu, & Yang, 1999).  

The design criteria should not only be determined during the design, but also be evaluated during the 

exploitation phase. Displacement can reduce the cooling demand and thus require less ventilation air. 

The supply air is inserted near building occupants with displacement ventilation. Large ventilation 

rates can cause draught problems or a too large vertical temperature gradients. The performance of 

the building system should not only be evaluated based on CO2 levels and indoor temperatures. The 

supply air temperature and the vertical temperature gradient are also important parameters. The 

measurements show that displacement does not occur for all ventilation rates. The ventilation rate is 

important, but can’t suffice as a method to determine ventilation efficiency and detect flow patterns. 

Extensive measurements are necessary to determine the flow pattern, for example ACE and LACI 

measurements. 

7.6. Other supply vent dimensions 
The measurements showed that ventilation flow rates higher than 84 m3/h per vent resulted in air 

mixture. The maximum ventilation flow rate to achieve displacement is limited. Increasing the 

effective ventilation flow area can increase the maximal flow rate to achieve displacement. Based on 

the critical momentum, determined from the measurement data, can the maximal supply flow rate 

per vent be determined per effective supply flow area. 
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Figure 7.7: The supply flow rate per vent vs the effective supply flow area per vent. 

In Figure 7.7 is the maximal supply flow rate per vent shown for displacement to take place. The used 

supply vents for the measurements had a supply flow area of 0.04 m2, allowing an airflow of 84 m3/h. 

A classroom requires 790.5 m3/h for sufficient contamination and heat removal (Frisse Scholen, Class 

B). For the airConomy is the maximum number of supply vents 8. If the required ventilation rate is 99 

m3/h per vent, than would the required supply flow area of each vent be 0.0575 m2. 

7.7. Other room application 
The measurements and the previous ventilation rate assessment were done for a classroom in a school 

building. Using the same design conditions, building parameters and internal gains resulted in 

different outcomes for the two procedures. Other buildings can have a different cooling load, 

occupant area, room height or desired room conditions. This can reduce the ventilation rate required 

to remove excessive heat drastically. An important factor is the occupancy level. The occupancy level 

has a large influence on the cooling capacity. A school building often has 2.9 m2 floor per student, 

resulting in 160 W per person cooling from the radiating floor (ASHRAE, 2004b). Occupants in offices 

have approximately 20 m2 floor area per person, resulting in 1100 W cooling per person from the 

radiation floor, thus the cooling capacity of the ventilation air is less stringent. Figure 7.4 shows how 

a smaller occupancy requires a lower ventilation rate.  
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8. Conclusion 
What are relevant performance requirements regarding indoor air quality and thermal comfort in 

school buildings? 

Mainly two types of requirements are formulated regarding the indoor air quality and thermal 

comfort: system requirements and room conditions. Prescribed system requirements are based on 

existing climate systems and how these can perform optimal. This can limit the freedom of engineers 

in practise. Engineers might be unable to apply innovative design solutions if the prescribed system 

requirements assume an adverse effect on the performance of the system. Room conditions are 

better suitable as performance requirements. It is measurable, assessable and possible to monitor.  

Which performance indicators can be used to assess these performance requirements? 

The used performance indicators for the ventilation efficiency were the air change efficiency and the 

local air change index. The air change efficiency resulted in wrong outcomes at first. The measurement 

results were used to determine the air change efficiency and the local air change index via a different 

approach. The air change efficiency based on measurements in the classroom was challenging. The 

absolute correctness of the ACE results might be uncertain, but a clear trend is present in the results, 

which strongly shows an increased ventilation efficiency for lower ventilation rates. The difference in 

air quality over air layers at different height was not found by measuring the local air change index. 

The predicted mean vote and operative temperature were used to assess the thermal comfort. 

Though results were clear and showed a thermal comfortable indoor climate, the reliability of the 

predicted mean vote approach regarding children is questioned. The local discomfort measurement 

showed clear results for the assessment of the performance. Room conditions characteristic for 

displacement ventilation, such as vertical stratification in heat and contamination, were found in cases 

with a higher air change efficiency.  

How can these performance indicators be assessed, representing an in-use situation? 

The measurement in the demonstration room had some uncertainties regarding the air tightness and 

the thermal heat losses. Validating the measurement in an actual school building showed minimal 

deviations. Indicating that the influence of the air tightness and unknown heat losses is limited. 

Measurements of the performance of climate systems can be done in a test setup during the design 

phase, before they are implemented in buildings. Heat emitting cardboard boxes were used as 

simplified representation of occupants. The high occupancy level has an influences on the in-use 

performance, therefore must be taken into account in the assessment. The internal heat gains from 

occupants are realistically distributed in the room with the cardboard boxes. Each box has 

approximately the surface area and surface temperature representative for children. 

What is the performance of the airConomy climate system concerning the indoor climate and energy 

efficiency? 

Displacement can occur with the airConomy climate system, but is not undisputable for all situations 

and configurations. The air change efficiency is mostly determined by the ventilation flow rate. 

Another influencing aspect is the temperature difference between the ventilation supply air and the 

room air. The setting of the radiant floor did not have a significant impact on the air change efficiency. 

It is presumed that the dominating heat load, caused by occupant, influences the air pattern thermally 

more than the radiant floor or other (building envelope) surfaces. Ventilating a room with 

displacement increases the thermal sensation and air refreshment. Thermal comfort can be achieved 

with the airConomy for both heating and cooling situations. The two main issues related to 
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displacement are often vertical temperature differences and draught. Vertical temperature gradients 

were measured in both measurement rooms, due to the displacement flow, but were not 

uncomfortable large. A relation can be found between the vertical temperature difference and the 

ventilation flow rate. The vertical temperature gradient is reduced for higher ventilation rates. A too 

high ventilation rate can cause draught problems near the vents and can decrease the ventilation 

efficiency. Draught problems were found in a limited capacity. The applied ventilation rate in the 

school building did not cause draught. The upwards insertion of the ventilation air affects the 

occupants less compared with more traditional horizontal inserted supply air.  

The highest measured ventilation rate in the classroom is 586 m3/h, while the standard Frisse Scholen 

prescribes 765 m3/h (Class B) for 25 occupants. Reducing the Frisse Scholen prescribed value, due to 

displacement, results in 637.5 m3/h (Class B) for 25 occupants. According to ASHRAE is the required 

ventilation rate for contamination removal 474 m3/h. According to ASHRAE is the required ventilation 

rate for heat removal 520 m3/h.  The ventilation rate in the classroom is higher than both by ASHRAE 

defined ventilation rates, thus is the air removal sufficient, despite not complying to the prescribed 

ventilation rate by the standard Frisse Scholen. The flow pattern is the classroom has an increased 

efficiency when the ventilation rate per vent is lower than 84 m3/h. The same maximum allowed 

ventilation rate is found to prevent potential draught problems. Lowering the air flow per vent 

increases the indoor environment, as long the total required fresh air demand is met and the vertical 

temperature difference caused by displacement is smaller than 3 K.  

A room with lager internal gains (e.g. an orientation with solar gains or more occupants) requires a 

larger ventilation rate, which can cause issues. For a classroom with 31 occupants and solar gains is 

the by ASHRAE required ventilation rate for contamination removal 564 m3/h and for heat removal 

845 m3/h. Frisse Scholen prescribes that with mixture ventilation the ventilation rate must be 948.6 

m3/h for 31 persons (Class B). Using the same reduction factor (1.2) for displacement as prescribed by 

ASHRAE reduces this prescribed ventilation rate to 790.2 m3/h (Class B). The difference between the 

by ASHRAE prescribed ventilation rate for contamination removal (564 m3/h) and by Frisse Scholen 

prescribed ventilation rate (948.6 m3/h) is quite large. The norms originate from different countries, 

thus are initially based on different norms. For Dutch school buildings would the by Frisse Scholen 

prescribed ventilation rate (948.6 m3/h) be preferred due to it being based on Dutch legislation. For 

displacement ventilation systems does a reduced ventilation rate of 790.2 m3/h equal the 

contamination removal of the prescribed 948.6 m3/h for (mixture) ventilation systems by Frisse 

Scholen. The air change effectiveness value defined by ASHRAE is used on the by Frisse Scholen 

defined ventilation rate. The Frisse Scholen doesn’t differentiate between air change efficiency or air 

flow types, thus doesn’t incorporate the influence of displacement in their performance requirements. 

For the airConomy is heat removal not the primary function of the ventilation air, but if the ventilation 

air becomes necessary for the heat removal can the required ventilation rate be higher, as defined by 

ASHRAE (845 m3/h). Though the demanded ventilation flow rate for heat removal can differ with other 

design choices, such as orientation, glazing area, shading devices, internal devices etc. 

The required ventilation rate for Dutch school buildings with 31 occupants for the contamination 

removal is 790.2 m3/h (Frisse Scholen class B, including the correction assumed according to ASHRAE 

for displacement ventilation). The airConomy can be applied in typical classrooms with maximal 8 

supply vents. The current supply vents can’t insert the required ventilation rate (≈ 100 m3/h per vent) 

without reducing the ventilation efficiency and causing draught problems. A suggested solution is 

increasing the effective supply flow area from 0.04 m2 per supply vent to 0.06 m2. Increasing the 

effective supply flow area reduces the momentum of the ventilation air, thus permitting larger 

quantities of air. Increasing the air flow area per vent increases the indoor environment, as long the 
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vertical temperature difference caused by displacement is smaller than 3 K, assuming the total 

required ventilation rate is met.  

How do these performances comply with existing norms and standards? 

Room conditions are often used as performance indicators for the thermal comfort by existing norms 

and standards. The airConomy is able to ensure room condition within the prescribed ranges, but does 

often not fulfil the required ventilation rates. Most standards treat the air quality of a room as a black-

box. Guaranteeing sufficient ventilation supply is largely recommended by standards, while the 

ventilation effectiveness is rarely determined. It is often presumed that a higher ventilation supply 

rate results in a better indoor environment. Measurements showed that a too high ventilation rate 

can have an adverse effect on the ventilation efficiency and cause draught problems. Air flow in indoor 

buildings has a great impact on the air quality and the thermal comfort, therefore should it be included 

in the performance assessment of (ventilation) systems. 

“How can the in-use performance be assessed for the airConomy climate system concerning the 

indoor climate and ventilation efficiency?” 

The performance of the airConomy climate system can be assessed through measurements regarding 

the energy efficiency and thermal comfort. The performance of a climate system can be explored in a 

test setup. The measurements in the demonstration room showed to be valid with the classroom 

measurements. The air change efficiency can be useful to determine the ventilation efficiency. The 

airConomy can ventilate a room with less air than prescribed and still maintain a good indoor air 

quality. Using higher airflow rates per supply vent results in an efficiency loss. The climate system has 

the capacity to ensure a thermal comfortable indoor environment. The measurements in the 

classroom show a comfortable indoor climate. Supply air temperature, vertical temperature gradient 

and exhaust air temperature are aspects which require attention during the design of the system. 

They can cause draught problems when poorly designed and have a direct influence on the heat 

removal capacity of the ventilation system. 

9. Future research 
Three objectives for future research are suggested. The first is strongly related to the methodology of 

the measurements of this research. The second objective is a suggestion of a different method for the 

performance assessment for the airConomy, also applicable for other climate systems. The third 

suggestion is mainly specific for the airConomy performance, based on the outcomes of this research. 

A broad range of performances were measured for this research. The measurement setup was 

deliberately chosen to be the same for each measurement. The purpose of the measurement was to 

compare the performances of a varying system configuration and thermal loads. A consistent 

measurement approach was found to be useful for the assessment of performance trends. Using the 

same measurement setup does limit the performance assessment method. Spot measurements were 

performed at the same locations for each measurement for consistency. But varying the measurement 

position could have provided more insight in location dependable performances. For example the 

draught rate near the ventilation supply vent. The draught rate is found to limit the maximum air 

velocity of the ventilation supply air and the minimal air temperature. This has a large impact on the 

cooling capacity of the ventilation air. More measurement positions, or more variance in 

measurement positions, than the two used is preferable. The chosen measurement position (1.10 m 

height) was used, based on literature and smoke tests. Smoke test did also show that the airflow 

plume from the vent varied for different ventilation flow rates. It is unlikely that the chosen position 
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is the most draught sensitive location for all system configuration. A more extensive draught 

measurement, with multiple measurement positions simultaneously, is preferred.  

The air change efficiency is measured to determine the air flow in the room. High air change efficiency 

means that the air change effectiveness is larger. The airflow was, based on the air change efficiency, 

characterised as displacement or as mixture. Al measurements with displacement are determined to 

have an air change effectiveness of 1.2, compared to the air change effectiveness of 1.0 for mixed 

airflow. The airConomy has similar system characteristics as displacement ventilation systems, i.e. low 

positioned ventilation air supply, high positioned ventilation air exhaust and relative low ventilation 

air supply temperatures. The upwards insertion of the ventilation air from the floor is more 

uncommon for displacement ventilation systems. Displacement ventilation systems often have the 

ventilation supply vents placed in walls, inserting the ventilation air horizontally at occupant height. 

The method of inserting the ventilation air has a large influence on the performance regarding air 

quality, thermal comfort and cooling capacity. Little literature and information can be found about 

inserting ventilation air vertically in the room. In practise are some references made to upwards 

ventilation supply as a hybrid ventilation system (Krantz, 2014). A hybrid ventilation system would 

cause slightly mixing in the room, but does not fully prohibit displacement. The ventilation efficiency 

of hybrid ventilation systems is between the efficiency of mixture ventilation systems and 

displacement ventilation systems (Krantz, 2014). As a result is the air change effectiveness for this 

system presumed to be somewhere between 1.0 and 1.2. The assessment of this research determines 

if displacement occurs or mixture. The performance of the airConomy is gradually increased by a 

gradual increasing ACE. Most literature don’t define a difference in performance of displacement 

systems with a high ACE value and displacement systems with a lower ACE value. For the airConomy 

is a gradual change in ACE found, the effect of this on the air change effectiveness is unknown and 

assumed to be non-existing, i.e. all displacement systems have an air change effectiveness of 1.2 

regardless of the ACE value. 

The cooling capacity is assumed to be greater than that of a displacement ventilation system. The 

slightly mixture of the ventilation air reduces the vertical temperature gradient. This indicates that 

lower ventilation air temperatures can be used, without causing thermal discomfort caused by a large 

vertical air gradient. Inserting the ventilation air upwards does also cause less draught problems than 

inserting the air horizontally at occupant heights. This indicates that higher air velocities and lower air 

temperatures can be used for the room ventilation. Measurements for this research did indicate that 

the vertical temperature differences isn’t undesirable large. Draught problems were only found for 

extreme situations. An assessment to the specific air change effectiveness of the airConomy and a 

broader assessment to the draught caused by ventilation supply air can result in a better 

understanding of the performance of the airConomy. The characteristics of a hybrid ventilation system 

might be more fitting for school environments. This research has shown that the required cooling 

capacity of the ventilation air is more deterministic for the required ventilation rate than the pollution 

removal in school buildings. The increased cooling capacity of hybrid ventilation flow is a favourable 

trade-off for the slightly worse air change effectiveness. 

The air change efficiency for the airConomy is found to be influenced by the ventilation rate per vent. 

In this research is only one type of vents used for the performance assessment of the airConomy. The 

maximal ventilation rate per vent for an increased air flow efficiency is 84 m3/h. The airConomy has 

maximal 8 supply vents per classrooms, requiring more than 84 m3/h ventilation air per vent. Other 

supply vents with larger flow areas can be assessed to determine if larger ventilation rates per vent 

can be used, without creating mixing. An assessment on the effect of the supply vent on the thermal 
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comfort would be imperative. The required ventilation airflow is large, mainly due to the required 

cooling capacity, but potential local discomfort like draught can limit the maximal ventilation rate.    
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I. Appendix A – Used formula’s  
 

The thermal comfort can be assessed with predicted mean vote (PMV) (Fanger, 1970). The PMV is a 

value between -3 (cold) and +3 (hot) and where the value 0 represents neutral thermal sensation. The 

PMV is dependent of the air temperature [◦C], the radiant temperature [◦C], the relative humidity [%], 

the air velocity [m/s], the metabolism of occupants [W] and the clothing factor of occupants [-].  

 

𝑃𝑀𝑉 = [0.303 ∙ exp(−0.036 ∙ 𝑀) + 0.028] ∙ 

{
 
 

 
 (𝑀 −𝑊) − 3.05 ∙ 10−3 ∙ [5733 − 6.99 ∙ (𝑀 −𝑊 − 𝑝𝑎]

−0.42 ∙ [(𝑀 −𝑊) − 58.15] − 1.7 ∙ 10−5 ∙ 𝑀 ∙ (5867 − 𝑃𝑎)

−0.0014 ∙ 𝑀 ∙ (34 − 𝑡𝑎) − 3.96 ∙ 10
−8 ∙ 𝑓𝑐𝑙 ∙ [(𝑡𝑐𝑙 + 273)

4 −

(𝑡�̅� + 273)
4] − 𝑓𝑐𝑙 ∙ ℎ𝑐 ∙ (𝑡𝑐𝑙 − 𝑡𝑎) }

 
 

 
 

 

 
 

(eq. I.1) 

𝑡𝑐𝑙 = 35.7 − 0.028 ∙ (𝑀 −𝑊) − 𝐼𝑐𝑙 ∙ {3.96 ∙ 10
−8 ∙ 𝑓𝑐𝑙 ∙ [(𝑡𝑐𝑙 + 273)

4 −
(𝑡�̅� + 273)

4] + 𝑓𝑐𝑙 ∙ ℎ𝑐 ∙ (𝑡𝑐𝑙 − 𝑡𝑎)}  
 
 

(eq. I.2) 

ℎ𝑐 = {
2.38 ∙ |𝑡𝑐𝑙 − 𝑡𝑎|

0.25  𝑓𝑜𝑟 2.38 ∙ |𝑡𝑐𝑙 − 𝑡𝑎|
0.25 > 12.1 ∙ √𝑣𝑎𝑟

12.1 ∙ √𝑣𝑎𝑟                 𝑓𝑜𝑟 2.38 ∙ |𝑡𝑐𝑙 − 𝑡𝑎|
0.25 < 12.1 ∙ √𝑣𝑎𝑟

} 

 
 

(eq. I.3) 

𝑓𝑐𝑙 = {
1.00 + 1.290 ∙ 𝑙𝑐𝑙  𝑓𝑜𝑟 𝑙𝑐𝑙 ≤ 0.078 𝑚

2 ∙ 𝐾/𝑊

1.05 + 0.645 ∙ 𝑙𝑐𝑙  𝑓𝑜𝑟 𝑙𝑐𝑙 > 0.078 𝑚
2 ∙ 𝐾/𝑊

} 
(eq. I.4) 

 

 

Where: 

lcl   Clothing insulation [m2·K/W] 

fcl   Clothing surface factor [-] 

Pa  Vapour pressure of air [Pa] 

hc  Convective heat transfer coefficient [W/(m2)] 

tcl   Surface temperature of clothing [◦C] 

 

Tmr = Tblack-globe + 2.44√v (Tblack-globe – Ta) (eq. I.5) 

Where: 
Tmr   Mean radiant temperature [oC] 
Tblack-globe Black-globe temperature [oC] 
Ta  Air temperature [oC] 
v  Air velocity [m/s] 
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II. Appendix B – Measurement equipment  
Table 2: Overview measurement equipment CO2 sensors. 

Measurement Range Accuracy Position 

CO2 0 – 5000 ppm ±50 ppm + 3 % Near inlet vent 

CO2 0 – 5000 ppm ±50 ppm + 3 % Near occupants 

CO2 0 – 5000 ppm ±50 ppm + 3 % Near occupants 

CO2 0 – 5000 ppm ±50 ppm + 3 % Near wall 

CO2 0 – 5000 ppm ±50 ppm + 3 % In exhaust vent 

 
Table 3: Overview measurement equipment thermal comfort sensors. 

Measurement Range Accuracy Position 

Air temperature -100 – 300 °C ± 0,1 °C Near occupants 

Black-globe temperature -55-80 °C ± 0.05 °C Near occupants 

Air velocity 0.05 – 5 m/s ± 0.02% @ 0.05-1m/s 
±3% 1-5m/s 

Near occupants 

Relative humidity 0 – 100 % ±3 % Near occupants 

Air temperature 0 – 40 °C ± 0,03 °C Near wall 

Relative humidity 0 – 100 % ±3 % Near wall 

 

Table 4: Overview measurement equipment local discomfort. 
Measurement Range Accuracy Position 

Air temperature  -100 – 300 °C ± 0,1 °C H=0.10 m  

H=0.60 m 

H=1.10 m 

H=1.70 m 

Air temperature -100 – 300 °C ± 0,1 °C Position influenced by ventilation 

Velocity air 0.05 – 5 m/s ± 0.02% @ 0.05-1m/s 
±3% 1-5m/s 

Position influenced by ventilation 

NTC surface temperature sensor -55 – 80 °C ± 0.05°C @ 0 to 50°C Radiant floor 

Wall North 

Wall East 

Wall South 

Glazing South 

Wall West 

Glazing West 

Ceiling 
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III. Appendix C – Outdoor climate during measurements  

 
Figure III.1: Outdoor temperature during measurements demonstration room. 

 
Figure III.2: Outdoor temperature during measurements classroom. 
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IV. Appendix D – The nominal time constant 
The nominal time constant is the room volume divided by the ventilation flow rate (eq. IV.1). The 

nominal time constant is the inverse of the air change rate. 

𝜏𝑛 =
𝑉

𝑄𝑣
 (eq. IV.1) 

Where: 

 τn  Nominal time constant [h]  

V   Room volume [m3] 

Qv   Ventilation flow rate [m3/h] 

The nominal time constant of a room can also be determined from the CO2 decay of the exhaust 

ventilation air (eq. IV.2).   

𝝉𝒏 =
∑ [

𝒄𝒊 + 𝒄𝒊−𝟏
𝟐 ∙ (𝒕𝒊 − 𝒕𝒊−𝟏)] +

𝒄𝒏
𝝀

𝒊
𝒊=𝟏

𝒄𝟎
 

 
(eq. IV.2) 

Where: 

 τn  Nominal time constant [min]  

c   CO2-level  [ppm] 

t   time [min] 

λ  Slope of the decay curve [-] 

 

 
Figure IV.1: The nominal time constant measured in the demonstration room. 

In Figure IV.1 are the calculated tnom and the theoretical tnom shown. For ventilation rates higher than 

700 m3/h are the found tnom values for both methods reasonable similar. For ventilation rates lower 

than 650 m3 does the deviation increase. 
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Figure IV.2: The nominal time constant measured in the classroom. 

In Figure IV.2 is the same error found. The measured tnom is much smaller than the theoretical tnom. 

The reason for this deviation is not found. A different measurement method has been used for the 

classroom. In the demonstration room is the CO2 in a main exhaust vent measured. In the classroom 

is the CO2 decay measured at the two exhaust vents. Both measurement methods results in the same 

error.   
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V. Appendix E – ACE sensitivity 
The air change efficiency (ACE) results are presented in Table V.1. The ACE of each measurement is 

calculated with five different start moments. The first start moment (“00 min”) is the moment the 

ventilation system is activated. The other start moments are 5, 10, 15 and 20 minutes later.  

The goal is to observe the influence of the start of the decay on the ACE. Thick red border lines are 

shown between two adjacent ACE values with a larger deviation than 5%. The green coloured cells in 

the table mark the three adjacent ACE results per measurement with the smallest deviation. Large 

deviations occur mostly when 15 minutes or more of the measurement data is excluded. Too much 

excluded data results in an inaccurate calculation of the ACE. The remaining data show insufficient 

CO2 decay for an accurate calculation of the ACE. Excluding no data can also show deviating ACE values. 

It takes time for the ventilation system to activate. The airflow is not stable during the first minutes of 

the measurement. 

The ACE values calculated without the data from the first 10 minutes (“10 min”) are chosen to 

represent for the ACE. In Figure V.1 is the ACE value from the first 10 minutes shown. The accuracy is 

presented as the ACE range of the green marked ACE values in Table V.1. 

Table V.1: ACE results calculated with five different start moments. 
Measurement ACE [%] calculated without data from the first: 

00 min 05 min 10 min 15 min 20 min 

S1sc1 43,8 41,9 39,7 48,9 48,9 

S1sc2 47,2 45,9 45,7 46,9 67,2 

S1sc3 52,8 53,1 51,0 47,7 57,3 

S1sc4 57,5 55,0 53,0 47,2 40,6 

S1sc4a 43,8 43,4 42,0 40,2 37,7 

S1sc5 46,4 45,5 43,6 41,0 45,9 

S1sc6 52,3 50,6 48,9 49,0 51,8 

S1sc6a 44,8 42,3 38,9 46,9 53,5 

S1sc7 71,9 63,0 66,6 65,9 70,8 

S1sc8 85,3 84,4 83,9 69,8 66,6 

S1sc8a 77,5 73,9 72,2 78,9 78,6 

S1sc8b 104,9 89,2 81,3 77,7 47,6 

S1sc9 72,9 68,0 66,6 66,6 61,4 

S1sc9a 75,2 72,6 74,1 69,8 72,7 

S1sc10 83,7 90,5 94,4 95,0 89,3 

S1sc11 90,7 86,4 85,5 84,5 93,3 

S1sc11a 90,8 89,8 89,5 87,9 88,4 

S1sc12 93,1 91,9 89,7 86,0 95,0 

S1sc13 94,6 95,1 92,2 92,9 84,0 

S1sc13a 94,0 93,3 91,0 89,3 87,5 

S2sc1 42,0 39,9 37,8 35,8 34,1 

S2sc2 58,1 55,9 54,3 52,7 51,7 

S2sc3 48,2 47,3 47,0 46,4 46,8 

S2sc4 50,9 48,0 46,0 43,9 41,8 

Measurement1 79,3 77,3 76,3 75,1 87,3 

Measurement2 67,2 70,0 71,2 72,3 72,9 

Measurement3 66,1 69,0 68,7 68,5 67,4 
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Figure V.1: Air change efficiency and accuracy range, based on the sensitivity of excluding decay data. 
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VI. Appendix F – LACI per measurement position 
The Local Air Change Index (LACI) for all the measurements in the demonstration room are presented 

in this section per measurement position. Similar patterns are shown in the figures. A lower ventilation 

rate results in a higher LACI.  

 
Figure VI.1: The LACI measured near the ventilation air supply. 

 
Figure VI.2: The LACI measured near the wall. 

In Figure VI.1 is the LACI shown near the ventilation supply vent. In Figure VI.2 is the LACI shown at 

the opposite wall from the supply vent. These measurement positions are the farthest away from each 

other. The spread between LACI values at similar ventilation rates is smaller for the wall position than 

for the position near the supply vent. Near the supply vent are differences in CO2 level caused by the 

inserted ventilation air. At the wall is the CO2 level more uniform, resulting is smaller deviations 

between LACI.  
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Figure VI.3: The LACI measured in the middle of the room at the height 0.20 meter. 

 
Figure VI.4: The LACI measured in the middle of the room at the height 1.10 meter. 

In Figure VI.3 is the LACI presented for the position in the room at the height 0.20 m. In Figure VI.4 is 

the LACI shown for the same position at the height 1.10 m. The same pattern is observed for both 

measurement positions. The LACI for the height 0.20 m is random better or worse than the 

measurement at the height 1.10 m. The measurements for the airConomy heating scenarios seem to 

have higher LACI results at 1.10 m than at 0.20 m, when the ventilation rate is lower than 650 m3/h. 

For the cooling scenarios seems the opposite to be true, but this is not for all measurements.   
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Figure VI.5: The LACI measured in the middle of the room at the height 1.70 meter. 

 

 
Figure VI.6: The LACI measured in the middle of the room at the height 2.30 meter. 

In Figure VI.5 is the LACI presented in the room at the height 1.70 m and in Figure VI.6 is the LACI 

shown at the height 2.30 m. The found LACI are for both heights very similar. The spread between 

measured LACI values at certain ventilation rates is smaller for these heights than for the heights 0.20 

m and 1.10 m. This indicates a more uniform and stable CO2 level at these heights. The uniform CO2 

levels result in smaller deviations between measurements with similar circumstances.  
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VII. Appendix G – Thermal comfort for cooling scenarios  

 
Figure VII.1: The Predicted mean vote for cooling scenarios, measured in the demonstration room. 

In Figure VII.1 is the predicted mean vote presented for the cooling scenarios. All the PMV values 

indicated that the room is to cold. The internal heat load is lower than the heat losses of the room. No 

cooling is required. 

 
Figure VII.2: The operative temperature for cooling scenarios, measured in the demonstration room. 

In Figure VII.2 are shown the operative temperatures for cooling scenarios. For both the airConomy 

and the mixture setup are the measured values lower than prescribed. Thermal comfort assessment 

for cooling situations is not just for these circumstances.  
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VIII. Appendix H – Thermal comfort parameters 

 
Figure VIII.1: Air temperature measured in the demonstration room for heating scenarios. 

The measured temperatures for heating scenarios are presented in Figure VIII.1. For the air. The 

measured temperature for the airConomy is most of the times between 21 ◦C and 24 ◦C. The 

measurements had a duration of approximately an hour. This means that the measured temperature 

range shouldn’t be larger than 3 K, otherwise could this cause discomfort. Even including the minimum 

and maximum values gives no temperature range larger than 2.3 K. For the mixture setup are the 

measured temperatures lower, these can cause discomfort. The heating capacity of the ventilation air 

was insufficient for these cases. 

 
Figure VIII.2: Air temperature measured in the demonstration room for cooling scenarios. 

The measured temperatures for cooling scenarios are presented in Figure VIII.2. Overall are the 

temperatures lower than desired for both the airConomy and mixture setup. Cooling was not 

necessary for these situations. The temperature variation in time is for these scenarios also within 

range (∆T < 3 K).  
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Figure VIII.3: Mean radiant temperature measured in the demonstration room for heating scenarios. 

In Figure VIII.3 are the mean radiant temperatures shown. The mean radiant temperatures are similar 

to the air temperatures. For most scenarios is the mean radiant temperature slightly higher than the 

air temperature. The only scenarios with a lower mean radiant temperature than the air temperature 

were S1sc1 and S1sc2. This were heating cases with almost no internal heat sources. The heat loss 

through walls, glazing and ceiling have a larger effect on the mean radiant temperature than the 

radiating floor. 

 

 
Figure VIII.4: Mean radiant temperature measured in the demonstration room for cooling scenarios. 

In Figure VIII.4 is the mean radiant temperature shown for the cooling scenarios. The radiant 

temperatures are slightly higher than the air temperatures. Indicating that the heat radiating 

cardboard boxes have a larger influence on the mean radiant temperature than the other (cold) 

surfaces.  
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Figure VIII.5: Air velocities measured in the demonstration room for heating scenarios. 

The air velocities measured for the heating scenarios are presented in Figure VIII.5. The measured air 

velocities are within the comfort range class C for the airConomy. The median values of the air velocity 

are for all the measurements within the comfort range class A. The velocity of one measurement 

(S2sc4) is out of the comfort range. The high velocities necessary to create mixture ventilation result 

in higher air velocities in the room.  

 
Figure VIII.6: Air velocities measured in the demonstration room for cooling scenarios. 

The air velocities for the cooling scenarios are presented in Figure VIII.6. The comfort ranges for air 

velocities are slightly larger for cooling situations than for heating situations. Almost all the measured 

velocities for the airConomy are within the comfort range class C. The extreme values are slightly 

larger for two scenarios (S1sc10a & S1sc11) than the prescribed comfort range. The median values are 

all within the comfort range class A. For the mixture setup are higher air velocities measured. For one 

scenario (S2sc1) is not even the median within the comfort range. The other measurement is partially 

out of the comfort range. High air velocities were created in the room to create mixture scenarios. 

Although mixture does occur, these scenarios do not represent an actual mixture ventilation system.  
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Figure VIII.7: Relative humidity measured in the demonstration room for heating scenarios. 

The relative humidity measured for the heating scenarios is presented in Figure VIII.7. Almost all the 

measurements show a relative humidity below the comfort range. The measurements were done 

during the winter. The outdoor air was preheated before it was inserted into the room by the heat 

exchanger. The ventilation air is heated in the room by the radiant floor and internal heat gains. Air 

with the same absolute moister level, but a higher temperature result in a lower relative humidity. 

Only three scenarios were most of the measurement within the comfort range. The mixture setup had 

similar low relative air humidity as the airConomy climate system. The internal humidity gains from 

occupants is not simulated in this measurement, thus there results are to be expected. 

 
Figure VIII.8: Relative humidity measured in the demonstration room for cooling scenarios. 

In Figure VIII.8 are the relative humidity’s measured in the demonstration presented. The measured 

relative humidity’s were higher than for the heating scenarios, yet for half of the measurements under 

the prescribed range. The mixture setup had similar relative humidity’s as the airConomy climate 

system. 
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IX. Appendix I – Local thermal discomfort parameters 

 
Figure IX.1: Air temperature at different heights per measurement scenario. 

In Figure IX.1 are the vertical air temperatures presented of the measurement scenarios. The vertical 

air temperature gradient is not the same for all scenarios. The air temperature often increase over the 

height of the room, for the airConomy setup. This isn’t always the case for scenarios with a small 

temperature gradient. For the mixture setup does sometimes a small gradient occur, e.g. S2sc4. For 

some scenarios (S1sc2 & S1sc3) for the airConomy are smaller temperature differences found than for 

the mixture setup. 
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Figure IX.2: The draught rate measured near the vent for the cooling scenarios. 

The draught rate near the ventilation supply for cooling scenarios is presented in Figure IX.2. All 

scenarios have maximum values higher than the comfort range. Some scenarios are measured with 

most of the air velocity values higher than the comfort range. For the mixture setup are more than ¾ 

of the air velocity values higher than the comfort range. This is caused by the increased ventilation 

insertion flow to induce mixture ventilation, thus prohibiting realistic assessment for the mixture 

setup. 

 
Figure IX.3: The draught rate measured near the vent for the heating scenarios. 

The draught rate values are presented near the ventilation vent for the heating scenarios in Figure 

IX.3. Most of the median values are within the comfort class C range, with the exception of S1sc2. 

Some  
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Figure IX.4: The draught rate measured in the room for the cooling scenarios. 

The in the demonstration room measured draught rates for cooling scenarios are shown in Figure IX.4. 

The measured draught rate is mostly within the range of comfort class B. Some extreme values are 

out of the range of comfort class C. For the mixture setup is the draught rate mostly out of the comfort 

range, due to the large air velocities created to ensure mixing.  

 

 
Figure IX.5: The draught rate measured in the room for the heating scenarios. 

In Figure IX.5 are the draught rates measured in the room for the heating scenarios shown. The 

measured draught rate is mostly within the range of comfort class B, similar as with the cooling 

scenarios. Some extreme values are out of the range of comfort class C, these occur more for the 

heating scenarios. For the mixture setup is the draught rate mostly within the comfort range for 

scenario S2sc3. The draught rate is mostly out of the comfort range for scenario S2sc4. 
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X. Appendix J - Design procedure maximal cool load 
The maximum cooling load is determined for the classroom in the school building Brede school plus. 

The maximum cooling load is defined as the heat gains from occupants (qoe), lighting (ql) and heat 

gains through the room envelope (qex). The outdoor temperatature in the south of the Netherlands is 

approximatly 20-40 days per year higher than 25 ◦C (Koninklijk Nederlands Meteorologisch Instituut 

(KNMI), 2016). The heat gains through the façade are minimal due to the small temperature difference 

between the indoor and outdoor temperature. The solar heat gains through glazing mostly occur late 

in the afternoon, because the glazing is North-West orientated.   

Internal heat gains 

The classroom is designed for 30 students + 1 teacher (RVO, 2016). The heat gains caused by sedentery 

students is assumed to be 100 W/person and for the teacher 130 W/person (CIBSE, 2006). The 

heatgains for room lighting are 8 W/m2 (CIBSE, 2006). 

𝑞𝑜𝑒 = 30 𝑠𝑡𝑢𝑑𝑒𝑛𝑡 𝑥 100 𝑊 + 1 𝑡𝑒𝑎𝑐ℎ𝑒𝑟 𝑥 130 𝑊 = 3130 𝑊    eq. XI.1 

𝑞𝑙    = 10.3𝑊 𝑚2⁄ 𝑥 55  𝑚2 = 566.5 𝑊      eq. XI.2 

The internal heat gains are in total 3696.5 W, or 67.2 W/m2 floor area.  

External heat gains 

The building is well insulated (R = 5 m2K/W) and has hr++ glazing (U = 1.1 W/m2K). The wall and roof 

area’s are 22.4 m2 + 61.8 m2 and the glazing area is 7 m2. The maximum indoor temperature is 24 ⁰C 

and the outdoor temperature during the summer is assumed to be 28 ⁰C (Stichting CURNET, 2011). 

𝑞𝑒𝑥,𝑡𝑟 = 𝑈 𝑥 𝐴 𝑥 (𝑇𝑒 − 𝑇𝑖) [𝑊]        eq. XI.3 

With  

qex,tr  = Heat transmittance through the envelope [W] 

U  = Thermal conductivity [W/m2K] 

A = Area [m2] 

Te  = Outdoor air temperature [◦C] 

Ti  = Indoor air temperature [◦C] 

 

𝑞𝑒𝑥,𝑡𝑟 = 0.2 𝑥 22.4 𝑥 (4) +  0.2 𝑥 61.8 𝑥 (4) +  1.1 𝑥 7 𝑥 (4) = 98.16 𝑊   eq. XI.4 

Direct solar radiation reaches the North-West oriented glazing surfaces after 14:00 h in June 

(University of Technology Delft, 2016). The solar intensity on the surface reaches its peak (400 W/m2) 

at 16:30 h. For this assessment is the mean value used of the solar radiation on the surface during the 

exploitation phase, which is 200 W/m2. The glazing is assumed to have a solar transmittance of 0.6, 

resulting is a 120 W/m2 heat gains per m2 glazing.  

𝑞𝑒𝑥,𝑟𝑎𝑑 = 120 𝑊/𝑚
2 𝑥 7 𝑚2 = 840 𝑊        eq. XI.5 

The radiant floor can cool the room with 30 W/m2 floor area, thus 1650 W total. The cooling capacity 

is subtracted from the external cooling load.  

The external heat gains are in total 938.16 W – 1650 W = - 711.84 W.  

 

Total cooling load 

The total cooling load (Qt) is the internal heat gains and the external heat gains.  

 

Qt = Qoe + Ql + Qex = 3130 W + 566.5 W + (-711.84) W = 2984.66 W    eq. XI.6 
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XI. Appendix K - Design procedure REHVA 
The REHVA guide uses the following formula to determine the ventilation rate necessary for cooling, 

which is heavily determined by the vertical temperature gradient, based on the (Skistad, Mundt, 

Nielsen, & Hagström, 2004). The heat gains and total cooling load in the school building Brede School 

te lage Mierden are defined in Appendix J.   

𝑄𝑑𝑣 = 
1

2

𝑞𝑡𝑜𝑡𝑎𝑙

𝜌 𝐶𝑝  𝑠 ℎ
          eq. XII.1 

Where 

Qdv  = air required to satisfy the sensible cooling load [L/s] 

qtotal   = the total cooling load       = 2984.66 W 

ρ   = air density        = 1.225 kg/m3  

cp   = specific heat of the air      = 1005 J/(kg K) 

s  = design vertical temperature stratification = 3 K / (1.7-0.1) m = 1.875 K/m 

h  = room height       = 2.8 m 

 

Qdv = 0.231 m3/s = 831.2 m3/h 
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XII. Appendix L - Design procedure ASHRAE 
The ASHRAE design procedure for displacement ventilation is based on the findings of ASHRAE 

Research Project-949 (Chen, Glicksman, Yuan, Hu, & Yang, 1999). The procedure applies to office 

spaces and classrooms. In Appendix J are the heat gains defined caused by occupants (qoe), room 

lighting (ql) and through the building envelope (qex). 

Required ventilation air to satisfy the sensible cooling load 

𝑄𝑑𝑣 = 
αoe ∙ qoe + αl ∙ ql + αex ∙ qex

ρcp∆Thf
         eq. XII.1 

Where: 

Qdv  = air required to satisfy the sensible cooling load [m3/s] 

qoe   = heat gains occupants       = 3130 W  

ql   = heat gains by room lighting      = 566.5 W 

qex  = heat gains through the envelope     = -711.84 W 

ρ   = air density        = 1.225 kg/m3  

cp   = specific heat of the air      = 1005 J/(kg K) 

∆Thf   = the maximum temperature difference between head and feet  = 3 K (class B) 

The coefficients αoe, αl and αex are 0.295, 0.132 and 0.185, respectively. These coefficients stand for 

the fractions of the cooling loads entering the room between the head and feet of a sedentary 

occupant (Chen, et al, 1999).  

Qdv = 0.235 m3/s = 844.5 m3/h 

Determine the required ventilation rate for fresh air 

The ventilation rate needed for the contamination removal is dependent of the number of occupants 

(n) and the occupant floor area (Afl). Per occupant is 5 L/s air supply prescribed (Rp) and per square 

meter floor area is 0.6 L/s air refreshment prescribed (Ra). The classroom is designed for 31 occupants 

and has 55 m2 floor area. A reduced amount of air supply is required when displacement occurs, this 

is expressed as the air change effectiveness (Ez). The ventilation rate for the occupant zone can be 

calculated with the following formula (ASHRAE, 2004b): 

𝑄𝑜𝑧 = 
𝑛· 𝑅𝑝 +𝐴𝑓𝑙 ∙𝑅𝑎

𝐸𝑧
= 

31· 5 +55 ∙0.6

1.2
= 157 𝐿/𝑠 = 564 𝑚3/ℎ    eq. XII.2 

The ventilation air required for air refreshment (Qoz) is smaller than the ventilation rate needed for 

heat removal (Qdv). The largest ventilation rate is used as the required ventilation air (QS), in this case 

914 m3/h.  
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Determine the supply temperature of the ventilation air 

The supply temperature for the ventilation air can be determined with the following formula and the 

dimensionless temperature θf: 

 𝜃𝑓 =
1

𝜌 𝐶𝑝 𝑄𝑠

𝐴
 (
1

𝛼𝑟
+
1

𝛼𝑐
)+1

         eq. XII.3 

and 

𝑇𝑠 = 𝑇𝑠𝑝 − ∆𝑇ℎ𝑓 −
𝜃𝑓 ∙ 𝑞𝑡𝑜𝑡𝑎𝑙

𝜌 𝐶𝑝 𝑄𝑠
        eq. XII.4 

Where 

Ts = the supply air temperature [⁰C] 

Tsp  = the set-point temperature = 24 ⁰C 

∆Thf  = the maximum temperature difference between head and feet  = 3 K 

ρ  = air density        = 1.225 kg/m3  

cp  = specific heat of the air      = 1005 J/(kg K) 

Qs  = the required ventilation air      = 844 m3/h = 0.235 m3/s 

qtotal  = the total cooling load       = 2984.66 W 

A = Floor area       = 55 m2
 

αr = radiative heat transfer coefficient from ceiling to floor  ≈ 5 W/m2K 

αc = convective heat transfer coefficient from ceiling to floor ≈ 5 W/m2K 

 

The θf is found to be 0.32, thus is can the supply air temperature be calculated.  

The ventilation supply temperature is 24◦C – 3 ◦C – 3.3 ◦C = 17.7 ◦C. 

 

Determine the exhaust temperature of the ventilation air 

The temperature of the return air can be calculated as followed: 

𝑇𝑒 = 𝑇𝑠 +
𝑞𝑡𝑜𝑡𝑎𝑙

𝜌𝑐𝑝 𝑄𝑠
     eq. XII.5 

The return air temperature is 28.8 ⁰C. 

 

Revise the supply temperature when necessary and revisit the required ventilation rate 

The supply temperature should be minimal 17 ⁰C or Tsp – 5.5 ⁰C, whichever is higher, to prevent 

draught and thermal discomfort. In this case should the ventilation supply temperature be 18.5 ⁰C 

(Ts’).  

 

This is used as input to revise the required ventilation rate for cooling.  

𝑄𝑑𝑣 =
𝑞𝑡𝑜𝑡𝑎𝑙

𝜌𝑐𝑝(𝑇𝑒−𝑇𝑠′)
      eq. XII.6 

 

This results in the required ventilation rate 0.235 m3/s = 844.5 m3/h. This is the same as calculated 

previously, thus the determined supply and exhaust air temperatures did not require an altered 

ventilation flow rate.  
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XIII. Appendix M – Archimedes number regarding convection 
Air that is forced to move, e.g. with a fan, is forced convection. Natural convection occurs when air 

moves by itself due to temperature induced density gradients. A combined forced/natural convection 

occurs when both happen at the same time. 

The dimensionless quantity to check to determine this relative importance is the Grashoff number 

divided by the square of the Reynolds number, resulting in the Archimedes number.  

𝐴𝑟 =
𝐺𝑟

𝑅𝑒2
=

𝑔∙𝑙∙(𝑇𝑎𝑖𝑟−𝑇𝑠𝑢𝑝)

𝑣2∙𝑇𝑎𝑖𝑟
     eq. XIII.1 

 

 

With: 

Ar  = Archimedes number [-] 

Gr = Grashoff number [-] 

Re  = Reynolds number [-] 

g  = gravitational acceleration = 9.81 m/s2 

L = the characteristic length [m] = room height 2.7 m 

Tair  = the room temperature at 1.10 m from the floor [K] 

Tsup  = the ventilation supply temperature  [⁰C] 

v  = air velocity at the vent flow area [m/s] 

 

All conditions were measured for this research. The air velocity is determined with the air flow 

measurement and the airflow area of the vent. The characteristic length is the room height of the 

demonstration room. 

 

 
Figure XIII.1: The Archimedes number compared with the ACEroom. 
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XIV. Appendix O – Air flow area supply vent 
The supply vents used for the measurements showed that the amount supplied fresh air was limited, 

if a higher air change efficiency was desired. This section describes the properties of the air flow areas 

for supply vent grills. 

The momentum (force) of the airflow through the vents during measurements are calculated with 

equation XIV.1 and shown in Figure XIV.1. 

𝐹 = 𝑚 ∙ 𝑎 =  𝜌 ∙ 𝐴𝑡𝑜𝑡𝑎𝑙 ∙ 𝑣
2       eq. XIV.1 

With: 

F  = momentum (force)      [kg·m/s2] 

m  = mass        [kg] 

a  = acceleration        [m/s2] 

ρ  = density of air       1.225 kg/m3 

Atotal  = Total supply area       [m2] 

v  = supply air velocity      [m/s] 

 

 
Figure XIV.1: The momentum and the air change efficiency. 

Displacement occurs for the scenarios with ACE values higher than 65 %. The assumption is that the 

momentum is determent for the ACE. Thus is the lowest found momentum for ACE value above 65 % 

the critical momentum, i.e. the highest allowed momentum for displacement to take place. The critical 

momentum is measured in the classroom and found to be 0.114 kg·m/s2 for 7 ventilation supply grilles. 

The critical momentum divided by 7 supply vents results in a critical momentum of 0.016286 kg·m/s2
 

per vent.  

 

  

0

10

20

30

40

50

60

70

80

90

100

0 0,02 0,04 0,06 0,08 0,1 0,12 0,14 0,16 0,18 0,2

A
C

E 
[%

]

Momentum (force) [kg·m/s²]

Mixture line

airConomy demoroom

Mixture demoroom

airConomy school

Cooling setting

Heating setting



J.M. van der Steen Eindhoven University of Technology December 2016 

89 | P a g e  
 

The design supply air velocity which does not exceed the critical momentum can be calculated 

dependent of the airflow area of a supply vent. The design velocity can be used to determine per 

supply vent size the maximum supplied air where displacement will occur.  

𝑣𝑠𝑢𝑝𝑝𝑙𝑦 = √
𝐹𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

𝐴𝑣𝑒𝑛𝑡∙𝜌
         eq. XIV.2 

𝑄𝑣𝑒𝑛𝑡 = 𝑣𝑠𝑢𝑝𝑝𝑙𝑦 ∙  𝐴𝑣𝑒𝑛𝑡 ∙ 3600        eq. XIV.3 

 

With: 

Qvent = Maximum supply flow rate     [m3/h] 

vsupply  = design supply velocity      [m/s] 

Fcritical  = Critical momentum      [0.016286 kg·m/s2] 

Avent  = Effective supply vent area     [m2] 

ρ  = density of air       1.225 kg/m3 

 

 
Figure XIV.2: The effective supply flow area vs. supply velocity. 

 
Figure XIV.3: The supply flow rate per vent vs the effective supply flow area per vent. 
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In Figure XIV.3 is the maximal supply flow rate per vent shown for displacement to take place. The 

used supply vents for the measurements had a supply flow area of 0.04 m2, allowing a maximal airflow 

of 84 m3/h. If for example the required ventilation rate is 100 m3/h, than would the required supply 

flow area be 0.06 m2. 


