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Abstract 

For this M.Sc. Thesis, the assessment of the effects of the indoor climate on the productivity of 
employees in office buildings has been researched. Employees ask for a healthy, comfortable and 
productive work environment, but the advantages for the total business’ operating costs are still 
uncertain. In this study, an answer is given to the question: What is the predicted performance of an in-
use office building in terms of employee productivity with respect to the indoor climate and which 
parameters have the largest influence?  

The research consists of three parts, including a literature study, a field study and a cost analysis. By 
means of measurements and surveys, knowledge about the relationships between indoor climate and 
productivity has been applied and analysed in practice. Based on these results, a cost balance has been 
drawn up which shows whether it is economically interesting to invest in the indoor climate. 

Based on a literature study, the productivity ranges were determined based on existing knowledge. 
These studies show that productivity is strongly influenced by temperature and to a lesser extent by air 
quality. The amount of studies and associated research methods makes it complicated to compare the 
study results. There is great diversity in the outcomes of these studies, up to 35%. In addition, the 
combination of a number of environmental factors makes this productivity range even greater. 

In order to test the developed method, two in-use office buildings have been used, in which 
measurements were conducted during two seasons (July to November). The data from these 
measurements was used as input for calculating thermal comfort, perception of air quality and 
productivity. Because both buildings mainly have a negative PMV value as a result of the temperature, 
the productivity loss due to the temperature is small. The productivity loss due to air quality in those 
buildings is often larger and causes productivity loss during the day period. The productivity loss due to 
the indoor climate in both buildings was 1% on average. 

In addition to the theoretical approach, also subjective data was collected in the field studies. By means 
of this data, comparisons were made with the measured and calculated data. It was clear from these 
surveys that the subjective assessment resulted in more extreme outcomes than the calculated one. In 
addition, PMV was often indicated warmer and the perception of air and productivity worse than 
calculated. Subjects also indicated that their work tasks are not evenly distributed, as applied in the 
equations obtained from the literature studies. In offices similar to the field study cases, extra weight 
should be given to typing and reading.  

Due to the relatively high costs for staff, it is possible that only small percentage improvements in 
productivity already have a major effect on a company's expenses. Depending on the number of 
employees within the organization and the state of the indoor climate, benefits for higher productivity 
and lower absenteeism can amount to millions of euros. Sensitivity analysis has shown that temperature 
has the greatest effect on the indoor climate, making these investments the most advantageous. This 
study has shown that, depending on the type of measure, an investment in the indoor climate can be 
returned within four months to two years. 
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Key term list 

This chapter describes the definition of the most important terms of this report. 

Term Definition 
Acceptability (Acc) The extent to which an occupier considers the indoor air quality to be 

acceptable and how far he or she is from switching to the alternative vote 
(-1 is bad and 1 good air quality) [1]. 

  
Building Management 

System (BMS) 
A system that supports to control building installations, e.g. heating and 
ventilation, via intelligent devices such as sensors. 

  
Clo A unit used to express the thermal insulation of clothing items and 

packages, 1 clo = 0.155 m²K/W [2]. 
  

Freshness (F) The perception of the air quality, sensed via the nose. In general, warm-to-
hot and airless environments are stuffy (6), whereas warm-to-cool ones are 
airy or fresh (0) [3] [4]. 

  
Indoor Air Quality (IAQ) The extent to which the air is free of pollutants, in this report expressed in 

CO2-concentration or Freshness. 
  

Indoor climate Physical measurable factors that describe the internal environment, 
including thermal- and atmospheric environment [5]. 

  
Indoor environment Physical measurable factors that describe the internal environment, 

including thermal-, atmospheric-, acoustic- and actinic environment [5]. 
  

Life Cycle Costs (LCC) The costs of an investment for which the lifespan is taken into account. 
Sum of all recurring and one-time (non-recurring) costs over the full life 
span or a specified period of a good, service, structure, or system [6].  

  
Metabolic rate (met) Heat production of the human body expressed in met or in W/m² body 

surface area, 1 met = 58.2 W/m² [2] [7]. 
  

Objective data The data obtained by making measurements and calculations. 
  

Predicted Mean Vote 
(PMV) 

Index that predicts the mean value of the thermal sensation votes of a large 
group of persons on a 7-point scale [7]. 

  
Productivity The ratio between output and input, including both quantity and quality of 

the product or service that is delivered, as a result of the indoor climate. If 
this report refers to productivity, the change in productivity is meant, 
calculated on the basis of existing knowledge about the relationship 
between the indoor climate and performance in offices. 

  
Productivity loss The reduced productivity compared to fully effective productivity, in 

percentage (0-100%). Productivity loss is the inverse of relative 
productivity. 

  
Relative productivity The productivity compared to fully effective productivity, in percentage (0-

100%). Relative productivity is the inverse of productivity loss. 
  

Subjective data The data obtained by doing surveys among employees. 
  

Thermal comfort The condition of mind which expresses satisfaction with the thermal 
environment [7]. 

  
Workplace level The direct environment in which employees are located.  
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1. Introduction 

Nowadays, much attention is given to the indoor climate of offices. Employees are worried about the 
effects of the indoor climate on their health. More and more employers start to consider the health and 
well-being of their staff as an essential component of a productive and successful organization. Staff 
costs, including salaries, benefits and insurances, account for a large part of the total business’ operating 
costs [8]. As a result, modest improvements in employee health or productivity can have a significant 
financial implication for employers [9].  

 
Figure 1 Typical business operating costs [8] 

The term productivity in offices can be described as the ratio between output and input, including both 
quantity and quality of the product or service that is delivered, based on [10] and [11]. There are several 
factors affecting this productivity, including social environment, organizational structure, indoor 
environment and personal characteristics [12]. Research among office buildings in London indicates 
that the indoor environment has the biggest influence [13].  

1.1. Research relevance 
The working population spends about 20% of their time at work, from which many have their workplaces 
in office environments. Therefore, it is important to establish a healthy, comfortable and productive work 
environment that the majority of building occupants finds pleasant and stimulating to stay and work in 
[14]. Since 1990, increased attention has been paid to the influence of the work environment on 
productivity [10]. In 2006, this effect has been made clear for the first time in a literature study conducted 
by Seppänen, Fisk and Faulkner [15]. Based on various laboratory- and field studies, this study has 
determined the relation between air temperature and productivity. This relation showed that the work 
environment has a remarkable impact on the health and performance of the occupants and thereby laid 
the foundation for the REHVA publication [9]. 

After the release of the REHVA publication, many more studies have been conducted to determine the 
relation between the indoor environment and productivity. Although we now know that small 
improvements in employee health or productivity can have a large effect on the business’ operating 
costs, in conventional economic calculations for building design and maintenance this is not yet taken 
into account [9]. In this study, it is investigated to what extent the existing theory about the effect of the 
indoor climate (temperature and air quality) on productivity is applicable in practice and whether 
productivity can be controlled using smart technology. Not only is a good working environment pleasant 
for employees, the productivity can be seen as an investment for companies. In this study, therefore, 
attention was also paid to the cost balance, in which both the revenues and the investments for 
improvement of the indoor climate are discussed.  
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1.2. Influence of the indoor environment on productivity 
Several studies have been conducted that determine the most significant environmental factor for the 
overall satisfaction of occupants. The majority says that thermal comfort is most important, other studies 
claim air quality or acoustics [16].  

Temperature has much influence on the productivity of employees in several ways. First, thermal 
discomfort distracts the attention and causes complaints, which increases the maintenance costs. In 
addition, warmth decreases the attention, which aggravates the Sick Building Syndrome (SBS) 
symptoms and has a negative effect on work that requires attention. Conversely, cold conditions make 
the fingers less flexible and affect handcrafts like typing [9]. The temperature is closely related to the 
perception of the air quality. Next to CO2-concentration, which is often taken to express the air quality, 
freshness can be determined by means of temperature, relative humidity and CO2-concentration 
together. By increasing the amount of fresh air, fewer SBS symptoms such as headache and problems 
with concentration and bright thinking will occur [9]. The air quality can be influenced by changing the 
ventilation rate and removing pollution sources. A prerequisite for increasing the ventilation rate is the 
use of clean air filters [17] [18]. In buildings with high ventilation flow rates, the relative improvement in 
productivity is less significant [19].  

In addition to influencing performance by thermal comfort and air quality, there are two environmental 
factors that can also play a role: sound and lighting. Currently, little knowledge on both subjects about 
the effects on productivity in offices is available. However, regarding sound, we know that productivity 
can drop between 4% and 45% as a result of Speech Transmission Index (STI) [20]. This is because 
noise can cause fatigue and difficulty thinking clearly [9]. The size of this reduction in productivity 
sufficient to be taken into account, but is not considered in this study because the knowledge is not yet 
sufficiently developed to be (useful) applied in practice. 

1.3. Research objective 
The main objective of this study is to develop a method for the assessment of occupant productivity in 
offices with respect to the indoor climate. The assessment method will be based on existing theoretical 
knowledge about productivity in offices, which needs to be clarified and analyzed. Two sub-objectives 
are: 

 Determine the possibilities of predicting productivity of in-use offices through smart technology 
(e.g. existing sensor networks). 

 Determine the economic feasibility of investing in building design and -systems to improve 
productivity. 

To achieve the goal of this study, the main question that will be answered is the following:  

What is the predicted performance of an in-use office building in terms of employee productivity with 
respect to the indoor climate and which parameters have the largest influence? 

This main question can be divided in the following sub questions: 
 What are the productivity ranges as a result of the indoor climate that can be determined based 

on existing knowledge? 
 How does a representative current in-use office building perform in terms of employee 

productivity as a result of indoor climate factors? 
 Which indoor climate parameters have the largest influence on productivity in office buildings? 
 Is an investment in improving employee productivity economically advantageous? 

1.4. Research scope and structure 
In this report, the research into the assessment of occupant productivity as a result of indoor climate is 
presented. First the applied research method will be explained in Chapter 2. Next, the results of the 
literature study on productivity ranges (Chapter 3), the field study (Chapter 4) and the cost balance 
(Chapter 5) are presented. For this field study use was made of two in-use office buildings for which 
BAM Energy Systems performs energy monitoring on the building and the associated installations. 
Then, the results are discussed in Chapter 6 and answers to the research questions are given under 
the conclusions in Chapter 7. Finally, proposals were made for further research in Chapter 8. 
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2. Methodology 

This research into the productivity of in-use office buildings can be subdivided into three parts: literature 
study, field study and cost balance. First, based on the existing knowledge, an assessment method for 
the productivity of employees as a result of the indoor climate is developed. Secondly, this method is 
tested on existing office buildings, after which the assessment method is evaluated with information from 
practice. Thirdly, the revenues from an improved indoor climate and the investments on building and 
building services are weighed. 

 

Figure 2 Methodology scheme 

In this study, assumptions were used in the various research sections to calculate PMV. The research 
into these assumptions is included in Appendix 3.1. The assumptions are as follows: 

 Air velocity = 0.12 m/s 
 Radiant temperature = Air temperature 
 Clo value in summer (June, July, August) = 0.7 in winter (December, January, February)= 0.9 

in autumn and spring = 0.8 
 Relative humidity = as calculated 

2.1. Assessment method 
As a first step, a literature study was conducted to determine the productivity ranges based on existing 
studies. Two basic works that were used for the research are the publication of REHVA [9] and the 
dissertation of P. Roelofsen [3]. In addition, an independent literature study has been conducted to 
obtain a complete representation of current knowledge. The search method used for this is PICO 
(Problem-Intervention-Context-Output), which was devised by Richardson et al. in 1995 [21]. Based on 
three search terms, articles were searched in two different databases. As a final step, the relevant 
sources referred to in the articles are added.  

In total 42 articles were found, which were sorted on relevance, outdoor climate and number of 
references to the article. A number of interesting and relevant articles have been added to this selection. 
This resulted in a total of 21 articles. From this literature study, 7 studies were selected to determine the 
productivity ranges: 3 for thermal comfort and 4 for air quality. In addition to the studies found, three 
articles have been added through references in the articles. 

A number of studies complement each other to achieve a collective relationship between indoor climate 
and productivity. It is not known which study is the best to be used in practice. Therefore, all studies 
were applied in this study and the differences were compared. To maintain the overview, the 
assessment method is visualized by means of a step-by-step plan. 

  

Cost analysis

Determination of revenues Determination of investments

Field study

Building analysis Data collection Data analysis Sensitivity analysis

Assessment method

Determination productivity ranges Development step-by-step approach
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2.2. Field study 
For the second part of the research, two buildings were selected to test the developed assessment 
method. The buildings have been selected for the presence of offices and the applicability of the sensors 
(location, type, connection). Cases with comfort complaints caused by construction errors were 
eliminated, to prevent this study to become a problem-solving project. General information about both 
buildings can be found in Table 1.  

Table 1 General information about field study cases 

 Function Completion 
date 

Office 
surface 

Persons 
per office 

Building sensors 
History Parameters 

Building A Multiple May 2012 ±2700 m²  
(77 spaces) 

2 July 2012 Tair, Tsetpoint 

Building B Office May 2017 
(renovated) 

±73,400 m² 
(200 spaces) 

12 July 2017 Tair, CO2-
concentration 

2.2.1. Building analysis 
Of the two buildings the floor plans, possibilities for measurements, intended comfort classes and 
building services have been studied. The buildings have a different type of building design: building A 
has a conventional design (brick façade with windows, cell structure) and building B has a modern 
design (glass façade, open-plan office). Both buildings aim to achieve comfort class B. 

Table 2 Comfort objectives for field study cases 

 PMV Satisfaction class Relative humidity CO2-
concentration 

Building A -0.5<PMV<0.5 90% 30 – 70%  
Building B -0.5<PMV<0.5 ATG 80%, climate 

year 1986-2005 
30 – 70% <outdoor+450 ppm 

Building A 
Building a is a multifunctional building with different comfort requirements, installation concepts and 
building designs. The information, results and conclusions from this study therefore only apply to the 
office department. This office department is equipped with a primary heating system (21°C) by means 
of an induction unit in the ceiling, next to the workstations. In the offices, readjustment of ± 2°C is 
possible locally in every space by means of a thermostat that is mounted on the inner wall. If absence 
has been detected by the occupancy sensors, the temperature will be adjusted to 19.5°C. Fresh air is 
supplied through the same induction unit and exhausted by the TL-armatures. Extra ventilation is 
possible by means of the grids that can be opened above the window. No air humidification has been 
applied in the ventilation system. When occupied, the doors are usually open, which influences the 
environment in the offices. There were no specific comfort complaints, however individual preferences 
and misuse create a different climate in the five offices studied. 

Building B 
The building is equipped with a primary heating system (between 19°C and 26°C, depending on the 
outside temperature) by means of a standard air supply. The offices are provided with post-heating by 
means of a climate ceiling. In a number of spaces underfloor heating is applied instead. This post-
heating established a readjustment of ± 1°C, which can be requested by means of a thermostat in each 
space. The ventilation is according to the displacement principle, with the air being exhausted via the 
plenum on the south side and via the atrium on the north side. Windows can be opened when extra 
ventilation is required. The air quantity for ventilation is variable, which is aligned with the CO2 sensors. 
No air humidification has been applied in the ventilation system. The office works through a flexible 
working method, which means that the amount of people and type of persons (preferences, working 
hours, activities, etc.) varies per day. There are some complaints about thermal comfort (too hot or too 
cold), stale air and noise caused by the open plan offices. 
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2.2.2. Data collection 
The data collection of this study consists of measurements (objective data) and surveys (subjective 
data). In Figure 3 and Figure 4 the selected office spaces for this study are shown for both buildings, 
including measurement positions. These spaces are selected on the possibility for long-term 
measurements, the user pattern and the representativeness of these spaces in relation to the building. 

The measurement data was collected in three ways: Building Management System (BMS) sensors 
(green), workplace sensors (red) and measurement stand (blue). Both buildings have been selected for 
the presence of BMS sensors. These sensors are connected to a data platform, Skyspark, where the 
data is collected, visualized and analyzed. No specifications were available about the BMS sensors in 
the buildings. Because these BMS sensors are not directly located at workplace level, additional sensors 
have been placed on the desks during two seasons (July to November), which measured the parameters 
temperature, CO2-concentration and relative humidity. 

In addition to long-term measurements, additional measurements were conducted with a measuring 
stand during a week. Based on this measurement data, the required parameters for calculating PMV 
were gathered. It is assumed that this data is representative for the entire building throughout the year 
(airspeed, radiation temperature). This addition was not possible in building B due to a disturbance of 
the frequency between the sensors and the logger. 

 
Figure 3 Floorplan building A 

 
Figure 4 Floorplan building B 
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After conducting the measurements, the deviations of the sensors were determined using a climate 
chamber in the TU Eindhoven laboratory. It is important to know whether the data obtained is correct for 
making conclusions about the perception of comfort and associated productivity. With this test it has 
been proven that the sensors of the measurement stand show no deviation, in contrast to the workplace 
sensors and the BMS sensors in building B. For these deviations, Table 3, the measurement data has 
been corrected. For the detailed measurement plan and laboratory test, see Appendix 1.2. 

Table 3 Sensor deviations established by test in climate chamber 

 

Workplace sensors BMS sensors 
ID2412 ID2413 ID2414 ID2416 ID2501 B1 B2 B3 B4 B5 B6 

Temperature 0.2 0.2 0.2 0.1 -0.3 -0.6 -0.1 0.3 0.5 0.2 -0.8 
CO2-concentration      15 67 44 61 59 82 

In addition to the theoretical knowledge and relationships, the subjective experience of users is 
researched. A brief survey is used for the feedback of these office employees. This (right-now) method 
is advised as the best method for collecting occupant feedback by L. Kooi [22]. The subjective 
assessment of productivity was based on the advice of A. Boerstra, who advised to use a scale of 0 to 
100% [23]. The survey form used consists of a general part and a part that was asked to be filled in daily 
during one week. The used survey can be found in Appendix 1.3. 

In building A, a total of 40 surveys were distributed, in two rounds (2 x 20) in the building section shown 
in Figure 3. In building B, a total of 60 surveys were distributed (40 + 20) over the entire floor as shown 
in Figure 4. The responses to these surveys are used to form an image of the overall perception of the 
indoor climate, as well as the fluctuation of the perception and productivity per day. In addition, the 
surveys are used to examine the relationship between objective calculations and subjective data.  

2.2.3. Data analysis 
After all data has been collected, this data has been analyzed using the programs SkySpark, MatLab 
and Excel (calculations) and PSPP 42.2.3 (statistical analysis). In addition to using the raw data, 
calculations were made (PMV, PD etc.), which were used as input for the productivity calculations. For 
the analysis, the data was selected on working hours (07:00 AM - 06:00 PM) and averaged over an 
interval of 15 minutes, as advised in ASHRAE 55 [24]. Based on the developed method in chapter 3, 
the productivity loss of employees as a result of the indoor climate is calculated. The results are analyzed 
per time unit and the influence of different parameters is studied. 

By means of a statistical analysis, the significance of the outcomes and the relationship between the 
surveyed variables will be determined. Correlations will be observed between different measurement 
data by the Pearson correlation. For the statistical analysis on the survey results, two questions can be 
answered: 

 Do subjective and objective data match? 
 What is the effect of the indoor climate on productivity according to the users themselves? 

The parameters that are used for this analysis are: PMV (Subjective and Objective), Freshness 
(Subjective and Objective) and Relative Productivity (Subjective and Objective). Statistically significant 
differences between the variables are analyzed with the Paired samples T-test (RPsubjective and 
RPobjective) and the Wilcoxon T-test (other variables). Differences between the variables have been 
established for p <0.05. The relation between those variables is determined by the Pearson correlation 
(RPsubjective and RPobjective) and Spearman correlation (other variables). The strength of the 
correlation is given in Table 4.  
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Table 4 The strength of the correlation for objective data and subjective data 

Objective data [25] Subjective data [22] 
Correlation 
coefficient 

Strength of 
relationship 

Correlation 
coefficient 

Strength of 
relationship 

0.00-0.19 Very weak 0.00-0.19 Very weak 
0.20-0.39 Weak 0.20-0.29 Weak 
0.40-0.59 Moderate 0.30-0.49 Moderate 
0.60-0.79 Strong 0.50-0.69 Strong 
0.80-1.00 Very strong 0.70-1.00 Very strong 

 
Based on this analysis, it will be established whether deviations occur between the design- and 
operational phase.  

2.2.4. Sensitivity analysis 
In order to value the outcomes, a sensitivity analysis has been done. The factors that are of interest are 
the accuracy of the sensor data and the sensitivity of the formulas to individual parameters. To test the 
accuracy of the sensors, the climate chamber in the laboratory of TU Eindhoven was used. The 
workplace sensors and measurement stand are tested within the usual indoor temperature range (15-
30°C). The sensitivity of the formulas is determined by means of the sensitivity analysis method of TU 
Delft [26]. This method makes use of a basic case which is varied by plus and minus 10% to determine 
the impact of parameters. The analysis shows what the impact can be of improving the indoor climate. 

2.3. Cost analysis 
As a final part of this study, a cost balance has been made, in which the investments are compared with 
the revenues as a result of a better indoor climate. On the basis of this balance, it can be concluded 
whether it is interesting to invest in the indoor climate. For the calculation of this balance, use was made 
of the calculation procedure as described in REHVA publication [9]. The described calculation procedure 
of REHVA is based on the annuity cost model, in which the investment costs are evenly distributed over 
the life years of the investment. In this way, the investment can be compared with the annual operating 
costs and changes in productivity. 

The revenues from an improved indoor climate are calculated for offices in general and on the basis of 
the calculated productivity loss from the field studies. For the benefits as calculated from the field studies 
it is assumed that the calculated productivity loss will be 0% after application of a certain measure. The 
revenues are determined both for the savings on personnel costs and sick leave due to SBS symptoms. 

The investments in the indoor climate (start-up-, energy- and maintenance costs) are calculated using 
the program LCC Vision. This program makes it possible to calculate the life cycle cost in a 25-year 
period based on input data for a particular building. For these costs use is made of m² prices from a 
year of choice (2018). A number of variations have been calculated by changing the input data. To 
obtain valid costs, the calculated costs are multiplied by a factor. This factor is based on the actual costs 
of the building and the calculated costs (without measures) of the building. 

Finally, a balance is made between the benefits and the investments in the indoor climate and the 
payback time is established. For building A, only the investments in the studied office department are 
calculated, since this building is a multifunctional building with different comfort requirements, installation 
concepts and building designs. The benefits are calculated for the 300 office employees and the 45 
office employees stationed in the studied office department. 
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3. Assessment method 

This chapter presents the obtained results that contribute to answer the first sub-question of this study: 
the determination of the productivity ranges. To answer this question, use has been made of existing 
research on the relationship between the indoor climate (temperature and air quality) and productivity. 
For the selection of relevant articles, use was made of the REHVA publication [9] and the dissertation 
of P. Roelofsen [3]. In addition, other articles were found using the PICO search method as described 
in the method section.  

This chapter first describes the productivity ranges as a result of thermal comfort, followed by air quality. 
Then possibilities for combining the effects of these two factors are described. Finally, an overview was 
given for the developed assessment method in a step-by-step plan. 

3.1. Thermal comfort and productivity 
In the REHVA publication [9], the study of Seppänen [27], which determined a weighted mean of 24 
studies, is taken as a guide. Here, productivity decreases with 1% for every 1°C temperature change 
relative to 22°C. However, this model is limited in use, because it does not include clothing and 
metabolism. After compiling the publication, several studies have been conducted that determine the 
relationship between PMV and productivity (Kosonen en Tan [28], Roelofsen [3], Lan et al [29], Jensen 
et al [30]).  

To be able to compare the results of these studies, the model of Seppänen is translated into PMV by 
making assumptions representative for office spaces (Appendix 2.1.). For the calculation of PMV use is 
made of NEN-EN-ISO 7730 [31]. Figure 5 shows the result of the formulas of the found studies with the 
theme thermal comfort, summarized in a graph. 

 
Figure 5 Summary chart of the relation between PMV and productivity loss,  

based on existing theoretical knowledge 

As shown in the figure above, the study results vary considerably. In the studies that were conducted 
earlier (Kosonen and Roelofsen) the temperature has more impact on productivity than in the studies 
that were conducted later (Lan  and Jensen). The study of Roelofsen derived an equation based on the 
study results of Berglund et al [32]. In this study, 11 male subjects were acclimatized to 35°C, after which 
they indicated their perception. In the study of Lan, 12 subjects were exposed to temperatures of 22-
30°C for 4.5 hours, during which they performed simulated office work and neurobehavioral tests. The 
research of Jensen took place in real office buildings where the feedback of 12,700 occupants was used. 
The study of Kosonen shows limited information, but aimed to determine thermal neutrality with varying 
parameters. The average weighted line of Seppänen in Figure 5 shows an average value with respect 
to the studies used in this study. For additional information on these studies, see Appendix 2.2. 
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3.2. Air quality and productivity 
The factors that define Indoor Air Quality (IAQ) are temperature, humidity, space air motion and 
contaminants [12]. One of these contaminants is CO2, which is often taken to express the air quality. A 
commonly used method to calculate PD from CO2-concentration is by means of an standardized 
equation in NPR-CR 1752 [7]. Another way is by means of an intermediate step through acceptability, 
which is established by Gunnarsen in 1992 [1]. Both Wargocki [33] and Gunnarsen have determined 
the relation between acceptability and PD. The results differ significantly between both studies, because 
another source of pollution was used (Gunnarsen used multiple sources and Wargocki only building 
materials). 

Wargocki also researched the relationship between PD and productivity by means of an 20 year old 
carpet [34]. Afterwards, this study was repeated by Lagercrantz, with corresponding results [35]. Bako-
Biro used the same research method, using computers as a polluter [36]. Based on those studies, 
REHVA summarized that every 10% decrease of PD (in between 25 to 70%) results in a productivity 
change of 0.8-1.1%. The difference between the results of Wargocki and Bako-Biro might be caused by 
the difference in simulated tasks.  

In order to compare the study results for IAQ, the results are summarized in a graph in Figure 6. In this 
graph, a relationship is established between CO2-concentration and productivity directly, with 
intermediate steps not being presented.  

 
Figure 6 Summary chart of the relation between CO2-concentration and productivity loss,  

based on existing theoretical knowledge 

Table 5 Description with legend of Figure 6  

Legend Steps 
Acc(W)-War CO2-concentration – Acceptability Wargocki [33] – productivity loss Wargocki [34] 
Acc(W)-BB CO2-concentration – Acceptability Wargocki [33] – productivity loss Bako-Biro [36] 
Acc(G)-War CO2-concentration – Acceptability Gunnarsen [1] – productivity loss Wargocki [34] 
Acc(G)-BB CO2-concentration – Acceptability Gunnarsen [1] – productivity loss Bako-Biro [36] 
PD-War CO2-concentration – PD (NPR-CR 1752) – productivity loss Wargocki [34] 
PD-BB CO2-concentration – PD (NPR-CR 1752) – productivity loss Bako-Biro [36] 

 
In addition, the perception of air quality can be expressed in Freshness. Only two researchers have 
attempted to derive an equation to predict this perception, Clements-Croome [4] and Roelofsen [3]. The 
equation of Clements-Croome shows no reliable results (beyond the indicated scale), which is why it is 
left out of consideration in this study. The equation derived by Roelofsen is shown in equation 1. This 
equation is based on the study results of Berglund [37], who studied 20 subjects in a laboratory under 
changing conditions. These study results correspond to the study results of Hettinger [38]. 

F=5.627-0.265∙(30.2-Ta)-0.044∙(42.94-0.01∙Pa)+0.04939∙10-2∙ΔCO2 (1) 
Where 
F Freshness 
Ta Air temperature [°C] 
Pa Vapor pressure [Pa] 
ΔCO2 CO2-concentration indoor – outdoor [ppm] 
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By means of Freshness, PD can be determined by the equations derived in the studies of Clements-
Croome [4], Fanger [39] and Roelofsen [3]. The results of Clements-Croome differ from the other 
studies, since another regression analysis has been used. The relationship established in laboratories 
has a higher percentage of dissatisfied people than in Fanger's study, conducted by 54 judges who 
assessed the acceptability of the air in existing buildings. For additional information on these studies, 
see Appendix 2.2. 

3.3. Indoor climate and productivity 
Many studies deal with only one aspect of the effects on office work. Little is known about the combined 
effects of these factors. Nevertheless, this is important because in an office environment these factors 
never occur alone. This relationship already has been proven in 1993 by Clausen et al. [40]. The 
research established a subjective increment in noise level when three environmental stressors, 
operative temperature, air quality and noise level, were combined.  

REHVA [9] has attempted to propose a solution: the combined effect is in-between the largest of both 
parameters and the sum of the separate parameters. Dai and Lan [41] also derived a solution: the 
combined effect is assumed to be in the range of the average of RPthermal and RPIAQ and the maximum 
value between the two, equation 2. 

RP=(avg(RPthermal,RPiaq)+maximum(RPthermal,RPiaq))/2  (2) 

When analyzing both solutions, it can be stated that the solution of REHVA always shows a lower 
productivity range than the one of Dai and Lan. In short, the formula of REHVA's adds the effect of the 
indoor climate and the formula of Dai and Lan averages this effect.  

According to Sakellaris et al. the perceived comfort would be much more than the average of perceived 
indoor air quality, noise, lighting and thermal comfort [42]. However, when the largest effect on air quality 
is caused by the temperature and not by CO2-concentration, this effect can not be summarized by the 
effect due to the thermal comfort. This is also mentioned in the study of Clausen et al. [40], where it is 
expected the interaction between air quality and temperature may have influenced the overall perception 
of the environment. 

3.4. Assessment method 
The diagram in Figure 7 shows the method of assessment of employee productivity in offices. If the 
productivity loss needs to be calculated, the components thermal comfort and air quality are first 
assessed separately. For the productivity loss due to thermal comfort, the temperature is needed as 
input parameter. From this temperature, a productivity loss can be calculated directly, but most of the 
studies are based on PMV. For the productivity loss due to air quality, two methods are possible: CO2-
concentration as well as freshness. When CO2-concentration is used as input parameter, PD can be 
calculated directly or by means of an intermediate step ‘acceptability’. For the calculation of freshness 
temperature, relative humidity and CO2-concentrations are used as input parameters. For both ways, a 
PD can then be calculated, after which the productivity loss can be determined.  

When the productivity loss due to thermal comfort and air quality is calculated, the combined effect of 
the indoor climate factors needs to be considered. Appendix 3.2. provides insight into how this method 
has been applied in the field study by means of graphs. 
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Figure 7 Diagram of the developed assessment method for the calculation of the productivity loss 
 as a result of the indoor climate 
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4. Field study results 

In this chapter, the relevant results of the field study are presented. First, the measurement results are 
presented. Secondly, the data analysis about the perception of the indoor climate and the predicted 
productivity loss is presented. Thirdly, the sensitivity analysis is presented, including the influence of the 
sensors and effect of the individual parameters on the formulas. Finally, the results of the surveys is 
presented. More detailed data about the field study is included in Appendix 3.  

4.1. Measurement results 
This chapter shows the measurement results of the two in-use offices used for the field study. In this 
study, both short and long-term measurements were conducted. This chapter only shows the results of 
the long-term measurement, over two seasons. For the raw measurement data, see Appendix 3.1. 

4.1.1. Building A 
For building A, the parameters temperature, relative humidity and CO2-concentration were measured at 
workplace level. The cumulative frequency distribution of these measurement results, from Monday to 
Friday from 7:00 to 18:00, can be seen in Figure 8 to Figure 10. This distribution shows the percentage 
of the time a certain value has been achieved. 

 
Figure 8 Cumulative frequency distribution of temperature 

data from long-term measurement in building A 

 
Figure 9 Cumulative frequency distribution of relative 

humidity data from long-term measurement in building A 

 
Figure 10 Cumulative frequency distribution of CO2-concentration data  

from long-term measurement in building A 

Figure 8 shows that the temperatures between the different spaces vary considerably, with a range of 
2°C. The symmetry in this figure shows that the temperature has a normal distribution, which means 
that there are as much lower as higher temperatures than the average temperature. Despite the setpoint 
temperature of 21°C, higher temperatures are often measured. Figure 9 shows the relative humidity, 
which falls in between 25% and 70%. The relative humidity decreases more and more in the winter, 
which makes it important to control. Like Figure 8, the figure shows a normal distribution, in contrast to 
Figure 10 where the measured CO2-concentration is shown. This figure shows that more low CO2-
concentrations are measured than high ones, which is positive for the air quality.  
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4.1.2. Building B 
For building B, the parameters temperature and CO2-concentration are measured by means of the BMS 
sensors. The relative humidity has been calculated by using the script of the Mollier diagram and is 
shown in paragraph 4.2.2. The cumulative frequency distribution of these measurement results, from 
Monday to Friday from 7:00 to 18:00, can be seen in Figure 11 and Figure 12. This distribution shows 
the percentage of the time a certain value has been achieved. 

 
Figure 11 Cumulative frequency distribution of temperature 

data from long-term measurement in building B 

 
Figure 12 Cumulative frequency distribution of CO2-
concentration data from long-term measurement in  

building B 

Figure 11 shows that also in this building the temperatures between the different spaces vary somewhat. 
Especially space B6 shows a large temperature range. The step shape indicates that the same 
temperatures have occurred a number of times during the measurement period. Figure 12 shows the 
CO2-concentration, which does not have a normal distribution, like building A. However, the spread in 
this figure is larger than that of building A which indicates a worse air quality. According to the data, B1 
has the worst air quality. 

4.2. Data analysis 
Using the measurement data, thermal comfort and employee productivity were calculated. For these 
calculations, all formulas obtained from the literature study described in Chapter 3 have been used. The 
Predicted Mean Vote (PMV) has been calculated based on the measured air temperature and relative 
humidity. In addition, assumptions are made for air velocity and radiation temperature, which are listed 
the method section. In addition, the relative humidity has been calculated with use of the temperature 
and humidity outside and the temperature inside. This chapter presents the data analysis, in which it is 
researched what this productivity is most affected by and at which moments this is most prevalent. 
Appendix 3.2. shows the calculated productivity over the measured months on a timeline. 

4.2.1. Building A 
Based on the measurement data from the workplace sensors and assumptions, the PMV has been 
calculated. Figure 13 shows that most of the time the spaces are experienced on the cold side of the 
PMV model, except for A2. Table 6 shows the percentage of time that the space meets the intended 
comfort classification. On the basis of NEN 7730 [31], it can be concluded that all spaces do not comply 
(100% compliance), but according to the RGD guideline [43] (90% compliance) the spaces A1, A2 and 
A3 do. With Figure 8, it also can be concluded that A4 and A5 do not comply the requirements because 
those spaces are too cold.  
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Figure 13 Cumulative frequency distribution of calculated PMV,  

based on long-term measurements and assumptions in building A 

Table 6 Compliance to the PMV requirements, NEN 7730, in studied offices of building A 

  A1 A2 A3 A4 A5 

Class A 46% 83% 69% 11% 17% 

Class B 92% 99% 96% 77% 82% 

Class C 98% 100% 100% 96% 96% 

Class D 100% 100% 100% 100% 100% 

In Figure 14 to Figure 16, the calculated productivity loss is shown as a mean of the measured months, 
days and hours. In those figures the maximum, minimum and mean calculated productivity losses are 
given. Figure 14 shows that the productivity increases during autumn, but September is an exception. 
Figure 15 shows that during the week the productivity increases and is the worst on Tuesday. During 
the average working day, the productivity decreases and then increases again at the end of the day, as 
shown in Figure 16. 

 
Figure 14 Calculated Productivity Loss per month, 

maximum, minimum and mean values, of building A 

 
Figure 15 Calculated Productivity Loss per day,  

maximum, minimum and mean values, of building A 

 
Figure 16 Calculated Productivity Loss per hour, maximum, minimum and mean values, of building A 

Since September has the highest productivity loss, the decline in productivity in this month has been 
analyzed in more detail. Figure 17 shows that both the productivity loss caused by temperature and air 
quality are increased in September. For the analysis of this occurrence a representative space has been 
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taken, space A3, shown in Figure 18. Figure 19 shows that major productivity loss peaks occur, which 
are caused by high temperatures (PMV>0.2). Despite the high temperatures, Figure 20 shows that the 
productivity loss due to air quality is caused by the amount of CO2-concentration in the space.  

 
Figure 17 Mean Calculated Productivity Loss per month, as 
a result of thermal comfort, indoor air quality and as mean 

value of building A 

 
Figure 18 Mean Calculated Productivity Loss per month of 
space A3, as a result of thermal comfort, indoor air quality 

and as mean value of building A 

 
Figure 19 Calculated Productivity Loss as a result of thermal comfort of space A3 in building A 

 
Figure 20 Calculated Productivity Loss as a result of air quality of space A3 in building A 
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4.2.2. Building B 
Since building B is not equipped with relative humidity sensors, relative humidity has been calculated 
using a script, shown in Appendix 3.2. Using these results, the temperature of the BMS sensors and 
assumptions, PMV has been calculated. Figure 21 shows the cumulative frequency distribution of the 
calculated relative humidity. The spread of this graph is larger than that of building A, with a higher 
relative humidity during summer. As shown, the relative humidity does not meet the requirements for 
part of the user time. Figure 22 that most of the time the spaces are experienced on the cold side of the 
PMV model. This is not the case for space B6, where only a little more often cold experience were 
calculated than warm ones. Table 7 shows the percentage of time that the space meets the intended 
comfort classification. On the basis of NEN 7730 [31] it can be concluded that all spaces do not comply 
(100% compliance), but according to the RGD guideline [43] (90% compliance) the spaces B1 and B6 
do. With Figure 22 it also can be concluded that B2, B3, B4 and B5 do not comply the requirements 
because those spaces are too cold.  

 
Figure 21 Cumulative frequency distribution of calculated 
relative humidity, based on long-term measurements and 

KNMI weather data in building B 

 
Figure 22 Cumulative frequency distribution of calculated 

PMV, based on long-term measurements and assumptions in 
building B 

 
Table 7 Compliance to the PMV requirements, NEN 7730, in studied offices of building B 

  B1 B2 B3 B4 B5 B6 

Class A 41% 10% 24% 22% 18% 63% 

Class B 96% 73% 86% 87% 88% 97% 

Class C 100% 98% 98% 98% 100% 100% 

Class D 100% 100% 100% 100% 100% 100% 
 
In Figure 23 to Figure 25, the calculated productivity loss is shown as a mean of the measured months, 
days and hours. In those figures the maximum, minimum and mean calculated productivity losses are 
given. Figure 23 shows that the productivity becomes better during autumn. Figure 24 shows that during 
the week the productivity increases and is the worst at Monday. During the day, the productivity 
decreases and then increases again at the end of the day, as shown in Figure 25. In contrast to building 
A, where the productivity is the lowest just after noon. 

 
Figure 23 Calculated Productivity Loss per month, 

maximum, minimum and mean values, of building B 

 
Figure 24 Calculated Productivity Loss per day, maximum, 

minimum and mean values, of building B 
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Figure 25 Calculated Productivity Loss per hour, maximum, minimum and mean values, of building B 

Because productivity decreases during the week, this decrease has been analyzed in more detail. Figure 
26 shows that both the productivity loss caused by temperature and air quality are increased on Monday 
and Tuesday. For the analysis of this occurrence a representative space has been taken, space B5, 
shown in Figure 27. Figure 28 shows that on Tuesday productivity loss peaks are caused. On Monday 
no incidental peaks occur during this week, and the basic temperature is high in comparison to other 
days. Figure 29 shows that the productivity loss due to air quality is caused by the amount of CO2-
concentration in the space, which reduces during the week.  

 
Figure 26 Mean Calculated Productivity Loss per day, as a 

result of thermal comfort, indoor air quality and as mean 
value of building B 

 
Figure 27 Mean Calculated Productivity Loss per month of 
space B5, as a result of thermal comfort, indoor air quality 

and as mean value of building B 

Figure 28 Calculated Productivity Loss as a result of thermal comfort of space B5 in building B 

 

 



24 
 

Figure 29 Calculated Productivity Loss as a result of indoor air quality of space B5 in building B 

4.3. Sensitivity analysis 
In order to determine which factors are important for the perception of the indoor air quality, a sensitivity 
analysis has been performed. This paragraph presents the results of the sensitivity of the productivity 
calculation as a result of the sensors and input parameters. Based on those results, proposals for 
solutions and corresponding investments for improving the productivity in offices can be done. Appendix 
3.3. shows the results of this sensitivity analysis in more detail.   

4.3.1. Influence of sensors 
This research focuses on the possibilities for smart technology for controlling indoor climate and 
productivity. To do this, the accuracy of the sensors is important. This paragraph describes the influence 
of sensors on the calculation of productivity. 

In this study, it was possible to correct for the deviations of the sensors. In order to determine the 
importance of the accuracy of building sensors, a sensitivity analysis has been performed. In this 
sensitivity analysis, for building A the original building sensors are used. The accuracy of the BMS 
sensors is based on the comparison with the measurement stand. For building B, the original data 
(uncorrected) is used to establish the impact on the calculated productivity loss. Since this building has 
both temperature as well as CO2 sensors, a sensitivity analysis has been conducted for both 
parameters.  

Table 8 shows the influence of the mean deviations of the temperature sensors on the calculation of 
PMV and productivity. PMV has been calculated with the mean values for the specific office spaces 
during the short-term measurement period. The occurring deviations cause a change in PMV of rounded 
0.1, which has consequences for the calculated comfort. This deviation in building A also has impact on 
the calculated productivity loss, since small productivity changes result in large expenses. Table 9 shows 
the influence of the mean deviations of the CO2 sensor on the calculation of PD and productivity. This 
effect is larger for the perception than for the calculated productivity. 

Table 8 Effects of temperature sensor deviations between Measurement Stand and BMS sensor on PMV and CPL, as a mean 
of all measured spaces 

 Temperature 
deviation 

Predicted Mean Vote Calculated Productivity 
Loss* 

Max Min Mean PMV 
(MS) 

PMV 
(BMS) 

PMV 
(deviation) 

CPL 
(MS) 

CPL 
(BMS) 

CPL 
(deviation) 

Building A 1.5 -0.1 0.6 -0.32 -0.24 0.08 0.6% 0.0% 0.6% 
Building B 0.3 -0.4 -0.1 -0.32 -0.25 0.07 0.1% 0.1% 0.0% 

* Calculated Productivity Loss based on the formula of Seppänen [27] 
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Table 9 Effects of CO2 sensor deviations between Measurement Stand and BMS sensor on PD and CPL, as a mean of all 
measured spaces 

 

CO2-concentration 
deviation 

Percentage Dissatisfied, 
NPR-CR 1752 

Calculated Productivity 
Loss* 

Max Min Mean 
PD 

(MS) 
PD 

(BMS) 
PD 

(deviation) 
CPL 
(MS) 

CPL 
(BMS) 

CPL 
(deviation) 

Building B 102 11 56 3.7 5.8 2.1 0.4% 0.6% 0.2% 
* Calculated Productivity Loss based on the formula of Wagocki [34] 

4.3.2. Influence of input parameters 
In addition to the deviations of the sensors, it is important to know the sensitivity of the formulas for the 
different input parameters. This analysis shows what the impact can be of improving the indoor climate. 
For this analysis, use is made of a basic case, shown in Table 10. Changes of 10% and 20% relative to 
this basic case have been made to determine the impact of parameters [26].  

As shown in both Figure 30 as Figure 31, the temperature is a very important parameter. To calculate 
PMV, apart from Ttot, Tair has the largest impact on the warm side and Metabolism on the cold side of 
the PMV model. In this formula, the airspeed and relative humidity have a negligible effect. In the formula 
of Freshness the temperature is decisive. In this formula, the CO2-concentration only has little impact. 

Figure 32 shows the effect on the formula of the productivity when temperature, CO2-concentration and 
relative humidity change relative to the basic case. It is shown that when increasing and decreasing the 
temperature the productivity as a result of thermal comfort decreases significantly. It can be established 
that an increase in temperature relative to the basic case has more impact on the productivity loss due 
air quality than on productivity loss due to thermal comfort. It is shown that low temperatures cause the 
highest productivity for freshness. Other calculations are productivity loss due to air quality calculated 
with the standardized PD formula and acceptability. Those percentages are significantly lower.  

Table 10 Basic case parameter values 

Parameter Basic case 
Temperature 22°C 

Relative humidity 50% 
Airspeed 0.15 m/s 

Clo 0.8 
Met 1.2 

CO2-concentration 500 ppm 
 

 
Figure 30 Sensitivity of PMV formula 

 
Figure 31 Sensitivity of Freshness formula Figure 32 Sensitivity of Calculated Productivity Loss 

formulas 
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4.4. Field surveys results 
In addition to the theoretical assessment, the subjective assessment of the office spaces is also 
important. Using surveys, the perception of the indoor climate of employees in both in-use office 
buildings was determined. This paragraph presents the results of the surveys of both field study cases. 
First the general findings of the indoor climate are presented, including complaints about the indoor 
climate, individual work tasks and health complaints. Then the relation between objective and subjective 
values are compared by means of a statistical analysis.  

In Table 11 the number of returned survey forms is shown. In building A, 2 times 20 survey forms are 
handed out. In building B, the first time 40 forms and the second time 20 forms were handed out. 
Because few surveys have been completed, a number of results have been obtained by asking 
questions to employees about the general findings of the indoor environment in building B. The survey 
form consists of one general part that has to be filled in once and one part in which the daily perception 
must be filled in during one week. Of the obtained responses, five days were filled in with a wrong date 
and were eliminated (2 for building A and 3 for building B). Other results from this field survey can be 
found in Appendix 3.4. 

Table 11 Number of returned survey forms in field study cases 

 Period 1 Period 2 
Returned 
surveys 

Retuned daily 
surveys 

Interview 
respondents 

Retuned daily 
surveys 

Number of 
days 

Building A 4 13  4 18 
Building B 4 14 4 3 8 

4.4.1. General findings of occupants 
The employees were presented a survey with questions about the general assessment of the space in 
the field of all indoor climate aspects, the work to be performed, absence due to illness and health 
complaints due to the indoor climate.  

Building A 
The employees of building A indicate that of all indoor climate aspects they are most affected by noise. 
They also suggest that the space is too small for three persons and that they experience temperature 
fluctuations. Figure 33 show the tasks they mainly deal with and Figure 34 shows the health complaints 
they suffer from due to the indoor climate. The biggest complaints are fatigue and concentration loss 
(>50% of respondents).  

 
Figure 33 Work tasks as indicated in returned surveys from 

building A 

 
Figure 34 Health complaints as indicated in returned surveys 

from building A 

Building B 
The employees of building B have several complaints about almost all indoor climate aspects, but the 
majority is dissatisfied with noise and temperature. Opinions about the temperature differ, 50% of the 
respondents are cold, 23% warm (B6), the rest is neutral. Employees in building B indicate to spend 
more time reading (29%) and typing (41%) compared to other work tasks, as shown in Figure 35. Figure 
36 shows that more than half of the respondents suffer from various health complaints due to the indoor 
climate. Nevertheless, they are little absent due to illness (less than twice a year). 
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Figure 35 Work tasks as indicated in returned surveys from 

building B 

 
Figure 36 Health complaints as indicated in returned surveys 

from building B 

4.4.2. Statistical analysis 
In this section, the results of the statistical analysis are presented. The purpose of this analysis is to 
determine whether the subjective and objective data correspond and what the effect of the indoor climate 
on their productivity is according to the users themselves. The parameters that are used for this analysis 
are: PMV (Subjective and Objective), Freshness (Subjective and Objective) and Relative Productivity 
(Subjective and Objective).  

For this analysis, all surveys from both buildings have been combined. This resulted in a total of 48 day 
responses. Statistical analysis has shown that a strong correlation exists between PMVs and RPs and 
a weak to moderate correlation between the other variables, shown in Table 12. The direction of the 
correlation indicates whether 1st variable > 2nd variable (positive) or 1st variable < 2nd variable (negative).  

Table 12 Correlation between variables as part of the statistical analysis  

Variable Correlation coefficient Strength of relationship Test 
PMVs-PMVo 0.48 Moderate (positive) Spearman correlation 

Fs-Fo 0.47 Moderate (positive) Spearman correlation 
RPs-RPo -0.22 Weak (negative) Pearson correlation 

PMVs-RPs 0.50 Strong (positive) Spearman correlation 
Fs-RPs -0.32 Moderate (negative) Spearman correlation 

 
Further statistical research has determined that no relationships exists between the examined variables 
(p <0.05). The outcomes have shown that the subjective data has a larger spread than the objective 
data. It also could be stated that the subjective perception of PMV and Freshness has on average a 
higher value than the objective ones. This in contrast to the relative productivity, of which employees 
indicate to be less productive than calculated. The lack of evidence can be caused by a too small 
sample. Figure 37 and Figure 38 show the daily answers of the employees about their experience of the 
influence of the indoor climate on their productivity. As shown, employees indicate that at thermal 
neutrality their productivity is at maximum and when they are cold their productivity is at minimum. They 
also declare that when freshness increases, their productivity decreases. 

 
Figure 37 Relation between PMV and RP subjective, 

obtained from the daily survey results 

 
Figure 38 Relation between F and RP subjective, obtained 

from the daily survey results 
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5. Cost analysis 

This chapter focuses on the balance between the costs and benefits associated with an investment in 
comfort. First, the potential productivity benefits due to higher productivity and lower absenteeism are 
presented. Secondly, the investment- and operating costs in the indoor climate are presented. Detailed 
information about the benefits and investments is shown in Appendix 4.  

5.1. Benefits of improved productivity 
In this paragraph, the potential benefits for an improved indoor climate are shown. These benefits can 
be divided into increased productivity and reduced sick leave. First, the benefits for companies in office 
buildings in general are presented. Then the benefits for the two field study cases are described. 

5.1.1. Office buildings in general 
The book ‘Creating the productive workplace’ [12] describes the researches and experiences of 
researchers about perception of the indoor climate and productivity of employees. This book classifies 
buildings with potential productivity gains of up to 1.5% as healthy buildings and up to 3.5% as unhealthy 
buildings. With these percentages an estimate has been made about the savings that can be made with 
an improved indoor climate. 

Figure 39 shows the average business operating costs per branch with office work, according to the 
data published by CBS [44] [45]. This figure shows that 80% of the operating cost of a company goes 
to personnel costs, about one million euro per year. Those costs can be subdivided into gross wages, 
social contributions (social insurance premiums and retirement), training, recruitment and selection and 
other social charges. Because the ratio of personnel costs is large compared to other expenses of 
companies, small changes in productivity already can have a significant effect on business operating 
costs. Taking into account the numbers of the CBS, the average company that works in an office 
environment can annually save €15,390 in healthy buildings and €35,920 in unhealthy buildings. 

 
Figure 39 Average business operating costs per company [44] 

Next to the increased productivity that can be achieved, costs can be saved by reduction of sick leave 
as a result of the indoor climate. The literature shows that in office buildings the number of sick days lies 
between 2.5 and 10 days [46] [47]. According to the research of Preller et al. in 61 Dutch office buildings, 
employees are sick 2.5 days a year as a result of the indoor climate (out of 10 sick days in total) [48]. If 
it is assumed that there is no difference in the number of sick days between healthy and unhealthy 
buildings, the reduction of sick leave can save €13,280 per year per company. 
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5.1.2. Field study 
As described in Chapter 4, based on theory and surveys, productivity 
loss occurs in both buildings. During the entire measurement period, 
an average of between 0% and 10% productivity improvement per 
month can be achieved in building A, and between 0 and 8% in 
building B. Since the differences between the minimum and 
maximum productivity loss is large, the average value is often taken 
in this study, which is about 1% in both buildings. 

Table 13 shows the potential savings of both field study cases. The 
increased productivity corresponds to the average productivity loss 
as calculated over the measurement period (July-November). With 
use of Figure 40, the number of sick days due to the indoor climate 
can be estimated for both field study cases. Building A has a 
surface of 9.2 m² per person and an outdoor air supply rate of 9.7 
L/s/p. Building B has an area of 8.3-15.4 m² per person and an 
outdoor air supply rate of 11.1 L/s/p. According to Figure 40 the absence rate is 2.8% in building A and 
2.7% in building B as an percentage of the total annual working hours. This results in 43.3 sick hours 
(5.4 sick days) in building A and 41.7 sick hours (5.2 sick days) in building B per year per employee.  

Table 13 Yearly potential savings of field study cases 

 Building A Building B 
Calculated 

savings 
Costs savings Calculated 

savings 
Costs savings 

Increased productivity 1% €           108,000 0.9% €           907,200 
Decreased sick leave 43.3 hours €           302,537 41.7 hours €        2,719,340 
Total  €           410,537  €        3,626,540 

Salary hourly 23.29 monthly 3000 gross [49] [50] 
Weekly working hours 32.2 [51] 
Number of employees A:300 B:2800 

The above savings for increased productivity are based on the mean productivity loss. With the 
calculated productivity ranges, determined in this study through the use of different formulas from 
literature, the saving for building A will be in between € 0 and € 1,080,000.00 and for building B in 
between € 0 and € 8,064,000.00. 

The savings in building A are based on all office staff, 300 employees. If only the researched department 
is taken into account, 45 employees, € 63,597 can be saved per year (€ 16,200 for increased productivity 
and € 47,397 for decreased sick leave). 

In addition to those costs for the account of the company, also medical costs can be saved for the 
account of the society. Those costs will not be taken into account for the balance of the investor.  

5.2. Investment in the indoor climate 
In the lifetime cost analysis of the building management, all relevant costs must be included that can be 
expected during the lifespan of the building. In general, all costs for the initiative, design, construction, 
installations, completion and project supervision, facility management, operational costs, clearance 
costs after use, refurbishment and reuse, rebuilding or renovation and finally demolition are covered. 
Since this research focuses on the indoor climate, only the start-up, energy and maintenance costs are 
of concern. In this section, attention is paid first to offices in general, after which a cost indication is given 
for the field study cases. 

5.2.1. Office buildings in general 
About 16% of the total expenditure on a building is spent on mechanical installations and 13% on 
electrical installations, based on a number of BAM projects. Of this investment it is known that the 
building installations have a lifespan of 25 years and the annual maintenance costs are on average 3% 
of the initial investment, depending on the type of installation. Nevertheless, an investment in building 
installations can save money during the occupancy phase, as shown in the previous paragraph. Below, 

Figure 40 The effect of ventilation rates and 
occupant density on short-term sick leave [45] 
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a number of studies have been described of which the payback period for investments in the indoor 
climate has been calculated.  

In the REHVA publication [9] the costs and benefits have been calculated for a number of examples. 
One of these examples is a study by Seppänen [52], which used an office building on which the effect 
of cooling with night ventilation on productivity was calculated. The existing ventilation system has been 
used for this, but additional costs for energy consumption have to be taken into account. According to 
this study, it costs 1.84 kWh per employee to cool the building for 8 hours. With the current energy prices 
in the Netherlands (0.064 per kWh) [53], this is 0.12 cent per night. The productivity benefit would be 
7.15 euro, which means that a higher production yields 61 times more benefits than the costs of energy 
consumption for ventilation. Another example with a number of measures for temperature management 
(mechanical cooling, extended ventilation period, higher outdoor air flow) amounted to a ratio between 
savings and costs of 0.24 to 1.38. The final example from the REHVA publication showed the 
advantages of a higher ventilation rate. This resulted in a cost-benefit ratio of 6.2 to 9.4, with the 
difference between 6.5 L/s/p and 10 L/s/p being the most cost efficient. 

Of an existing air-conditioned office building a cost-benefit analysis of measures to improve air quality 
has been conducted by Djukanovic et al [54]. The improved air quality was achieved by changing the 
outdoor air supply rate and the pollution loads. Taking into account the annual energy costs and start-
up costs of the HVAC system, the annual benefit due to improved air quality was always at least 10 
times higher than the increase in annual energy and maintenance costs. This resulted in a payback time 
of less than 4 months. As a follow-up to this study, Wargocki and Djukanovic [55] extended their 
estimations by considering the life-cycle costs of upgrading investment in an office building. This 
analysis indicated that benefits exceed the costs for those measures by a factor of about 60, and the 
payback time was estimated to be less than 2.1 years.  

An economical analysis of office buildings in the U.S.A. has made an estimation for the improvement of 
the air quality in buildings to fulfil the ASHRAE ventilation standards. For this analysis the initial costs, 
the increased annual costs and the annual productivity benefits have been calculated. This resulted in 
a payback time of 1.6 years.  

The above examples indicate that the costs for investing in the indoor climate can be returned within 
four months to two years. This is a relatively short time compared to the lifespan of installations (15-25 
years). 

5.2.2. Field study 
In this paragraph, the investments in the indoor climate are established for both field study cases. For 
the calculation of cost effective investments, use was made of the calculation procedure as described 
in the REHVA publication [9]. This procedure is based on the annuity cost model, in which the investment 
costs are evenly distributed over the lifespan of the investment. In this way, the investment can be 
compared with the annual operating costs and changes in productivity. 

The costs for investments in the indoor climate consist of the costs for the installation itself and operating 
costs (energy and maintenance). According to REHVA [9] the indoor climate is most strongly related to 
energy costs.  

This research has shown that the productivity loss in building A is caused by thermal discomfort as well 
as reduced air quality. In building B, the productivity loss is mainly caused by reduced air quality, except 
in space B6. The air quality already causes productivity loss at the start of the day, for which measures 
can be taken. The following measures will be researched in this chapter: 

 Increased airflow: ±10 L/s/p to 20 L/s/p 
 Extended ventilation period: 3 hours 
 Night-time ventilation 
 Extra cooling: 50 W/m² 

The investment costs of these measures are shown in Table 14, Table 15 and Table 16. Table 14 shows 
the investments based on the costs mentioned in the REHVA publication [9]. These costs are multiplied 
by the number of people working in office building A and B. For comparison, Table 15 and Table 16 
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show the costs that have been calculated with the LCC vision program. In this program, a model has 
been set up with the characteristics of the field study cases. After that, the input has been changed to 
calculate the before mentioned measures. The costs for investment, energy and maintenance have 
been calculated in relation to the current situation. For building A, only the investments in the studied 
office department are calculated. 

Table 14 Investments in indoor climate in building A and B where prices are based on REHVA [9] 

 Start-up 
costs [€/a/p] 

Energy costs 
[€/a/p] 

Maintenance 
costs [€/a/p] 

Building A 
[€/a] 

Building B 
[€/a] 

Increased airflow €               41 €              18.1 €               8.5 €         3,042 €      189,280 
Extended 
ventilation period 

€                 0 €                6.3 €                  0 €            284 €        17,640 

Night-time 
ventilation 

€                 0 €              29.4 €                  0 €         1,323 €        82,432 

Extra cooling €                 0 €                1.6 €                  0 €              72 €          4,480 
 
Table 15 Investments in indoor climate in building A, calculated with LCC Vision 

 Start-up costs 
[€/a] 

Energy costs 
[€/a] 

Maintenance 
costs [€/a] 

Total  
[€/a] 

Increased airflow €                    71 €               7,390 €                      0 €               7,461 
Extended ventilation 
period 

€                      0 €               5,280 €             13,011 €             18,831 

Night-time ventilation €                      0 €             32,269 €             23,578 €             55,847 
Extra cooling €           100,897 €             53,074 €             64,668 €           217,639 

 
Table 16 Investments in indoor climate in building B, calculated with LCC Vision 

 Start-up costs 
[€/a] 

Energy costs 
[€/a] 

Maintenance 
costs [€/a] 

Total  
[€/a] 

Increased airflow €             65,649 €           131,038 €             64,834 €           261,521 
Extended ventilation 
period 

€                      0 €             37,361 €             86,666 €           125,027 

Night-time ventilation €                      0 €           172,842 €           157,408 €           330,450 
Extra cooling €           117,361 €               3,906 €             11,834 €           133,101 

 
As can be seen in the tables above, the costs as mentioned in the REHVA publication deviate from the 
costs that are calculated for the field study cases. Firstly, the program includes maintenance costs that 
are incurred when an installation is used more frequently. Secondly, also the calculated energy costs 
are higher than in the publication. However, start-up costs for an increased airflow are lower in the 
calculation of LCC Vision than in the REHVA publication. 

When comparing the investments in extra cooling between both buildings, it can be determined that the 
generation concept influences the investment costs. For building B, extra cooling does not cost much 
with use of an high efficiency boiler  (Table 16). Despite building A is much smaller than building B, the 
costs for extra cooling are almost doubled with use of district heating. The extra electricity and the CO2-
emissions as a result of extra cooling are shown in Table 17. Building A has 77% more impact on the 
environment and building B only 4% when extra cooling is applied. 

Table 17 Environmental effects of extra cooling 

Measure Environmental factor Building A Building B 
Current situation Energy [kWh] 36,635 1,867,238 

CO2-emission [kg] 19,270 982,167 
Extra cooling Energy [kWh] 64,911 1,935,961 

CO2-emission [kg] 34,143 1,018,316 
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5.3 Cost balance 
Now that the benefits and investments have been calculated, the payback period can be determined for 
both buildings, Table 18 and Table 19. It can be established that the payback time is shorter if there are 
more employees, despite the extra floor area and the associated investment costs. In this calculation, it 
is assumed that with application of the measures the productivity becomes 100%. 

Table 18 Cost balance between the benefits of and investments in an improved indoor climate of office department building A 

 Increased airflow Extended 
ventilation period 

Night-time 
ventilation 

Extra cooling 

Costs €                   7,461 €                 18,831 €              55,847 €        217,639 
Savings €                 63,597 €                 63,597 €              63,597 €          63,597 
Cost-benefit ratio 8.5 3.4 1.1 0.3 
Payback time <2 months <4 months <11 months <3.5 years 

 
Table 19 Cost balance between the benefits of and investments in an improved indoor climate of building B 

 Increased airflow Extended 
ventilation period 

Night-time 
ventilation 

Extra cooling 

Costs €               261,521 €               125,027 €            330,450 €        133,101 
Savings €            3,626,540 €            3,626,540 €         3,626,540 €     3,626,540 
Cost-benefit ratio 13.9 29.0 11.0 27.2 
Payback time <1 month <1 month <2 months < 1 month 

 
A compliance in this calculation is the ownership situation of the building. More than half of the office 
building stock is rented (64%) [56]. As a result, the building owner often has no direct benefits of an 
improved productivity. Investments in the indoor climate must then be returned through rent. In the 
REHVA publication [9], an estimate has been made for the maximum investment for the building owner 
to keep measures economically efficient. Table 20 shows this maximum investment per m². Taking into 
account a productivity increase of 1%, a work value per employee of 30 €/h and a surface of 15 m²/p, 
an investment of 57 to 115 euro per m² will be cost effective. Since both buildings have a smaller surface 
area per person, the investment costs are even returned faster than indicated in this table. The size of 
the cost effective investment is dependent on the annuity factor on the investment (5 to 10% in 10 or 20 
years). The investment in the above mentioned measures is much lower than indicated in this table. 
Those measures can be extended and still be cost efficient for the building owner. 

Table 20 The potential effect on rent when 25% of the productivity increase is taken in to account 

Work 
value 
[€/h] 

Surface 
[m²/p] 

Value increased 
productivity 

[€/m²/a] 

Rent 
increase with 
25% of value 

increase 

Size of cost effective investment 
[€/m²] 

Rent 5% of 
lifespan 

investment 
10a 

Rent 10% 
of lifespan 
investment 

10a 

Rent 5% of 
lifespan 

investment 
20a 

30 15 37 9.24 71 57 115 
30 25 22 5.54 43 34 69 
60 15 74 18.48 143 114 230 
60 25 44 11.09 86 68 138 
90 15 111 27.72 214 170 345 
90 25 67 16.63 128 102 207 
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6. Discussion 

This study focused on the assessment of the influence of the indoor climate on the productivity of in-use 
offices. The developed method based on literature study, results of the applied assessment in in-use 
offices and the costs analysis are described in Chapter 3 to 5. In this chapter, the results will be 
discussed on the basis of the three research elements. 

6.1. Assessment method 
The first part of this study was finding out what knowledge about the relation between the indoor climate 
and productivity already is available. Although much research has been performed already, there are 
still many questions left about determining the productivity in offices. To compare the results of the 
studies with each other, the outcomes have been transformed into the input of PMV for thermal comfort 
and temperature, relative humidity and CO2-concentration for indoor air quality on a scale of 0-100%.  

The lack of research results in the available articles makes it difficult to compare the studies. A number 
of studies show a formula that can be used, some others only the improvement without data of the basic 
situation. For example, Clements-Croome's study only shows a formula that produces results outside 
the established scale. The original study results are missing here, which makes this formula not reliable 
to use. The comparison between different studies is also problematic due to the different research 
methods, which results for example in a different productivity scale. This made it impossible to use the 
study of P. Jacobs [57] that establishes a direct relationship between CO2-concentration and 
performance. By simplifying the exchange of study results, collaboration can be improved in the future 
to develop knowledge. 

For the calculation of the productivity as a result of thermal comfort, the formula of Seppänen [27] used 
in the REHVA publication [9] seems to be a reliable method. The results obtained by this formula are 
average compared to other study results. The formula of Lan [29] is not sensitive to temperature 
changes. According to Leyten et al. [58], the relationship found by Lan et al. is not representative for 
office work in an air conditioned environment, among other things because of the relatively short 
exposure time (80 minutes) and the relatively long pauses between the exposures. Opposite of Lan is 
the formula of Kosonen [28], which reacts strongly to high temperatures. Because in the applied field 
studies, especially cold thermal sensations occurred, the formula of Roelofsen [3] was the most extreme. 

In comparison with thermal comfort, little is known about the perception of air quality. The perception 
can be calculated based on CO2-concentration or on temperature (in which case CO2-concentration 
plays a negligible role). Due to the different steps that need to be taken through Freshness or 
Acceptability, this method is more complicated and less transparent. Again, the applied method in the 
REHVA publication [9] (standardized PD formula [7] and productivity by Wargocki [34]) seems to be a 
good way to determine productivity. In the study of Bako-Biro it is difficult to determine where the zero 
point of the experiment was. Just like this study, a number of other studies also have a productivity that 
can be above 100%. The research methods of the applied laboratory studies about the relation between 
IAQ and productivity differ greatly from each other. In the study about acceptability by Wargocki [33], 
the relationship is only determined by facial exposure and not by full body exposure. This raises 
questions about the reliability of the outcomes. 

Little research has been conducted on the combined effect of the indoor climate on productivity. Many 
studies focus on only one single aspect of the built environment. It is expected that the effect of multiple 
factors is increased if they are experienced at the same time. The two formulas used for combining the 
factors are the opposite of each other: the solution as proposed by REHVA [9] creates an extra large 
range for the productivity and the solution of Dai and Lan [41] reduces the effect of two factors. From 
the literature study of G. Clausen [40] it can be stated that the effects can not simply be added. This is 
especially the case if thermal comfort and air quality are both dependent on the temperature. Therefore 
the bottom of the productivity range by REHVA does not seem to be correct. 
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6.2. Field study 
6.2.1. Measurement results 
In addition to the advantages of a field study (representative sample, usability, authenticity), the 
implementation of this research has experienced difficulties in practice. First, the ideas about smart 
buildings are large, but the application is still limited in practice. Temperature sensors are used regularly 
(sometimes without registration), but CO2-sensors are often only used in spaces that are variable in use 
like meeting spaces. Use is made of extra sensors that were placed at workplace level, but due to a 
failure of these sensors in building B these could not be used here. Therefore, the actual building sensors 
have been used, which occasionally have a malfunction (1-5%). If there was a measuring fault, the 
opposite parts of the building simultaneously showed a fault. This indicates that the fault is not in one 
sensor alone, but in the system itself.  

During the measurement period, the goal was to reflect the usual situation as much as possible. Users 
each have their own custom, such as leaving doors open, opening windows or not, setting the 
thermostat, etc. In addition, users also have had an effect on the setup of the measuring equipment. 
Because users should be able to use the space practically during the measurements, it was not possible 
to place the measuring equipment in the middle of the space, where it would have been free of 
surrounding obstacles. This shows a difference with the measurement situation in a laboratory, in which 
a controlled situation can be obtained.  

Workplace sensors were used to determine the comfort, air quality and productivity during two seasons. 
Despite the setpoint of 21°C in building A, the measured temperature was higher. Building B remained 
between the wide temperature range of 19 to 26°C. A decrease in temperature is noticed in both 
buildings. In building A the relative humidity has been measured, which meets the requirements. 
However, the air already is a lot dryer during autumn than during summer. Since no humidifier is used, 
it is important to pay attention to the relative humidity during winter to ensure that the air is not too dry. 
In both cases, the CO2-concentration is within the permitted values of 800 ppm (building A >93% and 
building B 100%). There is little difference, even though building B has a variable system based on CO2-
sensors and building A does not.  

6.2.2. Field study analysis 
Although the temperature in building A is higher than the setpoint and in building B within the range, 
mostly negative PMV values have been calculated. As a result, both buildings do not meet the intended 
requirements for class B or even class C. Despite the possibilities to control the temperature with a 
climate ceiling, the measured temperature in building B is too low.  

For building B the relative humidity has been calculated with use of the temperature and humidity outside 
and the temperature inside. A precondition for the reliability of these results is that no humidification or 
dehumidification is applied and no extreme moisture production occurs. When comparing a test 
calculation and the measured values in building A, the data corresponds well. The calculated relative 
humidity in building B does not remain within the permitted range. According to the results, it was too 
humid during summer and too dry during autumn. 

In both buildings productivity increases during autumn, but September is an exception in building A. 
When comparing graphs, it can be seen that PMV is higher during the first and last week of September 
than in other weeks. This is also reflected in productivity during September. In the PMV calculation, use 
is made of the seasonal indication by weather stations, because people adjust their clothing to the 
weather. With climate change in the future, it is advisable to use a formula to determine the clo-value 
according to the temperature. For example, in September 2017 it was warmer than usual, but the clo-
value already had changed from 0.7 to 0.8. Since PMV is sensitive for clo, this decision influences the 
results.  

The calculated productivity varies greatly due to the different formulas. Therefore in the data analysis 
always a minimum, maximum and mean productivity loss is shown. The mean calculated productivity 
loss was always used for making statements and comparisons about productivity. In both buildings it 
can be seen that the productivity decreases during the day as a result of the air quality and then 
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increases again at the end of the day. Despite the small productivity range compared to temperature, 
air quality clearly plays a role in these buildings where the reduced productivity is only small. 

6.2.3. Sensitivity analysis 
In this study, it is shown that the BMS sensors have a deviation of 0.6°C in building A and -0.1°C and 
56 ppm in building B. The measured deviations have an effect on the perception of both thermal comfort 
and air quality. The direction of the temperature deviation is important, since high temperatures cause 
a higher productivity loss than low temperatures. The deviation of the CO2 sensors corresponds to the 
specification of the sensors used at work place level, 50 ppm. The consequence of the deviation for the 
calculation of productivity loss is 0.6% in building A and 0.2% in building B, this results in € 216 for 
building A and € 81 for building B per employee per year. The accuracy of the data is influenced by the 
accuracy of the sensor itself, but also to the location of the sensor is important, as discussed in the 
thesis of L. Kooi [22]. Especially when the perception of occupants is of interest, it is important to 
consider these two factors. In both case studies, the sensors are not located directly on the workplace 
but in a convenient location on the wall. 

The sensitivity analysis of the formulas for individual input parameters show that both the formula for 
thermal comfort and the perception of the air quality (Freshness) are sensitive to the temperature. It is 
therefore important that this data is as accurate as possible. It shows that on the warm side PMV is most 
sensitive for the air temperature and on the cold side to metabolism. This means that in cold spaces, 
like the two field studies, people with a higher metabolism feel comfortable earlier. When it is assumed 
that Trad is equal to Tair, the temperature is the most important parameter for the PMV calculation. 
Finally, a comparison has been made with the effect of changes in thermal comfort and air quality (PD, 
Acceptability and Freshness) on the productivity calculation. This shows that an increase in temperature 
relative to the basic case has more impact on the productivity loss due air quality than on productivity 
loss due to thermal comfort, despite the larger productivity range as a result of thermal comfort. Changes 
in CO2-concentration have relatively little effect on productivity loss. 

6.2.4. Subjective assessment 
A part of the research consisted of surveys with which the subjective data was collected to compare 
with the theory. Despite the fact that many surveys have been distributed, only 7 surveys have been 
returned from both buildings (14 in total). However, several days of feedback have been filled in by the 
same user. 

Due to the low number of returned surveys, it is plausible to state that the sample was too small to 
establish significant relationships. Nevertheless, the results have been useful for establishing 
relationships and differences. The spread of the survey results is much larger than the calculated values. 
The subjective assessment has a more extreme outcomes than the calculated one which is also caused 
by the way in which the question is asked. On the answer form there was only the possibility to answer 
integers on a 7-point scale, which is standard, instead of a reply with an interval of a one decimal. 
Because the calculated PMV spread was not so large, this did not match the survey results. In addition 
to these differences, the PMV calculation is clearly an average of different individual perceptions and 
the sample is too small to discover a relation. Of the completed surveys it is not known what target group 
(satisfied/unsatisfied) has responded to this survey. 

In the survey it was also asked which tasks employees are mainly concerned with. From this it can be 
concluded that these tasks are not evenly distributed. The most frequently performed tasks are typing 
and reading. In the literature, various tasks have often been tested and one mean value represents 
those tasks in an equal ratio. This does not correspond to the reality according to this survey results. 
However, in the studies attention was paid to testing the various activities. Kosonen [28], Bako-Biro [36] 
and Wargocki [34] all state that the effect on typing is the greatest. Instead of averaging those results, 
in the future research can be done into realistic weighing of those tasks. 
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6.3. Cost analysis 
The data from the CBS show that the salary costs are a large part of the expenses of a company. Small 
percentage changes in productivity can already result in large savings. There has been chosen to use 
the data from CBS, because it was possible to find out exactly what the costs consist of. The well-known 
figure of the World Green Building Council (90% salary costs) [8] does not show what the data is based 
on and what the calculated costs consist of. 

In this study, the benefits of investments in the indoor climate, the yields for increased productivity and 
reduced sick leave, have been calculated. For a classified healthy building [12], the benefits of increased 
productivity are € 15,390 and for a classified unhealthy building € 35,920, which is more than doubled. 
The costs for reduced sick leave are calculated at € 13,280 for both healthy and unhealthy buildings, 
based on 2.5 days sick leave. Expected is that the health costs in an unhealthy building are higher than 
in a healthy building, as is also shown in Figure 40. To be able to compare the data of buildings in 
general with the field study cases, the costs per person must be calculated. For buildings in general, the 
number of employees on average 46 people, which results in € 623 for healthy- and € 1070 for unhealthy 
buildings per person for increased productivity and decreased sick leave.  

The number of sick days established from the graph of Saari [47] appears to be very high compared to 
the other literature. The surveys also indicate that employees are mostly less than two times ill a year 
and when they are ill, it mostly takes less than two days. Taking this into account, the cost balance and 
associated payback time change. Based on the 2.5 sick days per year from the study of Preller et al. 
[48], the savings shown in Table 21 are more obvious. These savings amount to € 826 for building A 
and € 790 for building B per person. 

Table 21 Yearly potential savings of field study cases 

 Building A Building B 
Calculated 

savings 
Costs savings Calculated 

savings 
Costs savings 

Increased productivity 1% €           108,000 0.9% €           907,200 
Decreased sick leave 20 hours €           139,740 20 hours €        1,304,240 
Total  €           247,740  €        2,211,440 

 
The studies that were used for buildings in general showed that the payback time for investments in the 
indoor climate is between four months and two years. As a result of the high sick leave in both buildings, 
the potential savings are high and the payback time is low. Taking into account the potential savings 
from Table 21, the payback time is shown in Table 22 and Table 23. Because the investments were only 
calculated for the studied office department in building A, the savings for these 45 employees are equal 
to € 37,161 (€ 16,200 for increased productivity and € 20,961 for decreased sick leave). 

Table 22 Cost balance between the benefits of and investments in an improved indoor climate of office department building A 

 Increased airflow Extended 
ventilation period 

Night-time 
ventilation 

Extra cooling 

Costs €                   7,461 €                 18,831 €              55,847 €        217,639 
Savings €                 20,961 €                 20,961 €              20,961 €          20,961 
Cost-benefit ratio 5.0 2.0 0.7 0.2 
Payback time <3 months <7 months <1.5 years <5.9 years 

 
Table 23 Cost balance between the benefits of and investments in an improved indoor climate of building B 

 Increased airflow Extended 
ventilation period 

Night-time 
ventilation 

Extra cooling 

Costs €               261,521 €               125,027 €            330,450 €        133,101 
Savings €            3,626,540 €            3,626,540 €         3,626,540 €     3,626,540 
Cost-benefit ratio 8.5 17.7 6.7 16.6 
Payback time <2 months <1 month <2 months < 1 month 
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The calculated payback time is still relatively short after changing the sick leave. If the price per m² of 
these measures is compared with the maximum cost effective investment for rented buildings, much 
larger adjustments can be made. One can think of replacing installations: for example in building A the 
induction unit can be replaced for a climate ceiling, which is known to provide higher comfort. 

As shown in the results of investing in extra cooling, it appears that extra cooling does not always have 
to cost a lot of money. This depends on the type of generation and the delivery system. In this case, 
water has a higher heat capacity in building B than air does in building A. Both buildings have an ATES 
system.  
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7. Conclusion 

In this study, a method was designed for assessing the influence of the indoor climate on employee 
productivity. Despite many studies have already been conducted in this area, designing and monitoring 
on productivity is still little applied in practise. To close the gap between theory and practice, two in-use 
office buildings were assessed on existing relations between the indoor climate and productivity and the 
sensitivity of individual parameters on productivity were established.  

First, the productivity ranges have been determined, based on a literature study. In this part of the 
research, it already is established that productivity is much more dependent on temperature than on air 
quality, since the productivity ranges differ much (60-100% as a result of thermal comfort and 90-100% 
as a result of air quality). This is also reflected in the sensitivity analysis: productivity is most sensitive 
to thermal comfort and freshness, which are both sensitive to temperature. The differences between 
study results within the same environmental factor are large, depending on the used research method. 
The studies described in the REHVA publication are show an average productivity value compared to 
other studies. In order to avoid a complex assessment procedure, it is recommended to use those 
relations between temperature and productivity of Seppänen and PD and productivity of Wargocki or 
Bako-Biro. When combining different indoor climate factors, the productivity range of employees 
becomes even greater. For this, it must be taken into account that the influence of the temperature on 
the perception of the air quality (freshness) can not be added to the thermal comfort. 

In this study, use was made of two in-use office buildings for the application of the developed 
assessment method. In both buildings the employees had a cold thermal sensation, which is positive for 
the productivity. However, the buildings were sometimes so cold that productivity did decline as well. 
The month of September has been a contrary month, where productivity has reacted strongly to a warm 
thermal sensation. It is recommended to keep the temperatures as stable as possible in a PMV between 
-0.2 and 0. With the changing clo-value it is therefore important that the temperature setpoint is adjusted 
to the weather. The calculated productivity loss was determined to be in between 0-10% for building A 
and 0-8% for building B over the measured period. This amounts to 1% for building A and 0.9% for 
building B as mean productivity loss due to the indoor climate. It has to be taken into account that 
productivity loss due to acoustical and lighting environment, as well as social factors, are not included.  

The sensitivity analysis in this study shows that especially the temperature is an important parameter 
for determining the productivity. PMV reacts strongly to this temperature (also to metabolism) and the 
perception of the air quality (freshness) also reacts strongly to high temperatures. In addition, high CO2-
concentrations can lead to lower productivity, but to a lesser extent than the temperature. The relative 
humidity plays no part in determining the productivity. Although the accuracy in the sensors is important 
for determining the comfort and productivity as good as possible, the deviations in these field studies 
had a negligible consequence on the calculated productivity. 

Finally, a cost analysis has been carried out to determine to what extent investments in the indoor 
climate are advantageous. Based on literature data and an example of a real office building it has been 
shown that the benefits of increased productivity and decreased sick leave are larger than the 
investments in measures for the indoor climate. According to this study investments can be recovered 
between one month and two years, depending on the type of measure. This payback period is relatively 
short compared to the lifespan of building installations, making it advantageous to invest in the indoor 
climate. 
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8. Future research 

As a result of this research into the influence of the indoor climate on the productivity of employees in 
offices, a number of proposals will be made in this chapter for further research in the future. 

First, it would be interesting to study the actual productivity of employees in offices in the future. This 
study uses the available knowledge on this subject. In addition to these data, the applied test methods 
(simulated office work) or another test method could be used in real office buildings. In this future study, 
temperature and air quality would be varied. The value of this additional study would be to know what 
the real productivity of employees is. 

The further development of the subjective assessment also requires attention. This study showed that 
keeping surveys among employees does not provide the information that is needed. If scientists want 
to do predictions about the perception of people, more information is needed. Methods that can be 
further developed for this would be for example feedback through skin temperature sensors. 

In addition to this, the knowledge about the perception of air quality is much less developed than the 
knowledge about the perception of thermal comfort. This is mainly due to the study of Fanger. Although 
this formula is based on a laboratory situation with a target group in the age of students, the method 
seems to be reliable to use. For the further development of calculation of the perception of air quality, 
study of Paul Roelofsen, based on the studies of Berglund and Hettinger, can be used as a starting 
point. 

This research focused on the indoor climate. Knowledge about the relationship between acoustical and 
visual comfort on productivity is still limited. In order to be able to determine the relationship between 
the entire indoor environment and productivity in the future, this knowledge is essential. Especially the 
effect of noise on productivity seems to be important. 
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Appendices 

Appendix 1. Methodology 
This appendix provides additional information about the research method described in Chapter 2. First, 
the method for the literature study will be described, then additional information about the field study is 
given and finally the used survey is presented. 

Appendix 1.1. Literature study 
In the field of productivity, a lot of research has been done into the effect of the indoor climate, especially 
for offices. The results of these studies will be used to assess the productivity of in-use offices. In addition 
to the use of the REHVA publication [9] and the dissertation of Paul Roelofsen [3], an independent 
literature study has been conducted. The method used for this is PICO, which was devised by 
Richardson et al. in 1995 [21]. Based on three search terms, articles were searched in two different 
databases, shown in Table 24. As a final step, the relevant sources referred to in the articles are added. 

Table 24 Search terms used for literature study into the relation between indoor climate and employee productivity 

Problem Intervention Context 
Productivity Indoor climate 

Air quality 
Temperature 

Percentage dissatisfied (PPD) 

Office 

 
In total 42 studies have been found with this search method. To be able to define a productivity range 
for offices, those articles are sorted on relevance (duration and number of participants), climate and 
number of references to the article. This brings the number of articles back to 21, shown in Figure 41. 

 

Figure 41 Literature study selection process 

In Table 25 the 21 studies found by the selection process are shown, subdivided under the search terms 
from Table 24. As shown, no articles were found by the combination with Percentage Dissatisfied.  

Table 25 Results of the literature study by means of PICO method 
PhD thesis Roelofsen Database Resources 

Google Scholar Science Direct 
Air 

quality 
Indoor 
climate 

Thermal 
comfort 

Air 
quality 

Indoor 
climate 

Thermal 
comfort 

Air 
quality 

Indoor 
climate 

Thermal 
comfort 

Air 
quality 

Indoor 
climate 

Thermal 
comfort 

5 0 3 1 0 1 1 0 3 3 2 2 
8 2 4 7 

 
Of the 21 selected studies, 15 are referenced in this report, of which 7 have been used for the 
productivity calculation. Other studies on which the assessment method is based were found by means 
of reference (3 articles) and the dissertation of P. Roelofsen. The 6 unreferenced studies have been 
used as background information.  

Fourth selection: Referenced (+100) and own assessment
21 studies (13+8)

Third selection: Filtering on climate
36 studies

Second selection: Most relevant articles
39 studies

First selection of articles
42 studies
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Appendix 1.2. Field study 
In this appendix, additional information about the applied field study cases will be given. First the 
registered comfort complaints of both buildings are shown. Then the representativeness of the office 
buildings and selected spaces are described, followed by information about the spaces used. Finally the 
measurement plan and the method for calibration of the sensors are shown. 

Comfort complaints 
The condition for the cases used for the field study was that there were no major comfort problems, to 
prevent this study to become a problem-solving project. This concerns comfort complaints caused by 
building- and design faults. The following figures show the registered comfort complaints of employees 
of the year 2017. The complaints registration of building B was more detailed, making the graph look 
different. In building A there are mainly complaints about too high temperatures and in building B about 
too high temperatures with corresponding air quality complaints and problems with control panels. Also 
in building B there are complaints about low temperatures, which are caused by the placement of air 
supply grids above workstations. This creates a draught at some specific places. 

 
Figure 42 Registered comfort complaints of building A 

 
Figure 43 Registered comfort complaints of building B 

Representativeness of field study 
Research among office buildings in the Netherlands shows that 64% of the offices are rented. More than 
half of the offices have a floor area of more than 5000 m². It also appears that the building stock before 
2010 mainly consisted of new buildings, while nowadays mainly renovated buildings are used [56]. The 
offices that are used for the field study are both rented. Building A is a multifunctional building with ± 
2,700 m² office space and building B has a total surface of 82,120 m². Both office buildings have a 
representative design: building A has a conventional design (brick façade with windows, cell structure) 
and building B has a modern design (glass façade, open-plan office).  

The spaces are selected, among other things, for the representativeness with respect to the building 
and the user pattern of the space. Because building A is a multifunctional building and therefore a 
number of spaces are not suitable for this field study. The examined areas were then selected for 
frequent use during the week. Building B is an office building, where the floorplan shows repetition over 
the building layers. It was decided to carry out the study on the 11th floor, because these spaces are 
used mostly during the week. This user pattern is derived from the CO2 sensors of the BMS. 

Figure 44 shows the differences in average temperature of a week between the various building parts 
and building layers of building A (letter is the building part and number is the building layer). In the winter 
the temperature difference is greater (1-3°C) than in the summer (0.2-1°C). A2 is often the coldest area, 
C1 the warmest and the examined building section B0 is an average building part. 
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Figure 44 Differences in temperature between building parts and building layers of building A. 

Building parts are marked with a letter (building part) and a number (building layer). 

Figure 45 and Figure 46 show the differences between temperature and CO2-concentration of the 
different floors of building B. The differences in this building are smaller than in the building A, for 
temperature this is maximum 1,5°C and for CO2-concentration maximum 35 ppm. In contrast to the 
temperature, the CO2-concentration does not show a relationship between the seasons in the deviation 
of spaces with respect to each other.  

 
Figure 45 Differences in temperature between building 

layers of building B 

 
Figure 46 Differences in CO2-concentration between building 

layers of building B 

Information about studied spaces 
Building A is a multifunctional building, where offices are located on the ground and the 2nd floor. The 
offices are designed for 1 to 4 persons and are 18-24 m². Since the 2nd floor has been used by an 
external organization and the spaces are generally not used as designed (which causes comfort 
problems), there has been chosen for the ground floor. 

Building B is an office building, where the floor plan from the 10th floor has a repetitive character. The 
offices B1-B4 are about the same size, have the same layout and are designed for 12 occupants. B5 
and B6 are located in a large open plan office and are connected to each other. Multiple sensors have 
been installed per office space.  

Table 26 Space information of the studied spaces of building A and B 

 Building A Building B 
 A1 A2 A3 A4 A5 B1 B2 B3 B4 B5 B6 
Surface 18.4 18.1 18.4 18.4 18.4 100 110 155 185 48 50 
Orientation ZO ZO NW NW NW NW W NO ZW NO O 
Number of 
occupants 

1-2 2-3 2 2 0-2 12 12 12 12 6 8 
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Measurement plan 
By means of measurement data, the productivity of employees will be determined. Two in-use office 
buildings will be used in this research. Both case studies are equipped with sensors to measure the 
comfort. The goal is to verify the accuracy of those sensors and to collect additional information from 
missing sensors.  

Table 27  Applied measurement equipment 

 Building A Building B 
Present sensors  Air temperature 

 Heating/Cooling 

 Temperature setpoint 

 Air temperature 

 CO2-concentration 

 Heat and cold delivery 
Constant 

measurements 
 CO2-concentration 
 Relative Humidity 
 Air temperature 

 
N/A 

Additional 
measurements 

 CO2-concentration 
 Relative Humidity 
 Air temperature* 
 Radiant temperature (globe) 
 Air velocity 

 CO2-concentration 
 Relative Humidity 
 Air temperature* 
 Radiant temperature (globe) 
 Air velocity 

 
In the table above, the present sensors indicate the sensors that have already been placed in the 
building from completion (BMS). In both cases, those sensors are implemented in the thermostat on the 
wall. The data of those sensors goes back to the start of the use of the building (building A) or from 
activating the data connection in July (building B). Additional to these sensors, constant measurements 
will be conducted at workplace level. This means that extra sensors need to be placed over a 
measurement period during two seasons. Finally, for the prediction of productivity some assumptions 
have to be made. To determine whether these assumptions are reasonable, additional measurements 
will be conducted during one week.  

Measurement equipment 
The specifications and ID numbers of the used measurement equipment are shown in this sub-
paragraph. No specifications are known about the BMS sensors. 

The workplace sensors used for long-term measurements are Eltek sensors. These boxes are equipped 
with a temperature-, CO2-concentration- and relative humidity sensor. Table 26 and Table 28 show the 
information and accuracy of the sensors. For the placement of the sensors the air supply has been taken 
into account.  

Table 28 Identification numbers of Eltek sensors 

ID (TUE) ID (Supplier) Space 
ID 2501 T18743 A5 
ID 2416 T19158 A4 
ID 2412 T19154 A3 
ID 2414 T19156 A1 
ID 2413 T19155 A2 

Table 29 Type of sensors as a part of the Eltek sensors 

LM47A Sensor type Range Accuracy Height Interval 
Temperature SHT75 -5 – 40°C ±0,4°C h=0,7 m 5 min 

Relative humidity SHT75 0-100% ±1,8% h=0,7 m 5 min 
CO2-concentration LM47A 0-5000 ppm ±50 ppm h=0,7 m 5 min 

 
In order to be able to determine PMV during the year, measurements were taken with a measurement 
stand during one week. In addition to the long-term measurement parameters, the airspeed and the 
radiation temperature have been determined. The specifications of the two sets used are shown in Table 
29. The measurement procedure is according to the requirements of NEN-EN-ISO 7726 [59].  
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After the first measurement period in both buildings it was found that the airspeed sensor does measure 
the airspeed with an interval of 5 minutes, but that it is not registered. This resulted in unusable values. 
After this first period, the measurements were redone with an interval of 1 second. 

Table 30 Measurement stand specifications for short-term measurements, based on NEN-EN-ISO 7726 [59] 

 Set 1  
(TUE ID) 

Set 2  
(TUE ID) 

Sensor type Range Accuracy Height 

Logger ID 0890 ID 1815 Squirrel 2020 - - - 
Relative humidity ID 2900 ID 261 Humitter 0-100% ±5% h=1,1 m 
Airspeed ID 3244 ID 2990 Omni 

speedometer 
0,05-5 m/s ±0,02 m/s h=1,2 m 

Air temperature       
- Brown: top ID 3243 ID 2430 NTC U type 

0,05 
-80 – 150°C ±0,2°C h=1,1 m 

- Red: middle ID 2421 ID 2428 NTC U type 
0,05 

-80 – 150°C ±0,2°C h=0,6 m 

- Green: bottom ID 2422 ID 2431 NTC U type 
0,05 

-80 – 150°C ±0,2°C h=0,1 m 

Radiant temperature ID 2142 ID 1249 T-sens -50 – 150°C ±0,1°C h=1,0 m 
CO2-concentration ID 2898 ID 3121 SBA-5 CO2 

Analyzer 
0-2000 ppm <1% h=0,7 m 

 
During the short-term measurements the CO2-concentration outside is measured, so that a basic value 
can be determined. For building A and for building B this was both 360 ppm. Because this seems to be 
low value, later the sensor was tested in the laboratory with positive results. 

All measurements were carried out according to the diagram shown in Table 31. 

Table 31 Planning measurements field study 

  
3 

Jul 
10 
Jul 

17 
Jul 

24 
Jul 

31 
Jul 

7 
Aug 

14 
Aug 

21 
Aug 

28 
Aug 

4 
Sep 

11 
Sep 

18 
Sep 

25 
Sep 

2 
Oct 

9 
Oct 

16 
Oct 

23 
Oct 

30 
Oct 

6 
Nov 

13 
Nov 

20 
Nov 

27 
Nov 

Building A                                             

Long-term                                             

Short-term                                             

Building B                                             

Long-term                                             
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Sensor calibration 
In order to determine whether the sensors used (workplace and measurement stand) have a deviation, 
a test setup was placed in the laboratory for a week. In this setup, the sensors were placed closely 
together (workplace sensors on the table next to the measurement stand) so that they should measure 
the same indoor climate. The data of this test setup for the two measurement stands (M.S.) and 
workplace sensors (ID#) are shown in Figure 47 to Figure 49.  
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Figure 47 Results of CO2-concentration of the test setup in the TUE laboratory 

 
Figure 48 Results of temperature of the test setup in the TUE laboratory 

 
Figure 49 Results of relative humidity of the test setup in the TUE laboratory 

As shown in the figures above, the equipment has some deviations. The deviation of the CO2 sensors 
is relatively small and will be corrected for the deviation with respect to the sensors on the measurement 
stand. These have been verified by performing a measurement and comparing it with new calibrated 
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sensors. The data of the relative humidity of the sensors of the measurement stand are different of the 
data of the workplace sensors. Since the permitted deviation for the workplace sensors according to the 
specifications is smaller for the workplace sensors than for the measurement stand, the values of the 
workplace sensors are considered reliable. To determine reliability of the temperature sensors, use has 
been made of a climate chamber. This climate chamber is stationed in the laboratory of TU Eindhoven 
(Memmert climate chamber, ID3475).  

Workplace sensors 
The workplace sensors were placed in the climate chamber, together with a calibrated, accurate 
temperature sensor. The sensors have been tested on four temperatures, 15, 20, 25 and 30°C. As 
shown in Figure 50, all sensors comply with the specifications except ID2501, which has a too large 
deviation on the extremes. These deviations are based on measurements in a stable environment in the 
climate chamber during 15 minutes, wherein the interval was 1 minute. The measurement data has 
been corrected for the average measured deviations at 20 and 25°C, as shown in Table 32. 

 
Figure 50 Temperature deviations of the workplace sensors, 

with the specifications shown in black dashed line 

Table 32 Average deviations at 20 and 25°C, as defined in 
climate chamber  

Sensor Deviation 
ID2412 0.2 
ID2413 0.2 
ID2414 0.2 
ID2416 0.1 
ID2501 -0.3 

 

Measurement stand 
In addition to correcting workplace sensors, also the sensors of the measurement stand have been 
tested in the climate chamber together with a calibrated accurate temperature sensor. No significant 
deviations were found in this equipment, shown in Table 33. 

Table 33 Deviations of the sensors of the measurement stands, set 1 and 2 

 15°C 20°C 25°C 30°C 
T0.1m T0.6m T1.1m T0.1m T0.6m T1.1m T0.1m T0.6m T1.1m T0.1m T0.6m T1.1m 

Set 1 0 0 0 0 0 0 0 0 0 0.1 0.1 0 
Set 2 -0.1 0 0 0 0 0 0 0.1 0 0 0.1 0 

 
  



51 
 

Correction 
After determining the deviations, the results of the former test setup have been corrected. The corrected 
data is shown in Figure 51 to Figure 53. 

 
Figure 51 Results of CO2-concentration of the test setup in the TUE laboratory, corrected for the established deviations  

from the measurement stand  

 
Figure 52 Results of temperature of the test setup in the TUE laboratory corrected for the established deviations  

in the climate chamber 
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Figure 53 Results of relative humidity of the test setup in TUE laboratory corrected for the established deviations  

from the measurement stand 

BMS sensors 
Unlike the workplace sensors, no specifications were available from the BMS sensors at the respective 
building. To determine the accuracy of the BMS sensors, the sensors on the measurement stand have 
been used, which showed no significant deviations. Table 34 shows the mean deviations between both 
sensors, during occupancy time (7:00-18:00). The measured data has been corrected for this deviation.  

Table 34 Deviations between BMS and AME 

 B1 B2 B3 B4 B5 B6 

T -0.6 -0.1 0.3 0.5 0.2 -0.8 

CO2-concentration 15 67 44 61 59 82 
 
Analyzing the sensor data shows that the correlation between the temperature sensors is moderate 
(Figure 54) and between CO2 sensors very strong (Figure 55). However, a paired samples T-test shows 
that there is difference between the data of both CO2 sensors (p<0.05). When analyzing the temperature 
data, the deviation is the smallest around the neutral temperature, Figure 56. The higher the 
temperature, the more the BMS sensor deviates and indicates that it is colder than it really is. The other 
way around, the lower the temperature, the more the BMS sensor indicates that it is warmer than it really 
is. The correlation between the temperature and the temperature registered by the BMS sensor is -0.66 
(strong). This negative correlation means that the measured air temperature of the BMS sensor is higher 
than the temperature measured by the measurement stand.  
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Figure 54 Measured temperatures BMS plotted against the 

absolute temperatures. Correlation between sensors is 0.56. 

 
Figure 55 Measured CO2-concentration BMS plotted against 

the absolute CO2-concentration. Correlation between sensors 
is 0.96. 

 
Figure 56 Correlation temperature deviation. Correlation 

between sensor and deviation is -0.66. 

 
Figure 57 Correlation CO2-concentration deviation. 
Correlation between sensor and deviation is 0.16. 
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Appendix 1.3. Survey 
To collect subjective data, a survey was used among employees in the office buildings that were used 
for the field study. The survey consists of a general part and a part that was asked to complete daily 
during one week. The survey is shown below. 

_________________________________________________________________________________ 

 
Achtergrond informatie 

1. Locatie van uw werkplek (ruimtenummer)……………………………………………………………. 

2. Leeftijd……………………………………………………………………………………………………. 

3. Geslacht: Man / Vrouw (omcirkel)  

4. Aantal jaar werkzaam bij huidige werkgever…………………………………………………………. 

5. Aantal jaar werkzaam op huidige werkplek…………………………………………………………… 

6. Aantal personen in uw werkruimte…………………………………………………………………….. 

7. Hoe tevreden bent u over het algemeen met uw werkplek? (lay-out, ruimte, privacy, etc.) 
 1  2  3  4  5  6  7   
Zeer ontevreden               Zeer tevreden 

8. Hoe schat u, over het algemeen, uw productiviteit op uw werkplek op een schaal  

van 0-100%?................................................................................................................................ 

9. Ervaart u problemen ten gevolge van: 
Geluid Verlichting Tocht Temperatuur Geur Anders Geen 

O O O O O O 
…………………… 

O 

10. Overige opmerkingen over uw werkplek……………………………………………………………… 

…………………………………………………………………………………………………………….. 
 

Werkzaamheden 

1. Uw functie………………………………………………………………………………………………... 

2. Hoeveel procent van de tijd houdt u zich bezig met de volgende werkzaamheden? 
Typen  Lezen  Rekenen  Nadenken  Creativiteit  ………..  

3. Hoe schat u gedurende het jaar uw afwezigheid in t.g.v. ziekte? 

Aantal keer:.......................................Duur ziekteverlof:…………………………………………….. 

Persoonlijk welzijn 

Heeft u, wanneer u op uw werk bent, wel eens last van een van de volgende symptomen: 

            
Droge ogen Ja    Nee Vermoeidheid Ja    Nee 
            
Verstopte neus Ja    Nee Hoofdpijn Ja    Nee 
            
Droge keel Ja    Nee Concentratieverlies Ja    Nee 
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Dagelijkse vragen 

Datum………………………………………………Tijd:………………………………………………………. 
Hoe beoordeelt u vandaag de temperatuur in deze ruimte? 

Koud Koel Enigszins koel Neutraal Enigszins warm Warm Heet 
O O O O O O O 

Hoe ervaart u deze thermische conditie: Acceptabel / Onacceptabel (omcirkel) 
 
Hoe beoordeelt u vandaag de luchtkwaliteit in deze ruimte? 

Heel fris Fris Enigszins fris Neutraal Enigszins muf Muf Heel muf 
O O O O O O O 

Hoe ervaart u deze luchtkwaliteit: Acceptabel / Onacceptabel (omcirkel) 
 
Hoe schat u uw gemiddelde productiviteit van vandaag? 
|------------|------------|------------|------------|------------|------------|------------|------------|------------|----------| 
0%               50%            100% 

this box is repeated for the number of days that have been requested to complete the survey 
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Appendix 2. Assessment method 
In this appendix, the creation of the assessment method of the effect of the indoor climate on productivity 
is explained. First the main study, which is used in the REHVA publication [9], is explained. Next, 
background information about the other studies used is provided. 

Appendix 2.1. Weighted mean of Seppänen 
The study of Seppänen [27] focusses on the effects of temperature on performance at office work. 
Existing information of studies that used objective indicators of performance, such as text processing, 
simple calculations (addition, multiplication), length of telephone customer service time, and total 
handling time per customer for call- center workers is used. In total 24 studies are used. In eleven of 
those, data is collected in the field. Nine studies collected data in a controlled laboratory environment. 
Study results of subjective assessments and studies of industrial work performance were neglected. 
This has resulted in the percentage of performance change per degree increase in temperature.  

The equation derived by Seppänen et al. is based on a weighted mean of all data points from the existing 
studies, Table 35. Based on sample size, the obtained results are weighed in Stata 8.2 for Windows. 
The sample sizes range from 9 to 500, with studies of one hundred or more subjects having a maximum 
weight of 1. Another weighting factor is applied on the performance outcome of real work instead of 
simulated work tasks. However, performance changes in simulated work tasks were assumed as more 
relevant than performance changes in school tests, manual tests and vigilance tests. As a result, a 
quadratic model to the data for normalized percentage change in performance vs. temperature is 
derived: unweighted, weighted by sample size, and weighted by combined final weight separately.  

In this study, it is not possible to make a translation from T into PMV for a number of interesting studies, 
as the required information is missing in those articles. Therefore, the weighted mean of Seppänen is 
assumed to be true and assumptions are used to translate the temperature into PMV. 

Table 35 Studies with performance and temperature in tasks related to office work 

Outcome or tasks and 
weighting factor of the 

outcome in the analysis 

Author and year of the study Environment of 
the study 

Objectively reported work 
performance (1) 

Federspiel et al. 2004, Heschong 2003, 
Korhonen et al. 2003, Niemelä et al. 2001, 

Niemelä et al. 2002 [10], Tham 2004, 
Tham and Willem 2004 

Office environment 

Complex tasks (0.5) Chao et al. 2003, 
Heschong 2003, 

Link and Pepler 1970 

Office environment 
Field laboratory 
Apparel factory 

Simple tasks, visual tasks 
(0.25) 

Berglund 1990, Fang 2004, Hedge 2004, 
Langkilde 1978, Langkilde et al. 1979, 

Löfberg et al. 1975, Wyon 1996 

Laboratory 

Vigilance task or manual tasks 
related to office work (0.15) 

Meese et al. 1982, 
Mortagy and Ramsay 1973, Wyon et al 

1996 

Field laboratory 
Laboratory 

Learning (0.15) Allen et al. 1978, Holmberg and Wyon 
1969, Johansson 1975, Pepler and Warner 

1968 

Class room 
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Figure 58 Percentage change in performance vs. 

temperature 

 
Figure 59 Normalized performance vs. temperature 

Assumptions 
The assumptions that were made to compare the study results of Seppänen were the following: 

 Air velocity = 0.12 m/s 
 Radiant temperature = Air temperature 
 Clo value in summer (June, July, august) = 0.7 in winter (December, January, February)= 0.9 

in autumn and spring = 0.8 
 Relative humidity = 50% 
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Appendix 2.2. Background information 
In this appendix, the background information about other studies used for the assessment of the 
influence of the indoor climate on productivity is given. Table 36 and Table 37 show the information 
about the research method for the studies used for thermal comfort and air quality. 

Table 36 Study conditions of the experiments conducted on the relation between thermal comfort and productivity 
Study Participants Measurement Subject Note 

Number Gender Age Temperature Airspeed Clothing Exposure  
Kosonen 

[28] 
Un-

known 
Un-

known 
Un-

known 
21°C 0.15 -

0.25 m/s 
clo=1.03 

- 1.25 
- Test of 

possible 
thermal 
neutral 

conditions 
Roelofsen 

[3] 
11 Male 18-34 29-41°C 0.5 m/s clo=0.04-

0.56 
3 hours Subjects were 

acclimatized 
to 35°C, 

study 
Berglund [32]. 

Lan 
[29] 

12 50:50 23±2 22 and 30°C Un-
known 

clo=0.9 4.5 hours Simulated 
office work 
and neuro-
behavioral 

tests 
Jensen 

[30] 
12,700 Male, 

female 
All 18-33°C Un-

known 
Un-

known 
Unknown Survey and 

measurement 
in 124 offices 

 
Table 37 Study conditions of the experiments conducted on the relation between air quality and productivity 

Study Participants Measurement Subject Note 
Number Gender Age Air 

supply 
Source Duration Exposure  

Roelofsen 
[3] 

20 50:50 18-62 Un-
known 

Physical 
environment 

27 hours 15 min Research 
Berglund & 
Cain [37] 

Gunnarsen 
[1] 

32 50:50 18-30 30 L/s/p Human 
bioeffluents, 

tobacco 
smoke and 

building 
materials 

4 days 15 min, 4 
hours in 

total 

 

Wargocki 
[33] 

40 21 
females 

23±2 1, 2.6, 
6.5 h ̄ ¹ 

Building 
materials 

3 weeks 3 sniffs Assessment 
by snif 

outside the 
test room 

Wargocki 
[34] 

30 Female student 10 L/s/p Carpet 1 week 4.5 hours  

Lagercrantz 
[35] 

30 Female 20-31 9.5 L/s/p Carpet 2 weeks 4.6 hours  

Bako-Biro 
[36] 

30 Female 19-31 10 L/s/p PC’s 2 weeks 4.8 hours  

Clements-
Croome 

[4] 

228 Un-
known 

All Un-
known 

Office 
environment 

One 
specific 
moment 

Unknown Survey in 23 
office 

buildings 
Fanger 

[39] 
54 50:50 18-30 Un-

known 
Several, but 

not the 
occupants 

3 days 5 minutes, 
4 hours in 

total 

Assessment 
by judges of 
buildings in 

different 
conditions 
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Appendix 3. Field study 
In this appendix, the results of the field study are presented and described as an addition to the main 
report. First the raw measurement data is shown in graphs. Subsequently, calculations were made with 
this data and analysis has been done. Then the sensitivity analysis is presented, with the influence of 
the sensors and individual parameters on the productivity calculation. Finally, the results of the surveys 
are shown. 

Appendix 3.1. Measurement data 
This paragraph shows the measurement data obtained by BMS sensors, workplace sensors and 
measurement stands. For each building, first the short-term measurements and then the long-term 
measurements are presented. Using sensors, the parameters temperature, air humidity and CO2-
concentration were measured during five months (July to November) in a number of different offices. In 
addition to long-term measurements, measurements were taken for a shorter period of time to determine 
all input parameters for the PMV model. Finally, the assumptions used for this research are 
substantiated based on this measurement data. 

Building A 
In building A use was made of the data from additional measurements to determine the whole indoor 
climate (short-term) and workplace sensors (long-term). This data is shown in the paragraphs below. 

Short-term measurements 
The short-term measurements took place during two weeks in September (A2 and A4) and one day in 
November (A1, A2, A3, A5). Figure 60 to Figure 63 show the data of period 1, where space A2 was 
measured for two days and A4 two weeks. Figure 60 shows the weather data of the KNMI within a radius 
of 5 km from the studied building. Figure 61 shows the measured temperature at three measurement 
heights from both spaces. This figure shows that during the measurements, space A2 had higher 
temperatures than space A4. Also, the difference between the measured temperatures is larger in space 
A2 (Trad was the highest) than in space A4. The CO2-concentration during the measurement period was 
similar between the spaces. As a result of the temperature differences, in space A2 the relative humidity 
is lower than in space A4.  

 
Figure 60 Weather data of KNMI [60], short-term measurement period 1, building A 
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Figure 61 Measurement data short-term period 1, temperature, building A 

 
Figure 62 Measurement data short-term period 1, CO2-concentration, building A 

 
Figure 63 Measurement data short-term period 1, relative humidity, building A 
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Figure 64 to Figure 69 show the measurement data of the short-term measurement period 2 (space A1 
and A3 measured on 9 November and space A2 and A5 measured on 10 November). Figure 64 shows 
the weather data of the KNMI during this period. Figure 65 shows the air temperature measured at 1.1m 
height. As shown, the temperatures between spaces vary, but fall within the ranges of the thermostat 
(21°C±2°C). Space A1 and A5 have the lowest temperatures, but space A5 was not in use after 11:00 
that day. Figure 66 shows the radiant temperature measured with a black sphere. For all spaces the 
radiant temperature is lower than the air temperature.  

 
Figure 64 Weather data of KNMI [60], short-term measurement period 2, building A 

 
Figure 65 Measurement data short-term period 2, air temperature, building A 
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Figure 66 Measurement data short-term period 2, radiant temperature, building A 

Figure 67 and Figure 68 both present information about the air quality. The relative humidity falls within 
the requirements (30-70%). The CO2-concentration fluctuates during the day, from which the occupancy 
can be derived. Occurring CO2-concentrations are acceptable (<800 ppm), but differ between spaces. 
Space A5 was not in use from 11:00 that day and it is shown that the basic CO2-concentration is 360 
ppm.  

 
Figure 67 Measurement data short-term period 2, relative humidity, building A 
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Figure 68 Measurement data short-term period 2, CO2-concentration, building A 

Figure 69 shows the measured airspeed at 1.2 m height. No problems with draught were found. The 
measured airspeed falls within 0.02<v>0.06 m/s (first and third quartile box plot, shown in Figure 83), 
which is lower than the specifications (0.05 m/s). The mean measured airspeed for all spaces is 0.04 
m/s, which is neglectable.  

 
Figure 69 Measurement data short-term period 2, airspeed, building A 
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Long-term measurements 
The long-term measurements took place during five months from 18 July to 10 November, shown from 
Figure 70 to Figure 73. Figure 70 shows the weather data from the KNMI during this period. Figure 71 
shows the air temperature at workplace level. It is shown that the temperature differences between 
spaces become larger during autumn and that A2 is has the highest temperatures and A4 has the lowest 
temperatures. Figure 72 shows the relative humidity over five months, which has decreased during this 
time. The CO2-concentration, shown in Figure 73, is constant over the measured time. The CO2-
concentrations that occur are not of concern. 

 
Figure 70 Weather data of KNMI [60], long-term measurement period, building A 

 
Figure 71 Measurement data long-term, air temperature, building A 
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Figure 72 Measurement data long-term, relative humidity, building A 

 
Figure 73 Measurement data long-term, CO2-concentration, building A 
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Building B 
In building B use was made of the data from additional measurements to determine the whole indoor 
climate (short-term) and BMS sensors (long-term). This data is shown in the paragraphs below. 

Short-term measurements 
The short-term measurements took place during one week in six different office spaces in October, 
which resulted in one day per space (B1 and B2 on 2 October, B3 and B4 on 3 October, B5 and B6 on 
4, 5 and 6 October). Figure 74 show the weather data of the KNMI within a radius of 10 km from the 
studied building. Figure 75 shows the air temperature measured at 1.1m height and Figure 76 shows 
the radiant temperature measured with a black sphere. The temperatures measured in this building are 
slightly higher than in building A. When comparing the different spaces, space B1 and B6 have the 
highest temperatures. Space B6 in particular has a higher radiant temperature than the other spaces.  

 
Figure 74 Weather data of KNMI [60], short-term measurement, building B 

 
Figure 75 Measurement data short-term, air temperature, building B 
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Figure 76 Measurement data short-term, radiant temperature, building B 

Figure 77 and Figure 78 both show information about the air quality. Figure 77 shows that the relative 
humidity varies per space and is higher during the day than at night. The CO2-concentration fluctuates 
during the day, from which the occupancy can be derived. Occurring CO2-concentrations meet the 
requirements (<800 ppm) and are lower than in building A. 

 
Figure 77 Measurement data short-term, relative humidity, building B 
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Figure 78 Measurement data short-term, CO2-concentration, building B 

Figure 79 shows the measured airspeed at 1.2 m height in spaces B5 and B6 during a 30 minute 
measurement on 6 October. No problems with draught were found. The measured airspeed falls within 
0.04<v>0.09 m/s (first and third quartile box plot as shown in Figure 83). The mean measured airspeed 
during this measurement time is 0.06 m/s, which is slightly higher than building A.  

 
Figure 79 Measurement data short-term, airspeed, building B 
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Long-term measurements 
The long-term measurements took place during five months from 11 July to 30 November, shown from 
Figure 80 and Figure 82. Figure 80 shows the weather data from KNMI. Figure 81 shows that especially 
during summer the air temperature varies between spaces. During autumn the temperature inside 
decreases and the temperature differences between spaces becomes smaller. Space B6 has the 
highest temperatures, like the short-term measurements, but space B1 is similar to the other spaces. 
The CO2-concentration, shown in Figure 82, has increased during the measurement period. The CO2-
concentrations that occur are not of concern and are much lower than in building A. 

 
Figure 80 Weather data of KNMI [60] long-term measurement, building B 

 
Figure 81 Measurement data long-term, air temperature, building B 
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Figure 82 Measurement data long-term, CO2-concentration, building B 
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Assumptions for PMV calculation 
This study aims to enable the monitoring of comfort and productivity through a platform such as 
Skyspark. To calculate comfort (PMV), making assumptions is necessary in addition to the data from 
BMS sensors. In this chapter, the assumptions are reflected. 

Airspeed 
Figure 83 and Figure 84 show the boxplot of the measured airspeed of both field study cases. The worst 
case scenario (quartile 3) for building A was 0.06 m/s and for building B 0.09 m/s. Since the 
measurements for building A took longer, the mean worst case scenario for both field studies was 0.06 
m/s. When taking into account the airspeed caused by the movement of the own body, the airspeed is 
higher than the measured airspeed [31]. This airspeed of the own body is equal to  
0.3*(Met-1) = 0.3*0.2 = 0.6 m/s. The total assumed airspeed is 0.12 m/s. 

 
Figure 83 Boxplot of the measured airspeed 

 
Figure 84 Zoomed boxplot of the measured airspeed 

Radiant temperature 
Building sensors often only measure air temperature, so in this study it is assumed that the radiant 
temperature is equal to the air temperature. The average deviation of the air temperature measured at 
1.1 m height relative to the radiant temperature is 0.13°C, where radiant temperature is mostly lower 
than air temperature. Figure 85 and Table 38 show that the temperature measured at 1.1 m height has 
the largest correlation with the radiant temperature. 

 
Figure 85 Correlation between different measurement heights 

Table 38 Results Pearson correlation between Trad and 
Tair0.1m, Tair0.6m and Tair1.1m 

Sensor Trad 
Tair0.1m 0.88 
Tair0.6m 0.97 
Tair1.1m 0.98 

 

Clothing 
Table 39 shows the assumptions for the clo-value.  

Table 39 Clothing value 

Season Clo-value Season Clo-value 
Summer 0.7 Winter 0.9 
Spring 0.8 Autumn 0.8 

 
According to the KNMI, meteorologists consider June, July and August as summer season and 
December, January and February as winter season. Intermediate seasons are spring (March-May) and 
autumn (September-November) [61]. Note that those months are different from the astronomical 
seasonal arrangement.  
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Relative humidity 
At the start of the research it is assumed that the relative humidity is 50%. According to the 
measurements this is correct on average, but there are big differences between summer (humid) and 
autumn (dry).  

To meet this issue a script has been written that determines the relationship between outside 
temperature, outside humidity and indoor humidity. This script is based on a research from Ham [62], 
who made a script for the calculation behind the Mollier diagram. This model is proven to be reliable by 
comparing the calculated values with the measured values and verification with the Mollier diagram 
itself.  

 
Figure 86 Result of calculated relative humidity in comparison with measured relative humidity, data of field study A 
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Appendix 3.2. Data analysis 
This paragraph shows the data analysis of the calculated input parameters (RH and PMV) and the 
calculated productivity loss. Then the data analysis per time unit is shown in addition to the analysis in 
the main report. After the data analysis of the two buildings separately, insight is given into the 
assessment method for the calculation of productivity loss as a result of the indoor climate. Finally, the 
developed assessment method was applied to the BMS data over a year, looking at the possibilities for 
buildings in general. 

Building A 
The figures below show the results of PMV and productivity loss over the entire measurement period. 
From Figure 87 two events can be detected: during summer the there is less difference between spaces 
than during autumn (especially September) and during summer the spread of PMV values within one 
space is smaller than during autumn. Figure 88 shows the calculated productivity loss as a mean of all 
used formulas. It can be stated that the productivity loss is the highest during September and that space 
A2 has the highest productivity loss.  

 
Figure 87 Calculated PMV based on long-term measurements and assumptions, building A 

 
Figure 88 Calculated Productivity Loss (mean) based on long-term measurements, building A 

In contrast to the example described in the main report, in this field study the maximum productivity loss 
due to air quality is also sometimes caused by the temperature, shown in Figure 89. This has 
consequences for the combined effect of the indoor climate. 
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Figure 89 Calculated Productivity Loss, space A1 

Next to the analysis per month that is discussed in the main report, the analysis per day and hour is 
given in Figure 90 and Figure 91. As shown in Figure 15 the productivity increases during the week and 
is the worst on Tuesday. Figure 90 shows the effect of thermal comfort and air quality on the calculated 
productivity loss during the week. It shows that the productivity loss for both parameters decreased 
during the week. On Tuesday the productivity loss is caused mainly by the temperature, but on Thursday 
the air quality has the greatest effect.   

As shown in Figure 16 the productivity decreases during the day and is the worst just before noon. 
Figure 91 shows the effect of thermal comfort and air quality on the calculated productivity loss during 
the day. It shows that the productivity loss during the morning is mainly caused by the reduced air quality 
and during the afternoon mainly by thermal discomfort.  

 
Figure 90 Calculated Productivity Loss per day, mean 

values, of building A 

 
Figure 91 Calculated Productivity Loss per hour, mean 

values, of building A 
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Building B 
The figures below show the results of RH, PMV and productivity loss over the entire measurement 
period. Figure 92 shows the calculated relative humidity. As shown, the relative humidity decreases from 
summer to autumn, but meets the requirements. Figure 93 shows the PMV, which has a smaller spread 
over the measurement period than building A. Space B6 is the warmest space of the areas studied. 
Figure 94 shows the calculated productivity loss as a mean of all used formulas. Space B6 has the 
highest calculated productivity loss, which only decreases in November.  

 
Figure 92 Calculated relative humidity based on long-term measurements and KNMI weather data, building B 

 
Figure 93 Calculated PMV based on long-term measurements and assumptions, building B 
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Figure 94 Calculated Productivity Loss (mean) based on long-term measurements, building B 

Next to the analysis per day that is discussed in the main report, the analysis per month and hour is 
given in Figure 95 and Figure 96. As shown in Figure 23 the productivity increased during the 
measurement period and is the worst in July. Figure 95 shows the effect of thermal comfort and air 
quality on the calculated productivity loss per month. It shows that the productivity loss for both 
parameters decreased during the measurement period. Especially the air quality has a large effect on 
this productivity loss. In November, the productivity loss due to the temperature is only small.  

As shown in Figure 25 the productivity decreases during the day and is the worst around 15:00. Figure 
96 shows the effect of thermal comfort and air quality on the calculated productivity loss during the day. 
It shows that the productivity loss is mainly caused by the reduced air quality. Also the productivity loss 
due to thermal discomfort reduces during the day, but this has less impact.  

 
Figure 95 Calculated Productivity Loss per month, mean 

values, building B 

 
Figure 96 Calculated Productivity Loss per hour, mean 

values, building B 
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Explanation of the assessment method 
The aim of this study is that the existing knowledge about productivity as a result of the indoor climate 
is tested in practice and compared with the subjective perception of occupants. Based on this 
experiment, a recommendation is made for assessing productivity in offices in the future. The findings 
are explained on the basis an example, for which space A3 is used. 

The figures below show the method of the calculated productivity loss during one day. The productivity 
loss as a result of thermal comfort is represented by an orange color and the productivity due to the 
indoor air quality is represented by a blue color. Figure 97 shows all used formulas for the calculation of 
the productivity loss. It is shown that during this day, both the maximum and minimum calculated 
productivity loss are caused by thermal discomfort.  

 
Figure 97 All formulas for the Calculated Productivity Loss, example of space A3 

The next step that has been taken is to determine the minimum and maximum of the productivity as a 
result of both temperature and air quality, shown in Figure 98. The green dashed line indicates the 
extremes for thermal comfort and the yellow dashed line for air quality.  

 
Figure 98 All formulas for the Calculated Productivity Loss extremes, including minimum, maximum and mean CPL,  

example of space A3 

In addition to the extreme values for both subgroups separately, the combined effect of thermal comfort 
and air quality on productivity has been determined. To do so, the proposal of REHVA and Dai&Lan are 
used. As shown in Figure 99, the combined effect of REHVA causes the largest productivity loss. The 
mean Calculated Productivity Loss of the combined effect is shown in a black dashed line. This mean 
value has been used for comparison and conclusions in this report. 
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Figure 99 All formulas for the Calculated Productivity Loss, including minimum, maximum and mean CPL and  

the combined effect, example of space A3 

Productivity loss during the year 
The aim of this study is to determine whether the applied method for the calculation of productivity in 
the field studies is applicable for office buildings in general. Therefore, the methodology when using only 
BMS sensors has been investigated, without conducting additional measurements. 

With use of the Building Management System sensors of building A an image can be obtained about 
productivity throughout the year. Since this building only has temperature sensors, an assumption has 
to be made for the air quality. In previous figures, it has been shown that the productivity loss due to air 
quality fluctuates during the day and week, but the difference in productivity between months was 
relatively small. This productivity loss due to air quality was on average 0.8%, within a range of 0.4 to 
2.2%. In contrast to the productivity loss due to the air quality, the productivity loss due to the thermal 
comfort does fluctuate. Therefore it can be said that this is the most important sensor of the BMS. For 
this calculation the Mollier-script has been used to calculate the indoor relative humidity, with use of the 
KNMI weather data. 

Figure 100 shows the calculated productivity loss throughout the year, based on the data of the BMS 
sensors. The productivity loss during winter is much higher than during the mid-season (spring and 
autumn). During summer the productivity loss is also higher, which is shown in Figure 101. Table 40 
shows the difference in calculation results between the data based on the BMS sensors and the 
workplace sensors used for this study. This deviation is small, which means that this method is 
applicable for other office buildings with at least a temperature sensor as well.  

 
Figure 100 Calculated Productivity Loss per month based on 

BMS, building A, space A1 

 
Figure 101 Calculated Productivity Loss per season based 

on BMS, building A, space A1 
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Table 40 Difference between calculated results based on BMS- and Workplace (WP) sensors 

 

CPL(T)mean CPL(IAQ)mean CPLmean 
BMS WP Deviation BMS WP Deviation BMS WP Deviation 

Jul 0.7% 0.8% 0.1% 0.9% 0.9% -0.1% 1.0% 1.0% 0.0% 
Aug 0.8% 0.7% -0.1% 0.8% 0.9% 0.1% 1.0% 1.0% 0.0% 
Sep 1.1% 0.8% -0.3% 0.8% 0.9% 0.1% 1.3% 1.1% -0.2% 
Oct 0.2% 0.2% 0.0% 0.7% 0.7% 0.0% 0.6% 0.5% 0.0% 
Nov 0.3% 0.2% -0.1% 0.7% 0.7% 0.1% 0.6% 0.6% -0.1% 
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Appendix 3.3. Sensitivity analysis 
In this section, the sensitivity analysis is presented in addition to the main report. When calculating 
productivity, several intermediate steps are taken, all of which have an effect on the end result. Firstly, 
the accuracy of the sensors is important, which can cause a deviation in the productivity calculation. 
Secondly, the sensitivity of the formulas for individual input parameters is important.  

Effect on productivity calculation 
In this study, it was possible to correct for the deviations of the sensors. In order to determine the 
importance of the accuracy of building sensors, a sensitivity analysis has been performed, shown in 
Table 41 to Table 43. For the accuracy of building A the original building sensors are used. This accuracy 
is based, like building B, on the data from the measurement stand. 

Table 41 Effects of temperature sensor deviations on PMV and CPL, building A 

 
 
 

Temperature deviation Predicted Mean Vote Calculated Productivity Loss* 

Max Min Mean 
PMV 
(basic) 

PMV 
(new) 

PMV  
(deviation) 

CPL 
(basic) 

CPL 
(new) 

CPL 
(deviation) 

A1 1.4 0.4 0.9 -0.45 -0.22 0.23 0.0% 0.0% 0.0% 
A2 0.6 -0.8 0.1 -0.23 -0.20 0.03 0.0% 0.0% 0.0% 
A3 2.0 0.1 0.7 -0.27 -0.09 0.17 0.0% 0.1% -0.1% 
A4 2.1 0.5 1.0 -0.70 -0.44 0.26 1.8% 0.0% 1.8% 
A5 1.3 -0.2 0.5 -0.53 -0.40 0.13 0.0% 0.0% 0.0% 

Mean 1.5 -0.1 0.6 -0.32 -0.24 0.08 0.6% 0.0% 0.6% 
* Calculated Productivity Loss based on the formula of Seppänen [27] 
 
For building B, the original deviations are used to establish the impact on the calculated productivity 
loss. Since this building has both temperature as well as CO2 sensors, a sensitivity analysis has been 
conducted for both parameters.  

Table 42 Effects of temperature sensor deviations on PMV and CPL, building B 

 
 
 

Temperature deviation Predicted Mean Vote Calculated Productivity Loss* 

Max Min Mean 
PMV 
(basic) 

PMV 
(new) 

PMV 
(deviation) 

CPL 
(basic) 

CPL 
(new) 

CPL 
(deviation) 

B1 -0.1 -0.9 -0.5 -0.205 -0.33 -0.12 0.2% 0.1% -0.1% 
B2 0.2 -0.5 -0.1 -0.377 -0.40 -0.03 0.1% 0.1% 0.0% 
B3 0.6 -0.1 0.3 -0.400 -0.33 0.07 0.1% 0.1% 0.0% 
B4 0.8 0.3 0.5 -0.376 0.25 0.63 0.1% 0.1% 0.0% 
B5 0.5 -0.2 0.2 -0.388 -0.34 0.05 0.1% 0.1% 0.0% 
B6 -0.4 -1.2 -0.8 -0.187 -0.38 -0.19 0.2% 0.1% -0.1% 

Mean 0.3 -0.4 -0.1 -0.32 -0.25 0.07 0.1% 0.1% 0.0% 
* Calculated Productivity Loss based on the formula of Seppänen [27] 
 
Table 43 Effects of CO2 sensor deviations on PD and CPL, building B 

 
 
 

CO2-concentration 
deviation 

Percentage Dissatisfied, 
NPR-CR 1752 Calculated Productivity Loss* 

Max Min Mean 
PD 
(basic) 

PD 
(new) 

PD 
(deviation) 

CPL 
(basic) 

CPL 
(new) 

CPL 
(deviation) 

B1 52 -34 24 2.48 3.44 0.96 0.3% 0.4% 0.1% 
B2 122 27 67 4.41 6.89 2.48 0.5% 0.8% 0.3% 
B3 82 1 44 2.94 4.65 1.71 0.3% 0.5% 0.2% 
B4 122 19 62 3.95 6.29 2.34 0.4% 0.7% 0.3% 
B5 102 8 59 4.98 7.14 2.15 0.5% 0.8% 0.2% 
B6 133 41 82 3.30 6.40 3.10 0.4% 0.7% 0.3% 

Mean 102 11 56 3.68 5.80 2.12 0.4% 0.6% 0.2% 
* Calculated Productivity Loss based on the formula of Wagocki [34] 

As shown in the tables above, some large deviations occur (larger than the average measurement 
equipment). Those deviations show changes in especially the PMV value, which has consequences for 
the calculated comfort. Table 41 shows that the deviation in building A is only caused by the sensor in 
space A4. When calculating productivity the deviations only have little impact, except for space A4.  
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Sensitivity of productivity calculations 
In the main report, the graphs of the sensitivity of the applied equations are presented. In this section, 
the absolute changes are shown in Table 44 to Table 46. 

Table 44 Absolute changes of PMV due to variation of variables with respect to the basic situation 

Variable -20% -10% Basic +10% +20% 
Tair -0.956 -0.64 -0.32 0.004 0.333 
Trad -0.781 -0.553 -0.32 -0.082 0.161 
Ttot -1.419 -0.873 -0.32 0.242 0.812 
RH -0.379 -0.349 -0.32 -0.291 -0.261 
v -0.25 -0.286 -0.32 -0.351 -0.38 

Clo -0.645 -0.473 -0.32 -0.182 -0.056 
Met -1.091 -0.626 -0.32 -0.079 0.118 

 
Table 45 Absolute changes of Freshness due to variation of variables with respect to the basic situation 

Variable -20% -10% Basic +10% +20% 
T 0.889 1.539 2.196 2.861 3.537 

RH 2.079 2.137 2.196 2.254 2.312 
CO2-concentration 2.146 2.171 2.196 2.22 2.245 

 
Table 46 Absolute changes of Calculated Productivity Loss due to variation of variables with respect to the basic situation 

Variable -20% -10% Basic +10% +20% 
CPL(T) 3% 1% 0% 1% 3% 

CPL(IAQ,PD) 0% 0% 0% 1% 1% 
CPL(IAQ,F) 0% 1% 1% 3% 5% 

CPL(IAQ,ACC) 0.5% 0.6% 0.8% 0.9% 1.0% 
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Appendix 3.4. Field surveys 
In this section, the results of the surveys are presented. First, the results of the general survey about 
the perception of the indoor environment are presented in addition to the main report. Then the statistical 
analysis about the daily survey results is shown.  

General survey results 
The first part of the survey consisted of a number of questions about the findings of the indoor 
environment in general. The results are described below, for each building separately. 

Building A 
This sub-paragraph shows the results about the general findings of the indoor environment (Figure 102) 
and sick leave (Figure 103), which are mentioned textually in the main report. The score obtained for 
the entire indoor environment for building A is 5.6 on a scale of 1-7. Employees indicate that they are 
not often sick due to the indoor climate (<2 times per year) and if they are it is short-term (<2 days). 

 
Figure 102 Experienced problems as indicated in returned 

surveys from building A 

 
Figure 103 Sick leave as indicated in returned surveys from 

building A 

Building B 
The sub-paragraph shows the results about general findings of the indoor environment (Figure 104) and 
sick leave (Figure 105), which are mentioned textually in the main report. The score obtained for the 
entire indoor environment for building B is 4.3 on a scale of 1-7. Employees indicate that they are not 
often sick due to the indoor climate (<2 times per year), but they indicate that they are just as often short-
term as long-term sick. 

 
Figure 104 Experienced problems as indicated in returned 

surveys from building B 

 
Figure 105 Sick leave as indicated in returned surveys from 

building B 
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Statistical analysis 
The statistical analysis focuses on two main questions: 

 Do subjective and objective data match? 
 What is the effect of the indoor climate on productivity according to the users themselves? 

The parameters that are used for this analysis are: PMV (Subjective and Objective), Freshness 
(Subjective and Objective) and Relative Productivity (Subjective and Objective). 

Descriptive statistics 
Table 47 shows the descriptive statistics which provides an overview of the key figures associated with 
the survey results from the daily questionnaires of both case studies. The number of data points differs 
per parameter, because a number of questions have been left open, or because the survey has been 
completed at a location where no measurements have been taken. From the standard deviation and the 
variance it can be determined that the subjective data has a greater spread than the objective data. This 
is substantiated with the minimum and maximum values shown in the table. 

Table 47 Descriptive statistics of the subjective data 

Variable N Average St.dev Variance Minimum Maximum 
PMVs 48 0.02 1.21 1.47 -3.00 2.00 
PMVo 40 -0.21 0.15 0.02 -0.56 0.07 

Fs 48 4.00 1.05 1.11 2.00 6.00 
Fo 40 2.06 0.30 0.09 1.60 2.70 

RPs 48 81.88 11.79 138.96 50.00 100.00 
RPo 39 98.96 0.64 0.41 97.60 99.60 

Valid observations = 50; observations with missing value(s) = 13. 

Correlations 
Table 48 shows the coherence, correlation, between two variables. The useful correlations are shown 
in bold. The strongest relations can be found between PMVo, Fo and RPo. However, all correlations are 
moderate and some even weak or none (PMVs-Fs, RPs-RPo). 

Table 48 Correlations between the studied variables 

 Statistical subjects PMVs PMVo Fs Fo RPs RPo 
PMVs Pearsoncorrelation 

Sign. (two-sided) 
N 

1.00 
 

48 

0.48 
0.002 

40 

0.23 
0.110 

48 

0.59 
0.000 

40 

0.50 
0.000 

46 

-0.15 
0.379 

37 
PMVo Pearsoncorrelation 

Sign. (two-sided) 
N 

0.48 
0.002 

40 

1.00 
 

40 

0.17 
0.302 

40 

0.76 
0.000 

40 

0.24 
0.154 

38 

-0.61 
0.000 

37 
Fs Pearsoncorrelation 

Sign. (two-sided) 
N 

0.23 
0.110 

48 

0.17 
0.302 

40 

1.00 
 

48 

0.47 
0.002 

40 

-0.32 
0.031 

46 

0.22 
0.194 

37 
Fo Pearsoncorrelation 

Sign. (two-sided) 
N 

0.59 
0.000 

40 

0.76 
0.000 

40 

0.47 
0.002 

40 

1.00 
 

40 

0.03 
0.869 

38 

-0.42 
0.010 

37 
RPs Pearsoncorrelation 

Sign. (two-sided) 
N 

0.50 
0.000 

46 

0.24 
0.154 

38 

-0.32 
0.031 

46 

0.03 
0.869 

38 

1.00 
 

48 

-0.22 
0.179 

39 
RPo Pearsoncorrelation 

Sign. (two-sided) 
N 

-0.15 
0.379 

37 

-0.61 
0.000 

37 

0.22 
0.194 

37 

-0.42 
0.010 

37 

-0.22 
0.179 

39 

1.00 
 

39 
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Statistical analysis 
The null hypothesis for the first analysis is:  
H0: There is no difference between subjective and objective data. 

For this test the Wilcoxon T-test with spearman correlation is used for PMVs-PMVo and Fs-Fo, since 
these variables are ordinal. For the relation between RPs-RPo a Paired samples T-test with Pearson 
correlation is used, since those variables are ratio.  

Table 49 Direction of the ranks of the studied variables 

  N Average rank Sum of the ranks 
PMVs-PMVo Negative ranks 

Positive ranks 
Equal ranks 

Total 

8 
32 
0 

40 

22.63 
19.97 

181.00 
639.00 

Fs-Fo Negative ranks 
Positive ranks 
Equal ranks 

Total 

2 
37 
1 

40 

2.00 
20.97 

4.00 
776.00 

 
Table 50 Result of the Wilcoxon T-test, statistical measures 

 PMVs-PMVo Fs-Fo 
Z -3.08 -5.39 

Asymp. sign. (two-sided) 0.002 0.000 
 
Table 51 Result of the paired samples T-test 

 Average St. 
deviation 

St. error 
of 

average 

95%-confidence 
interval for 
difference 

t d.o.f. Sign. (two-
sided) 

Lower Higher    
RPs-RPo -14.16 9.47 1.52 -17.23 -11.09 -9.34 38 0.000 

 
From the above tables it can be concluded that the hypothesis can be rejected (p<0.05): there is a 
difference between the variables. Table 49 shows that the difference between the variables are in a 
positive direction (s>o). From Table 47 can be concluded that for the variables RPs and RPo the 
difference is in the negative direction (s<o).  

The null hypothesis for the second analysis is:  
H0: There is a relation between indoor climate and productivity observed in subjective data. 

For this test the Wilcoxon T-test with Spearman correlation is used for PMVs-PMVo and Fs-Fo, since 
PMVs and Fs are ordinal variables and RPs is a ratio variable. Table 48 already has shown that those 
relations are moderate, both in a positive (PMVs) and negative (Fs) way. 

Table 52 Direction of the ranks of the studied variables 

  N Average rank Sum of ranks 
PMVs-RPs Negative ranks 

Positive ranks 
Equal ranks 

Total 

46 
0 
0 

46 

23.50 
NaN 

1081.00 
.00 

Fs-RPs Negative ranks 
Positive ranks 
Equal ranks 

Total 

46 
0 
0 

46 

23.50 
NaN 

1081.00 
.00 

 
Table 53 Result of the Wilcoxon T-test, statistical measures 

 PMVs-RPs Fs-RPs 
Z -5.91 -5.91 

Asymp. sign. (two-sided) 0.000 0.000 
 
Table 53 shows that the null hypothesis can be rejected (p<0.05): there is no relation between the 
variables.  
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Figures 
The figures below show the results of the daily questionnaires in a scatter plot. The trend line in Figure 
106 indicates that when it gets warmer, the occupiers also experience this, but on a larger scale as 
calculated. This corresponds to the perception of air quality, expressed in freshness in Figure 107. In 
Figure 108 and Figure 109 the relation between subjective and objective productivity is shown. The 
majority of the subjective votes lies between 80 and 100%. People indicate to experience a lower 
productivity than has been calculated. The findings from those scatter plots correspond to the statistical 
analysis. 

 
Figure 106 Relation of PMV subjective and objective 

 
Figure 107 Relation of Freshness subjective and objective 

 
Figure 108 Relation of RPmean subjective and objective 

 
Figure 109 Relation of RPmin subjective and objective 
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Appendix 4. Cost analysis 
This appendix presents the calculations of the cost savings presented in the main report. The potential 
productivity benefits are shown, first highlighting office buildings in general including CBS data and 
calculations. Then calculations and additional information is shown of one example of an in-use office 
building. Finally information about the costs of building projects in general are shown and the 
calculations and results of LCC Vision are shown for investments in the indoor climate. 

Appendix 4.1. Benefits of improved productivity 
This part of the appendix presents the potential productivity benefits. First, the savings as explained in 
the main report about office buildings general are substantiated. Then the savings for both field study 
cases are described. 

Office buildings in general 
In the main report, the costs for companies are shown in percentages, after which savings are calculated 
for productivity loss and sick leave. The companies selected for this are companies that carry out work 
in an office environment in the following branches: 

 General construction and project development 
 IT- and Information services 
 Legal services and administration 
 Management advice  
 Architects, engineering firm 
 Research 
 Advertising and marketing research 
 Design, photography, translation firms 
 Temporary employment agencies and job placement services 
 Security and investigation services 

Table 55 shows the average business operating costs of companies that have their work environment 
in an office. It has been decided to present the percentage of the total costs without the purchase value 
revenues in the main report, so that only the actual costs incurred for production are compared with 
each other. The table shows that, in addition to the purchase value revenue as a purchase for the 
production of the company, personnel costs are a major cost item for companies. As a result, even small 
percentage changes in these costs can therefore generate large savings for companies.  

The costs that can be saved for office buildings in general are calculated on the basis of the costs from 
Table 55. The costs that can be saved for healthy and unhealthy buildings as quantified in [12] are 
shown in Table 54. In this calculation, the following assumptions have been made: 

 Employees work on average 32.2 hours per week [51], which is 1674.4 hours per year 
 The number of holiday hours equals 4 times the number of working hours per week 
 So, in total employees work 193.2 days per year taking into account holidays 

Table 54 Calculation of potential savings of offices in healthy and unhealthy buildings 

 Healthy buildings Unhealthy buildings 
Salary savings € 1,026,233 * 0.015 = €15393.50 € 1,026,233 * 0.035 = € 35918.20 
Reduced sick 
leave savings 

€ 1,026,233 / 193,2 * 2,5 = € 13,279.40 € 1,026,233 / 193,2 * 2,5 = € 13,279.40 

Total savings € 28,672.90 € 49,197.60 
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Table 55 Average business operating costs per company 

Business operating costs Average 
costs 

Percentage Percentage 
without 
purchase 
value 

Operating costs  €     2,326,756 100% 100% 
Purchase 
value revenue 

Total  €     1,048,222 45% 0% 
Purchase value of raw materials and 
consumables 

 €        142,000 6% 0% 

Purchase value for trade goods  €            2,294 0% 0% 
Personnel 
costs 

Total  €     1,026,233 44% 80% 
Gross wages  €        732,098 31% 57% 
Social 
contributions 
at the 
expense of 
employers 

Total  €        145,688 6% 11% 
Social insurance 
premiums employer 

 €        114,195 5% 9% 

Premiums for (early) 
retirement / 
purchase sums 

 €          31,529 1% 2% 

Other social charges  €            4,290 0% 0% 
Other personnel costs  €        144,100 6% 11% 

Other 
operating 
costs 

Total  €        221,990 10% 17% 
Costs of energy consumption  €            4,548 0% 0% 
Housing costs  €          34,463 1% 3% 
Costs equipment and inventory  €            9,274 0% 1% 
Costs of transport  €          29,930 1% 2% 
Cost of sales  €          21,951 1% 2% 
Communication costs  €            7,907 0% 1% 
Cost of other services  €          41,040 2% 3% 
Not previously mentioned operating 
costs 

 €          72,984 3% 6% 

Depreciation on fixed assets  €          30,238 1% 2% 

Field studies 
The main report describes the potential savings for both field study cases. The calculation of these 
savings has been made on the basis of the following assumptions: 

 Employees work on average 32.2 hours per week [51], which is 1674.4 hours per year 
 With holidays excluded, employees work 1545,6 hours per year 
 Employees in this work sector earn on average €3000 euro gross per month, which corresponds 

to €23.29 euro per hour [49] [50] 
It is known of building A that about 300 employees have an office job. Building B is an office building 
where about 2800 employees work.  

The calculation for cost savings based on the specific case studies is based on the outdoor air supply 
rate [L/s/p]. Table 56 shows the information belonging to the field study cases. The air supply for building 
A is unknown, so the minimum requirement from the Building Code is taken. In the offices of building B, 
an air supply is applied between 35 m³/h/p and 45 m³/h/p. With this data the number of sick days can 
be determined with use of Figure 40. According to CBS, the average employee works on average 32.2 
hours per week [51], which is equal to 1545.6 hours per year (excluded 20 holidays). This comes down 
to 5.4 sick days per year for both buildings. Table 57 shows the calculation of the costs that can be 
saved in both field study cases. 

Table 56 Background information for the calculation of sick days 

 Surface Occupants Air supply Absence rate Sick days 
Building A 18.4 m² 2 35 m³/h/p 9.7 L/s/p 2.8% 5.4 
Building B 100-185 m² 12 40 m³/h/p 11.1 L/s/p 3% 5.8 
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Table 57 Calculation of potential savings of field study cases 

 Building A Building B 
Increased productivity € 10,800,000 * 0.01 = €108,000 € 100800000 * 0.009 = € 907,200 
Decreased sick leave 
(Saari) 

43.3 * € 23.29 * 300 = € 302,537 43.3 * € 23.29 * 2800 = € 2,822,167 

Decreased sick leave 
(Preller et al.) 

20 * € 23.29 * 300 = € 139,740 20 * € 23.29 * 2800 = € 1,304,240 

 
Table 58 Calculation of potential savings of studied office department building A 

 Building A 
Increased productivity € 16,200,000 * 0.01 = € 16,200 
Decreased sick leave 
(Saari) 

43.3 * € 23.29 * 45 = € 47,397 

Decreased sick leave 
(Preller et al.) 

20 * € 23.29 * 45 = € 20,961 

 
Table 57 makes use of the mean calculated productivity loss caused by the indoor climate. Since in this 
study a productivity range has been calculated, based on several formulas from literature, also the costs 
can be expressed in a range, Table 59. Figure 110 and Figure 111 give the salary savings per month 
for both case studies during the measurement period, as defined in Chapter 4. Those savings are based 
on a monthly salary of €3000.00 gross per employee [49] [50] with 300 employees for building A and 
2800 for building B.  

Table 59 Calculation of the potential savings based on the calculated productivity range 

 Building A Building B 
Minimum savings € 10,800,000*0.0 = € 0 € 100,800,000*0.0 = € 0 
Maximum savings € 10,800,000*0.1 = € 1,080,000 € 100,800,000*0.08 = € 8,064,000 

 

 
Figure 110 Salary savings per month based on Calculated 

Productivity Loss, building A 

 
Figure 111 Salary savings per month based on Calculated 

Productivity Loss, building B 
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Appendix 4.2. Investment in the indoor climate 
This section shows the substantiated calculations of investments in the indoor climate. First the 
information about building costs for new projects is shown. Then the calculations and results of LCC 
Vision software are displayed. 

Office buildings in general 
Figure 112 shows the average percentage investment per component of 6 different office projects of 
BAM. These costs vary little, between 10% and 20%.  

 
Figure 112 Average building costs based on a number of 

projects of BAM 

Table 60 Percentage costs for construction projects, 
divided in structural, mechanical-installation and electrical-
installation costs 

Project Structural M-inst. E-inst. 
Project 1 74% 18% 8% 
Project 2 64% 20% 17% 
Project 3 68% 17% 14% 
Project 4 68% 18% 14% 
Project 5 73% 15% 12% 
Project 6 79% 10% 12% 

Mean 71% 16% 13% 
 

Field study 
To be able to make an estimation of the costs resulting from measures to promote comfort, the program 
LCC Vision has been used. Building B was used as an example, after which a number of measures 
were applied. Table 61 shows the differences between the real costs and the simulation results of this 
field study building. The column ‘Factor’ has been added to this table, which is used to correct the 
calculated values to get as close as possible to the real costs. Since only a part of building A has been 
used for this example, it was not possible to determine the real building costs for this department and 
the corresponding factor. Table 63 shows the input data used for the model for building B. When the 
values are unknown and irrelevant a default value has been entered. 

Table 61 Cost indication building B 

 Real building costs Calculated building costs Factor 
Energy E and W  €             26,000,000   €                        10,254,812  2.5 
Maintenance W  €             16,492,242  €                        12,552,222  1,3 
Maintenance E  €             15,507,758   €                        20,012,587  0,8 
Investment W  €             35,089,876   €                        52,078,349  0,7 
Investment E  €             27,000,000   €                        32,922,389 0,8 
Total  €           120,089,876   €                      127,820,359  0,9 
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Table 62 Input data LCC vision software, model building A 

Subject Value 
energy consumption W installation for energy tariff [kWh] 36598 

air flow per person, standard occupancy [m3/h/p] 35 
west glass percentage (incl. window frame) [%] 43 
south glass percentage (incl. window frame) [%] 10 
east glass percentage (incl. window frame) [%] 43 
north glass percentage (incl. window frame) [%] 10 

building layers [piece] 1 
representative length O or W façade [m] 47 
representative length N of Z façade [m] 19 

high occupied spaces: average surface area [m2fus] 25 
high occupied spaces: occupancy [m2fus/p] 2.5 

standard occupied spaces: average surface area [m2fus] 20 
standard occupied spaces: occupancy [m2fus/p] 10 

occupancy time end 18 
occupancy time begin (from 0 to 24 means always on) 7 

price level [mm-yyyy] 01-2018 
type air exhaust grill none 

type of air exhaust system: standard air fittings pressure-controlled facade grilles 
type of air supply grill none 

type of air supply system: standard air fittings air supply via cooling / heating body 
high occupied spaces: type of flow control CAV 

standard occupied spaces: type of flow control CAV 
excitation concept ATES/HP/district heating 
climate concept all-air with postheating 

sun blinds (except north) yes 
type glass (sun protected) standard double glass 
insulation value building norm 

type of corridor double 
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Table 63 Input data LCC vision software, model building B 

Subject Value 
energy consumption W installation for energy tariff [kWh] 1867238 

air flow per person, high occupancy [m3/h/p] 40 
air flow per person, standard occupancy [m3/h/p] 40 

glass percentage (incl. window frame) [%] 80 
total corridor surface per building layer [m] 148 

building layers [piece] 16 
representative length O or W façade [m] 148 
representative length N of Z façade [m] 60 

high occupied spaces: average surface area [m2fus] 25 
high occupied spaces: occupancy [m2fus/p] 5 

standard occupied spaces: average surface area [m2fus] 100 
standard occupied spaces: occupancy [m2fus/p] 12 

occupancy time end 18 
occupancy time begin (from 0 to 24 means always on) 7 

price level [mm-yyyy] 01-2018 
type air exhaust grill acoustical hose 

type of air exhaust system: standard air fittings central extraction at shaft 
type of air supply grill swirl grid 

type of air supply system: standard air fittings 
air supply grids in suspended 

ceiling 
high occupied spaces: CO2 regulation yes 

standard occupied spaces: CO2 regulation yes 
standard occupied spaces: type of flow control VAV round 

excitation concept ATES/HP/HE-boiler 
climate concept 4-pipe climate ceiling system 

sun blinds (except north) yes 
type glass (sun protected) standard double glass 

type façade openings open windows 
insulation value building norm 

type of corridor around middle(core) 
 
The measures that have been taken to improve the indoor climate are shown in Table 64. For extra 
cooling as a result of solar radiation, an additional 'internal' heat load of 50 kWh has been calculated. 
The results of the calculation made with the LCC vision program are shown in Table 65. 

Table 64 Adjusted input data in LCC Vision software 

 Adjusted subject Current situation Improved situation 
Increased airflow air flow per person 40 m³/h/p 72 m³/h/p 

Extended ventilation period occupancy time 7:00 – 18:00 6:00 – 20:00 
Night-time ventilation occupancy time 7:00 – 18:00 0:00 – 24:00 

Extra cooling total internal heat 
load 

34.1 84.1 

 
Table 65 Results of the LCC Vision calculation 

 
Current 

situation 
Increased 

airflow 
Extended 

ventilation period 
Night-time 
ventilation 

Extra cooling 

Energy E and W €   10,254,812  €  11,546,898  €  10,633,066 €   11,959,102  €   10,293,330 
Maintenance W €   12,552,222  €  14,104,176  €  12,552,222  €   12,552,222  €   12,835,493 
Maintenance E €   20,012,587  €  20,012,587  €  22,087,139  €   23,780,509  €   20,012,587 
Investment W €   52,078,349 €  54,262,867  €  52,078,349  €   52,078,349  €   56,006,356 
Investment E €   32,820,359  €  32,935,107  €  32,922,389  €   32,922,389  €   32,922,389 
Total € 127,820,359 € 132,861,635  € 130,273,165  € 133,292,571  € 132,070,155 

 

 

 


