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Summary  
 

Health care facilities need to become more energy efficient in order to reach upcoming 

nearly zero energy requirements (nZEB). However, for hospitals comfort and safety of the 

patients is paramount. In this research these two perspectives are combined. In situ 

measurements are compared with questionnaires involving 169 voluntary participating 

individual patients in two hospitals during summer and autumn. Energy demand is 

determined with dynamic building simulations and energy performance calculations. For 

most medium stay patients, indoor temperatures between 21°C and 23°C are experienced as 

comfortable. This is independent of hospital and season. Warmer indoor temperatures must 

be possible for patients needing this due to personal preference or health conditions. More 

influence on temperature and air quality is experienced by patients lying in a single patient 

room with the ability to open a window (p<0.01). The fraction of patients who find it 

necessary to control indoor temperature increases with the length of stay of the patient 

(p=0.03). Comfort models predict thermal comfort different than patients’ perceive. For 

hospitals, upper and lower limit of the adaptive comfort limits may be shifted down for 

better agreement with orthopedic hospital patients. Broader temperature ranges and 

sustainable systems, e.g. heat pumps and ground storage, lower the energy consumption. 

However, it is concluded that renovation of the building façade with increased heat 

resistance has the biggest influence and is certainly needed to reach nZEB requirements.   
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Nomenclature 
 
Symbols 

θ  temperature (⁰C) 

Icl;  clothing insulation (clo) 
M  metabolic rate (W/m2) 

m  regression coefficient 
R  heat resistance coefficient [m2K/W] 

Tair  air temperature [⁰C] 

Tmr  mean radiant temperature [⁰C] 

Tn  neutral air temperature [⁰C] 

To  operative temperature [⁰C] 

Tmrt  running mean outdoor temperature [⁰C] 

ta  air temperature (⁰C) 
𝑡�̅�  mean radiant temperature (⁰C) 
vair  relative air velocity (m/s) 
 

Acronyms 

ACH  air changes per hour 

ACL  adaptive comfort limits 

AHU  air handling unit 

AMV  actual mean vote 

ASHRAE American Society of Heating, Refrigerating, and Air-Conditioning Engineers 

BENG  bijna energie neutraal gebouw (nZEB) 

CAV  constant air volume 

CBZ  College Bouw Zorginstellingen (College Healthcare Institutions) 

CCA  concrete core activation 

CHP  cogeneration / combined heat power 

DR  draft rate 

EPC  energie prestatie coëfficiënt (energy performance coefficient) 

HVAC  heat ventilation and air conditioning 

IES VE  Integrated Environmental Solutions Virtual Environment 

ICMS  indoor condition measurement system 

ISO  International Organization for Standardization 

KNMI  Koninklijk Nederlands Meterologisch Instituut (national weather institute) 

LCC  life cycle costing 

LOS  length of stay 

M  mean 

Max.  maximum value 

MC  medical center 

Med.   median value 

Min.   minimum value 



 

X 
 

MJA  meerjarenafspraak (long-term agreement ) 

MRT  mean radiant temperature 

NEN  Nederlandse Norm (Dutch Standard) 

nZEB  net zero energy building (BENG) 

PMV  predicted mean vote 

PD  predicted percentage dissatisfied 

PPD  predicted percentage dissatisfied 

REHVA  Federation of European Heating, Ventilation and Air-conditioning  

  Associations 

RH  relative humidity 

RMOT  running mean outdoor temperature 

STD  standard deviation 

T  temperature 

TCV  thermal comfort vote 

TCZ  thermal comfort zone 

TPV  thermal preference vote 

TSV  thermal sensation vote 

TU/e  Eindhoven University of Technology 

TVVL  Technische Vereniging voor installaties in gebouwen (Technical Association 

  for Building Services) 

UFA  unified floor area 

UMC  Universitair Medisch Centrum (University Medical Centre) 

VAV  variable air volume 
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1. Introduction 
 

The way hospitals are used is expected to change in the upcoming years. In hospital wards, a 

transition is visible from multi-bed to single-bed patient rooms. An important aspect for 

hospitals is a competitive advantage of providing more comfort to patients (Glind, Roode, & 

Goossensen, 2007). Simultaneously, there is an increasing awareness that the physical 

environment contributes to the healing process and wellbeing of patients (Huisman, Morales, 

Hoof, & Kort, 2012). Single bedded rooms could contribute to this, because they improve 

privacy, improve sleep quality and reduce noise disturbance and may reduce cross infections 

and length of stay (LOS) (Glind, Roode, & Goossensen, 2007).   

Simultaneously, in order to reduce the impact on the environment, energy performance 

requirements will be tightened in the upcoming years. From 2021, new buildings must fulfill 

nearly zero energy building (nZEB) standards. By 2050, also existing building stock must fulfill 

these requirements (Blok, 2015).  This means that existing hospitals must become 

approximately three times more energy efficient (Van Osta, 2016). However, besides energy 

efficiency, the indoor environment is considered to be the key to successful building design.  

Controllability of the air temperature in a room is important. It affects people’s perception of 

feeling comfortable. Lack of control can make people feel anxious and is not beneficial for the 

healing process (Ulrich, 1992). Besides, people have different thermal preferences, at least 

partly related to their illness and medicine usage (Verheyen, Theys, Allonsius, & Descamps, 

2011). Single occupancy rooms can give the possibility of optimizing the thermal conditions for 

individuals. Thermal comfort is defined by ASHRAE as that condition of mind which expresses 

satisfaction with the thermal environment (ASHRAE 55, 2013). It helps to stabilize the 

emotional moods of patients and it assists with their healing process (Khodakarami & 

Nasrollahi, 2012).  

The main objective of this research is giving advice for boundaries of a new system for the 

wards of hospital A, based on comfort needs of medium stay patients and energy demand. LOS 

will be shorter, because of innovations in surgery, evidence based design and differentiation of 

hospital settings (CBZ, 2002). For this reason, this research will focus on medium stay patients, 

i.e. patients who stay for a maximum of six days. Hospital A is an academic hospital located at 

Utrecht Science Park since 1989 and has become one of the biggest hospitals in the 

Netherlands with 11,268 employees and 33,956 hospital admissions per year with average LOS 

of 7.1 days (UMC, 2015). Hospital A is planning a major renovation of the whole building 

portfolio.  In the inpatient nursing wards, the interior and lighting will be changed, rooms will 

be rearranged into more single bedded rooms, and the indoor conditioning system will be 

replaced. In the vicinity of hospital A (approximately 20 km), hospital B was opened in 2013. 

This hospital is designed paying extra attention to patient’s well-being and is built with only 

single bedded rooms. The hospital has won several prizes including NVTG Bouwaward 2016 for 
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best building in the cure sector. The hospital is smaller with 27,153 hospital admission per year 

with an average LOS of 4.98 days (MMC, 2015).  

Research objectives are:  

- Giving insight into thermal comfort needs of patients in medium stay wards during their 

typical activities. Thermal comfort is compared to the overall comfort sensation of 

patients.  

- Determining the optimal thermal conditions that a climate system for hospital wards 

needs to achieve, based on patient experience and system characteristics. 

- Giving insight into the predicted energy consumption of such a system and set points.  

1.1. Research question 

Main research question: 

Which design solution and climate system fit best to the thermal comfort needs of medium 

stay patients and contributes to a nZEB hospital?  

Sub questions: 

1. Which of the two systems investigated provides the most comfort to patients in medium 

stay wards? 

2. Are thermal sensations of patients within acceptable comfort ranges determined by CBZ 

(i.e. -0.5 ≤ PMV ≤ 0.5)? 

3. Does thermal comfort correlate with overall comfort and objective measurements? 

4. What is the desired neutral temperature for both hospitals and is there a relation with 

outdoor conditions?  

5. Do people accept broader temperature ranges when they have access to adaption 

opportunities in agreement with the adaptive comfort model? 

6. How much can allowing broader temperature ranges save in terms of HVAC system 

energy consumption? 

7. Which system design is better regarding energy rating in EPC? 

8. Is it possible to compensate primary energy consumption of a larger floor area with 

building function ‘healthcare with bed-area’ using more sustainable systems and 

renewable energy sources? 

1.2. Scientific relevance of the research 

In order to reach the nZEB-requirements in 2021 and 2050, new design solutions are needed 

to reduce energy consumptions of hospitals. However in hospitals, focus is not on energy 

saving but on health and safety of the patients. Research is needed to investigate how hospital 

wards can be conditioned to provide the required comfort levels without splurging on energy.  

ASHRAE recommends strict temperature ranges of 24 ±1 °C for both patient rooms and 

corridors of hospital wards (ASHRAE, 2003).  

Achieving optimal indoor temperature conditions for all users in hospital wards is difficult. It is 

known that medical staff prefers lower temperatures than patients, due to differences in 
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metabolism and clothing insulation (Skoog, Fransson, & Jagemar, 2005). Even patients cannot 

be seen as one coherent group. Some patients are walking around, while other patients are in 

bed (Verheyen, Theys, Allonsius, & Descamps, 2011). Bedding has a major influence on the 

thermal sensations due to its influence on the total insulation (Lin & Deng, 2008).  

Different models predicting thermal sensations exist, e.g. predicted mean vote (PMV) and 

adaptive comfort limits (ACL) (ASHRAE 55, 2013; NEN-EN-ISO 7730, 2005). Some researchers 

show that the PMV model is not suitable to predict thermal sensations of patients (Del 

Ferraro, Iavicoli, Russo, & Molinaro, 2015), while according to Verheyen et al. PMV can be 

used to predict thermal sensations of patients for certain groups with respect to their health 

status (Verheyen, Theys, Allonsius, & Descamps, 2011). Data on thermal comfort for different 

building users in hospitals is scarce. It is important that researchers collect scientifically proven 

evidence. Evidence based design is a field of study emphasizing credible evidence to influence 

design to improve  patients’, visitors’ and staff well-being, healing process, stress reduction 

and safety in healthcare (Huisman, Morales, Hoof, & Kort, 2012).  
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2. Methodology 
 

In order to get insight in comfort needs of patients related to indoor conditions, questionnaire 

surveys are conducted with at the same time in situ measurements. This research is 

complimented by dynamic building simulations, and energy performance calculations.  

2.1. Data collection 

Research location 

Physical and empirical data are collected in the nursing ward of two hospitals with different 

climatizing systems. The hospitals and wards are selected based on system and staff 

cooperation. In the selected ward, the LOS of patients must be shorter than six days and 

patients may not be bedridden during their whole stay. Figure 1 and appendix A give an 

impression of the two wards.  

 

Figure 1  Hospital A: all air system; Hospital B: concrete core activation, conditioned air and openable windows. 

 

In hospital A the orthopedics-, traumatology- and vascular surgery ward is investigated. This 

hospital dates from 1989. The ward consists of 68 beds divided over 12 two-bedded, 8 four-

bedded rooms and 12 single bed rooms with anteroom. Figure 2 shows a floorplan of the ward 

located on the fourth floor of a five story building block. The air is conditioned with an all air 

system. In depth information is given in Appendix A.  

Hospital A  Hospital B 
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Figure 2  Floorplan hospital wards traumatology, orthopedics, and vascular surgery of hospital A, with indication of location 
 of measurement equipment.  

 

In hospital B the orthopedics ward is investigated. This hospital dates from 2013 and is built 

with a healing environment concept and built sustainable with energy-saving technologies 

(EPC: Q/Q=0.64 rated by requirements in 2012). The ward consists of 25 beds divided over 19 

normal single-bed rooms and 6 isolation rooms. Figure 3 shows a floorplan of the ward located 

on the second  floor of a four story building block. The whole building, except the hot floors 

(operating theaters and intensive care units), is heated and cooled with concrete core 

activation (CCA) providing a stable indoor climate. More in-depth information is given in 

appendix A. For both hospitals ventilation flow rate and temperature set points are given in 

table 1.  

 

Figure 3  Floorplan hospital ward orthopedics of hospital B, with indication of location of measurement equipment during 
summer. 
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Table 1 General system information of hospital A and B.  

 Hospital A Hospital B 

Heating/ Cooling system 
Conditioned air in air handling unit  

(AHU) with reheaters 
Concrete Core Activation (CCA) 

Ventilation 

Constant air volume (CAV) 
Balanced ventilation  

(200 m
3
/h, 100 m

3
/h per patient,  

2.9 ACH) 

Constant air volume (CAV) 
Balanced ventilation  

(80 m
3
/h, 1.7 ACH) 

  Openable windows 

Temperature control Room level 
for individuals (single patient 

rooms) 
Supply air temperature 18 -  24 °C 21 – 25 °C 
Temperature set point 23 °C 22 – 23 °C 

 

Jul. Aug. Sep. Oct. Nov. 

28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 

   

Measurements 
Hospital A 

Measurements 
Hospital B 

 Measurements 
Hospital A 

Measurements 
Hospital B 

   
Figure 4  Time planning of in Situ measurements in Hospital A and Hospital B.  

 

In situ measurements 

Data collection is done during a period of three weeks in summer and autumn covering two 

seasons with different outdoor conditions. An overall planning of the measurement periods is 

given in figure 4. Three indoor condition measurement systems (ICMS) are used to measure 

the physical PMV indicators: air temperature, mean radiant temperature (MRT), 

omnidirectional air velocity, and relative humidity (RH). Besides, CO2 concentration is 

measured. Location of measurement equipment is given in the floorplans in figure 2 and 3 and 

in more detail in appendix B. In hospital A, one ICMS station is placed in a four-bedded patient 

room at the North-West façade and one in a two-bedded patient room at the South-East 

façade. The third ICMS is placed in the corridor of the nursing ward near the front office desk 

where most of the activities take place. In hospital B, one ICMS is placed in a single patient 

room at the North-East façade and one at the South-West façade. The third ICMS in the 

corridor is located close to seats and the place where patients do there exercises during 

physiotherapy. Full description of the measurement equipment is given in appendix B. The 

measurements are done at 1.1 m, which is approximately the location of body’s center of mass 

for standing people and people lying in bed. In patient rooms, the ICMSs are placed in a zone 

of 1 m around the bed. During preliminary measurements with Rotronic T/RH sensors at 0.6, 

1.1, and 1.7 m height, no temperature stratification is measured close to the bed during 

summer in hospital A. For this reason, the height of the measurement equipment is also valid 

for sitting patients in this hospital.  

Additional Rotronic temperature and RH sensors are placed in different rooms to cover at least 

all different orientations of the building. In appendix E can be seen that during preliminary 

measurements temperature differences were measured between different rooms in hospital B 

when windows or sliding doors were opened. From week 31 temperature and RH is measured 
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by the pollster with Rotronic hand meter automatically indicating when a constant value is 

reached. 

In NEN-EN-ISO 7730 local thermal discomfort is described caused by draft, extreme high 

vertical temperature differences between head and ankles, too warm or too cool floor, or too 

high radiant temperature asymmetries (NEN-EN-ISO 7730, 2005). The draft rate (DR) predicts 

the percentage of people who find draft uncomfortable based on local air temperature (ta,l) 

and local mean air velocity (va,l). If the average air velocity in equation 1 is lower than 0.05 m/s 

this value must be used and DR cannot exceed 100%. Turbulence intensity (Tu) is unknown and 

therefore prescribed percentage of 40% is used.    

𝐷𝑅 = (34 − 𝑡𝑎,𝑙)(�̅�𝑎,𝑙 − 0.05)
0.62

(0.37 ∙  �̅�𝑎,𝑙 ∙ 𝑇𝑢 + 3.14)                                                        (1) 

Air velocity distribution and draft sources are investigated with a Testo air velocity hand 

meter. The ventilation flow rate is measured with a flow finder. In order to determine local 

thermal discomfort caused by too warm or too cool floors and the effect of CCA in hospital B, 

the surface temperature of floor and wall are measured by ICMS 2010.  

Questionnaires and semi structured interviews 

During a measurement period, patients are asked to fill in a general questionnaire to 

investigate comfort sensations between 10:00 and 15:00. When patients are not able to fill in 

the questionnaire themselves, questions are filled in by the pollster. This is most of the time 

done from week 31 to get higher response. During week 28-30, patients are asked to fill in 3 to 

6 small questionnaires in the afternoon, evening and morning depicting only on thermal 

sensations, after filling in the first questionnaire  

The questionnaire aims to give insight into the level of activity and insulation of clothes of 

patients and their overall sensation with comfort during their whole stay. The questionnaire is 

an adapted version of Ekbom and Skoog, and Ottenheijm (Ottenheijm, 2015).  

Most of the questions are filled in on a dynamic scale in order to give patients more freedom 

and to get more accurate votes to be compared with comfort models (Figure 5). Other 

questions are multiple choice or questions with two choices (e.g. necessary/ not necessary).   

First part of the questionnaire focusses on thermal sensations given in figure 5. Patients are 

asked to fill in whether they find the indoor temperature comfortable or uncomfortable to 

determine the thermal comfort vote (TCV) with question a. Question b asks how they 

experience the indoor temperature at this moment using the 7-point ASHRAE annotation on a 

dynamic scale to determine the thermal sensation vote (TSV). In order to ascertain more 

precisely what the desired temperature would be patients are asked to fill in how they want 

the temperature to be at this moment with question c. This results in the thermal preference 

vote (TPV). The desired thermal sensation on the ASHRAE scale is often different than ‘neutral’ 

(Humphreys & Hancock, 2007). 
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 Very  
Uncomfortable 

Slightly 
uncomfortable 

Slightly  
comfortable 

Very  
Comfortable 

a How do you experience the 
temperature at this moment     
 

Cold Cool 
Slightly 

cool Neutral 
Slightly 
warm Warm Hot 

 
-3 -2 -1    0 1 2   3 

b How do you perceive the 
temperature at this moment 

       

 
Much 
colder Colder 

Slightly 
colder 

 
No 

change 
Slightly 
warmer Warmer 

Much 
warmer 

 3 2 1        0 -1 -2      -3 
c How would you like the 
temperature to be at this 
moment? 

       

Figure 5  Example questions from questionnaire with 7 point scale dynamic scale to determine thermal comfort vote (TCV), 
thermal sensation vote (TSV), and thermal preference vote (TPV).  

 

The second part focusses on overall comfort with physical environment and patient’s 

experience of controllability in their room. Several studies indicate that thermal comfort is 

influenced by not just the PMV indicators (Van Hoof, 2008). The questionnaire is given in 

appendix C.  

Hospital staff is asked how they observe thermal discomfort of patients in general and how 

they respond to this in order to validate the outcome of the questionnaires.  

2.2. Data analysis 

Statistical analysis 

Statistical analysis is done with the questionnaire results using IBM SPSS Statistics 23 in order 

to test correlation and significance. The Shapiro-Wilk test is used to determine if the 

investigated data is normally distributed (i.e. p>0.05). For normal distributed data, analysis of 

variance (ANOVA) or studentized t-test are done to determine significant differences between 

different sets of data.  A Tukey’s HSD test is done post-hoc to determine which data 

combinations reach the level of significance. For non-normal distributed data, a Kruskal-Wallis 

(k independent samples), Mann Whitney U Test (2 independent samples), and Wilcoxon rank 

test (2 related samples) is done to determine significant differences. The level of significance is 

set to be 5%. Correlation between two sets of data is investigated with Pearson product 

moment correlation (r), Kendall correlation (τ) and Spearman correlation (ρ). There is a 

moderate linear correlation when r=0.3 and a strong linear correlation when r=0.5. All 

hypothesis and comprehensive results are given in appendix I. 

The measurement data and questionnaire results are compared with indoor conditions and 

comfort models: Predicted Mean Vote (PMV), Predicted Percentage Dissatisfied (PPD) 

(ASHRAE 55, 2013)  and updated Adaptive Comfort Limits (ACL) (ISSO 74 :2014).  
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Predicted Mean Vote 

The TSV and TCV from the questionnaires are compared with the PMV and PPD. The PMV 

predicts how the biggest part of a group perceives the temperature based on air temperature, 

mean radiant temperature, relative humidity, air velocity, metabolism, and clothing. PPD 

predicts the percentage of people under these conditions that will be dissatisfied (ASHRAE 55, 

2013).  The model uses the heat balance of the human body and is based on laboratory 

experiments in climate rooms in steady state situations (Fanger, 1970) .  

PMV is calculated for individuals with the last measurement data logged prior to a patient fills 

in a questionnaire from a room with the same orientation and when available with hand 

measurements. Activity level and clothing level of patients is determined with results given 

from the questionnaires. Values for activity level and clothing resistance are derived from 

NEN-EN-ISO 7730 and ASHRAE 55 and are given in appendix D. Additional thermal resistance is 

taken into account for lying patients depending on bedding, mattress, and percentage of the 

body covered by bedding (Lin & Deng, 2008).  

The PMV is calculated for six patient groups with measured data of three weeks in a patient 

room. The first two cases describe a situation wherein an orthopedic patient does exercises in 

T-shirt and shorts or with vest and long trousers (1.7 met, 0.29 – 0.85 clo). Case three and four 

describe the situation wherein patients sit on a chair (1.0 met) with the same clothing. Case 

five and six describe the situation wherein people wearing pajamas are lying in bed without 

quilt or covered with a quilt for 94.1% (0.7 met, 1.19 – 3.24 clo). 

Adaptive Comfort Standard 

The TCV is compared with the maximum percentage of dissatisfied people based on the 

classes determined in the adaptive comfort limits. The adaptive comfort standard in ISSO 74, 

developed by Boerstra et al., combines elements of traditional non-adaptive comfort 

standards with elements of adaptive standards (Boerstra, Hoof, & Weele, 2015). Adaptive 

standards are valid for natural ventilated buildings where people are able to use controls such 

as windows, blinds, fans, and in certain conditions mechanical heating or cooling (Van Hoof, 

2008). In ISSO 74, two building types are distinguished which are combined in one model. The 

α-type building is in summer a free-running building with operable windows and the possibility 

for occupants to adapt their clothing. The β-type building is centrally cooled, clearly 

perceivable for the building occupants. Although hospital B has the possibility to open 

windows, they do not fully meet the requirements of type α because they only have one 

opening position. The limits are determined by the indoor operative temperature and running 

mean outdoor temperature (RMOT) determined by equation 2 (Boerstra, Hoof, & Weele, 

2015). The outside temperatures were obtained from the national weather institute (KNMI) 

located at De Bilt, which is the nearest weather station in use for both hospitals (distance 

hospital A = 2.5km; distance hospital B = 14.8 km). 

𝑇𝑟𝑚𝑡 = 0.253 (𝑇𝑚𝑒𝑎𝑛,𝑑−1 + 0.8 𝑇𝑚𝑒𝑎𝑛𝑑,𝑑−2 + 0.82
𝑚𝑒𝑎𝑛,𝑑−3 + 0.83

𝑚𝑒𝑎𝑛,𝑑−4                                   

+ 0.84
𝑚𝑒𝑎𝑛,𝑑−5 + 0.85

𝑚𝑒𝑎𝑛,𝑑−6 + 0.86
𝑚𝑒𝑎𝑛,𝑑−7                                                 (2) 

The comfort limits must be corrected with equation 3 when activity level increases over 1.4 

met and/or for strict clothing protocols, which is not the case for patients.  
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𝛥𝜃𝑖 =  −6(𝐼𝑐𝑙;𝑎) − 8(𝑀 − 1.4)          [𝐾]                                                                                              (3) 

Several studies have found a positive relation between the operative temperature and the TSV 

(Humphreys, Rijal, & Nicol, 2013; Nicol, et al., 1994) A linear regression analysis based on TSV 

as dependent variable and indoor air temperature as independent variable is done. With small 

data coverage neutral temperature can be calculated using the method of Griffith et al. This 

method is based on the assumption that each step on the 7-point thermal sensation vote scale 

corresponds to 3K warmer or colder compared to the neutral. The neutral temperature is than 

calculated using equation 4.  

𝑇𝑛 = 𝑇𝑎𝑖𝑟 −
𝑇𝑆𝑉

𝑚
                                                                                                                                        (4) 

In this equation, m is the regression coefficient. Griffith recommended m=0.33; other 

researches who used Griffith’s equation came up with m=0.25 (Nicol, et al., 1994) and m=0.5 

(Humphreys, Rijal, & Nicol, 2013). The neutral temperature is calculated for each 

measurement day (x) according to equation 5.   

 

𝑇𝑛,𝑑𝑎𝑦 𝑥 =
∑ [𝑇𝑎𝑖𝑟,𝑎𝑣𝑒𝑟𝑎𝑔𝑒 −

𝑇𝑆𝑉𝑛
𝑚 ]𝑛

1  

𝑛
                                                                                                   (5) 

In this equation n is the number of patients that respond to the questionnaire during one day 

and Tair, average the average air temperature when patients fill in a questionnaire during day x.  

2.3. Building Simulations 

Dynamic Building Simulations  

With the dynamic building simulation program IES VE, prediction is made for the heating and 

cooling demand of a patient room and number of overheating hours. These simulations are 

based on the room dimensions, building properties, and ventilation flow rate of hospital A and 

the ASHRAE IWEC Weather File for Amsterdam. The model is adapted to simulate a single 

bedded room and renovated building.  

A two-bedded patient room has a floor surface area of 3.9 x 7.8 m and consists of bed area (27 

m2) and adjacent bathroom (6.2 m2). A single patient room is 1.5 m shorter with bed area of 

21.5 m2 and bathroom (6.2 m2). The floor-to-floor height is 3.8 m and the floor to suspended 

ceiling height is 2.8 m.  The overall heat resistance of external walls before renovation is 2.3 

m2K/W and after renovation 5.0 m2K/W. The room has three windows in wooden frame with 

total area of 4.3 m2 with a total U-value of 2.6 W/m2K before renovation and 1.1 W/m2K after 

renovation. The structure of the building is further explained in appendix L and an overview of 

the model is given in figure 6.  

Both situations for windows facing north and south are simulated.  There is no external sun 

shading in the current building. For the renovated building, sun shading is lowered for incident 

radiation >500 W/m2 within recommended ranges by IES. All adjacent rooms are modelled 
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with same conditions in order to simulate the internal conduction gains. In the simulations, the 

effect of thermal mass is taken into account.  

 

Figure 6  IES VE model of a 2-bedded patient room, including all adjacent rooms.  

 

There is little information available about internal gains in hospital wards (Lomas & Yingchun, 

2009).  Dependent on number of beds, one or two patients are present at the room for 

24h/day generating 80 - 160 W. Further on, based on the approach of Lomas et al., between 7 

a.m. and 9 p.m., lighting and small power items produce 15 W/m2. Hospital staff visits the 

room every hour for 5 minutes, generating 100 W and 2 additional people generating 200W 

are present during visiting hours (3 p.m. – 8 p.m.).  

The air flow rate of system air supply is 200 m3/h. Between the patient rooms and bathrooms 

an air flow of 60 m3/ h is simulated which is extracted in the bathroom. The remaining part is 

extracted in the adjacent corridor. Some assumptions are made for airtightness (0.4 ACH) and 

natural ventilation for the scenario with openable windows (1 ACH – 2 ACH). For the single 

bedded room, air flow rate is 80 m3/h and is completely extracted in the adjacent bathroom.  

The different investigated scenarios are given in table 2. In the base case scenario heating and 

cooling set points are based on ASHRAE recommendations. Adapted temperature ranges are 

based on outcome of this research and are discussed in section 3.4. 

Table 2 Investigated scenarios for building simulation. 

Name 
Allowed 

temperature 
ranges 

Current 
building 

Renovation 
Two-

bedded 
room 

Single 
bedded 

room 

Operable 
windows 

Base Case 23-25 °C X  X   
Adapted temperature ranges 

To be 
determined in  

§3.4 

X   X   
Night set back X  X   
Single patient room X   X  
Renovation  X X   
Renovation and set back  X X   
Renovation single patient room  X   X   
Operable windows current X  X  X 
Operable windows renovation  X X  X 

 

Ceiling Plenum 

Investigated room 

Corridor 
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Energy Performance 

With an energy performance calculation using ENORM (software implementation of NEN-

7120:2012), an indication is given for the energy demand, primary energy consumption and 

share of renewable energy sources. With the EPC is investigated if the ward satisfies building 

regulations in the Netherlands.  

The current hospital wards of hospital A is simulated with a total gross floor area of 32000 m2. 

Different building functions are divided, i.e. healthcare with bed area (42%), offices (13%), 

healthcare without bed area (10%), and other general occupied spaces (32%). The structure of 

façade and roof is explained in appendix L and are external walls are the same as for dynamic 

building simulations.  

Different investigated scenarios are described in table 3. The indoor conditioning system of 

hospital A and hospital B are compared in REF system A and REF system B with building design 

of hospital  A. System A is CAV-conditioned air with compression cooling and cogeneration 

(CHP). System B is CAV-conditioned air with CCA with heat-cold storage and electric heat 

pumps. The scenario with best energy performance is optimized in VAR I with thermal 

insulation of the building envelop to an Rc of 5 m2K/W, zero infiltration, external sun shading, 

and CO2 controlled ventilation. In VAR III, windows are opened to reduce cold demand. In VAR 

III, PV-panels are added as well, covering half of the roof (30% of UFA healthcare with bed 

area).  

Table 3 Investigated scenarios for energy performance calculation. 

Name System 
Current 
building 

Renovation 
Openable 
windows 

Openable 
windows 

REF system 
A 

System A: CAV-conditioned air with 
compression cooling and Cogeneration 
(CHP) 

X    

REF system 
B 

System B: CAV-conditioned air with CCA 
with heat-cold storage and electric heat 
pumps 

X    

VAR I System with best performance  X   
VAR II System with best performance  X X    
VAR III System with best performance  X X X  
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3. Measurement Results 

3.1. Indoor climate conditions 

Indoor climate conditions 

In table 4, indoor and outdoor temperature and relative humidity are given for the 

measurements during summer and autumn in hospital A and B. Indoor air temperature is 

significant warmer in hospital A than hospital B in both seasons (p<0.001). Median air 

temperatures of different measured rooms are more similar in hospital B. However large 

differences occur when windows are opened or sliding doors are closed, which can be seen in  

table 17, appendix E. Detailed indoor measurements are graphically presented in Appendices F 

& G. 

The indoor temperature is not constant and fluctuates during day and night with larger 

measured fluctuations during summer, based on medians given in table 5. In order to prevent 

complains from dry air and to prevent growth of mold and mildew, RH needs to be controlled 

between 30-60% (ASHRAE, 2003). In summer, RH is 3% of the time higher than 60% in hospital 

A and 31% in hospital B. In autumn, RH is 1% of the time lower than 30% in hospital A and 0% 

in hospital B. In this figure 7 can be seen that indoor temperature exceeds 24°C at outdoor 

temperature of 10 °C in hospital A and at 19°C in hospital B. Air velocity is in both hospitals low 

with median values below 0.1 m/s.  

Table 4  Indoor air temperature and relative humidity in hospital A and hospital B during measurement period in summer 
 and autumn for different rooms and orientation (N=north, E=east, S=south, W=west) compared with outdoor 
 conditions. Values are presented with median (Med.), minimum (Min.), and maximum (Max.) of data measured in 
 each measurement period of approximately three weeks.  

  Summer  Autumn 

  Air temperature [°C] Relative Humidity [%]  Air temperature [°C| Relative Humidity [%] 
Room# Med Min Max Med Min Max  Med Min Max Med Min Max 

Hospital A             
Outside 19.0 8.9 32.2 78.0 36.0 99.0 Outside 9.2 -0.4 18.7 90.0 48.0 100 
1   S-E 23.2 22.0 25.3 50.7 34.2 58.3 1   S-E 22.1 21.1 23.4 42.0 29.0 56.0 
11 N-W 22.4 21.4 26.6 53.7 33.6 60.5 11 N-W 21.1 20.2 22.3 38.7 26.8 55.2 
20 S-W 24.1 22.9 26.1 53.9 37.8 62.5 20 S-W 22.2 20.6 24.4 42.4 28.7 58.3 
30 N-E 23.5 22.4 24.6 55.5 38. 67.7 30 N-E 22.0 20.9 23.9 44.8 29.9 58.1 
Cor. 23.3 22.9 24.2 56.0 38.0 61.0 Cor. 22.6 21.9 23.1 32.0 24.2 40.1 
Hospital B             
Outside 17.0 7.0 23.8 82.0 37.0 99.0 Outside 6.0 -3.0 13.9 91.0 60.0 100.0 
5   S-W 22.0 17.7 24.2 56.1 36.9 73.5 5 S-W 21.0 13.2 23.5 51.7 35.7 63.2 
7   S-W 21.8 19.7 25.0 56.5 43.1 75.6 3 S-W 21.0 18.5 20.9 52.6 37.3 63.3 
11 S-W 22.4 19.7 22.4 54.8 29.1 79.5 9 S-W 20.9 13.4 22.3 50.5 30.2 65.8 

13 S-W 22.3 18.6 25.7 55.0 30.0 72.0 13 S-W 20.9 13.4 22.3 54.0 33.0 62.0 

4   N-E 21.7 17.9 23.4 53.1 31.0 77.4 4 N-E 21.1 17.2 23.6 51.6 28.7 62.2 
6   N-E 22.1 19.9 23.9 55.7 36.5 73.9 6 N-E 21.1 14.8 23.5 47.7 34.5 56.1 
14 N-E 22.2 20.3 24.7 55.4 36.7 74.2 14 N-E 21.6 16.6 22.5 50.7 30.4 63.1 
Cor. 22.3 18.5 23.4 50.2 32.0 73.4 Cor. 21.4 18.2 22.0 44.6 32.2 52.9 
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Table 5 Air temperature differences between day and night and surface temperature of floor and wall during summer and 
autumn measurement period in hospital A and hospital B.  

Season Hospital Air Temperature difference [°C]  Floor Temperature [°C]  Wall Temperature [°C] 

  Median M±STD Min.-max.  Median Min. – max.  Median Min.-max. 

Summer Hospital A 1.6 1.6±0.7 0.4 – 4.2  22.7 22.0-25.7  22.7 21.2-23.8 
 Hospital B 1.5 1.7±1.0 0.4 – 5.0  22.7 20.7 – 23.4   23.1 21.8 – 23.9 
Autumn Hospital A 1.1 1.2±0.5 0.5 – 2.5  22.8 22.5 – 22.9  - - 
 Hospital B 0.9 1.3±1.2 0.2 – 7.3  21.2 19.8 – 22.0  21.3 20.4 – 22.3  

Boundaries indoor conditioning system 

In both hospitals supplied air by the HVAC system can be reheated locally. In hospital A, indoor 

temperature of a four bedded room could be increased by 1°C within 90 minutes. In hospital B, 

indoor temperature measured at 1.1m height does not increase when the supply air 

temperature increases. During autumn measurements, CCA is conditioned to a floor surface 

temperature of 20 °C. Surface temperatures of floor and wall are given in table 5. When the 

supplied air is heated to 23 °C, temperature differences are measured of 1.1 °C between head 

and ankle height (21.7 – 22.8 °C). This is within allowed ranges of comfort standards. More 

information is given in appendix H.   

            

Figure 7  Comparison between indoor and outdoor temperature for hospital A (a) and hospital B (b) based on mean hourly 
 data of all measured rooms. 

3.2. Experience of patients 

There are 169 individual patients involved in this research. Besides, 33 small questionnaires 

are received from patients who already filled in the main questionnaire. The percentage of 

men and women and age of patients is comparable for all measurement periods. In summer, 

patients wore on average fewer clothes in hospital A than in hospital B and LOS is longer in this 

hospital. Whole description of the subjects is given in table 6. 

Most of the patients (54%) have been sleeping or reclining in bed before the survey took place. 

Some patients (36%) had been sitting on a chair, and a small amount (10%) had been walking 

about the room or corridor. In hospital A, 60% of the patients indicate that they found all 

general aspects of their room comfortable against 94% of the patients in hospital B.   
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Table 6 Description of subjects involved in this research based on gender, age, and length of stay (LOS) at the time they fill in 
a questionnaire, clothing level and metabolism. 

Season 
and Hospital 

Number of 
questionnaires (N) 

Percentage 
men/ women 

[%] 

Age LOS in days Clo 
[clo] 

mean 

Metabolism 
[met] 
Mean 

individual 
patients 

Small 
quest. 

min.-
max. 

M 
min.-
max. 

M 

Hospital A          
Summer 34 33 49/51 22-83 57 0-70 15 0.28 1.0 
Autumn  45 0 60/40 20-95 58 1-38 8 0.44 0.9 
Hospital B          
Summer 44 0 43/57 18-92 67 1-14 3 0.50 1.0 
Autumn  46 0 30/70 27-99 70 1-39 5 0.48 1.0 

Thermal comfort 

A Mann-Whitney U Test shows that patients in hospital B found the indoor temperature more 

comfortable during summer (p<0.001) and autumn (p=0.015) than patients in hospital A. In 

summer, TSV and TPV is significantly different for the two hospitals (p=0.046; p=0.005) and is 

in hospital B on average closer to neutral. During autumn, TSV (p=.594) and TPV (p=.756) are 

not significantly different. Percentages of patients who feel comfortable for different ranges of 

indoor temperature are given in figure 8. In both hospitals, more than 10% find the indoor 

temperature uncomfortable and warm at 23±0.5 °C. In Hospital A, more patients have 

uncomfortable cold sensations between 23 – 24 °C. Distribution of TSV for both hospitals and 

seasons is given in figure 9a. 

  

Figure 8 Percentage of patients who find the temperature comfortable, uncomfortable and warm, and uncomfortable and 
 cold for both seasons in hospital A (a) and hospital B (b). Percentage is determined for number of patients (N) 
 involved in the study at certain indoor temperature (rounded to zero decimal places). 

 

There is a strong correlation between TSV and TPV (r=.660, N=202, p=<.001).  In figure 9b can 

be seen that more people want no change when they have cold sensations than when they 

have warm sensations. There is a moderate correlation found between the TSV (right now) 

and TSV (night) from survey results (r=.371, N=167, p=.000). A Wilcoxon signed-rank test 

shows no significant difference between these votes (p=.946). There is no correlation found 

between the TSV and the indoor temperature for both sitting patients and lying patients 

(figure 10). Temperature ranges wherein patients vote for warm, neutral, or cold are the same.   
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Figure 9 (a) Thermal comfort votes from both hospitals in summer and autumn. (b) Percentage of patients who vote for ‘no 
 change’, ‘warmer’, or ‘colder’ on the thermal preference scale (TPV) compared with their indicated thermal 
 sensation (TSV) 
 

 

Figure 10 Linear regression analysis TSV and indoor temperature for hospital A and hospital B for patients sitting on a chair 
 and lying in bed.  

Influence on indoor conditions 

Patients are asked if they find it necessary to have influence on different aspects of the indoor 

environment. In figure 11 can be seen that in both hospitals, more patients find it necessary to 

have influence on controlling temperature and ventilation during summer. In hospital B, more 

patients find it necessary to have influence on daylight, lighting and sound than on 

temperature or ventilation.  

0

20

40

60

80

-3 -2 -1 0 1 2 3

p
e

rc
e

n
ta

g
e

 o
f 
v
o

te
s
 [

%
] 

PMV-scale 

Thermal Sensation Vote  

TSV Hospital A Summer N=67

TSV Hospital B Summer N=44

TSV Hospital A Autumn N=45

TSV Hospital B Autumn N=46

0

20

40

60

80

100

cold
sensations

(N=31)

neutral
(N=113)

warm
sensations

(N=57)

P
e
rc

e
n
ta

g
e
 p

e
r 

c
a
te

g
o
ry

 [
%

] 

TSV 

TSV compared with desired temperature 

no change warmer colder



 
 
 

 Measurement Results 

M.P.A. van Osta      17 
 

 

Figure 11 Percentage of patients who found it necessary to have influence on different aspects of the indoor environment  

 

Percentage of patients who experience influence are given in figure 12. A Mann-Whitney U 

Test shows that patients experience significantly more influence on controlling temperature, 

air ventilation and excluding sound in hospital B than hospital A (p<0.01). Patients are feeling 

more comfortable with the indoor temperature when they experience influence on the indoor 

temperature (r=.387, N=202, p=<0.001). There is a moderate correlation between necessity of 

having influence on controlling temperature and the experience of having influence in hospital 

A (r=.301, N=112, p=0.001). 38% of the patients in hospital A (N=112) experience no influence 

and find it necessary to have influence. In this group, 7 patients have cold sensations and 8 

patients have warm sensations. In hospital B, this percentage is only 8% (N=90). In this group 1 

patient has cold sensations and 4 have warm sensations 

 

Figure 12 Percentage of patients who experience (partly) influence on different aspects of the indoor environment for both 
 hospitals 

 

Figure 11 and results from a Mann-Whitney U test between votes of the two hospitals show 

that patients experience influence on daylight, sun exposure (p=.14), and lighting (p=.072) the 

same in both hospitals. During summer, 40.6% (N=32) of the patients in hospital A and 66.7% 

(N=44) of the patients want the possibility to open a window. During autumn this was 53.5% 

(N=45) in hospital A and 50% in hospital B (N=46). 
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Figure 13 Percentage of patients that find aspects of the indoor environment comfortable or uncomfortable within the patient 
group that vote comfortable or uncomfortable on temperature. 
 

In figure 13 can be seen that patients who find the temperature uncomfortable not necessarily 

find other aspects comfortable. On the other hand can be seen that when patients find the 

temperature comfortable, they also find other aspects comfortable. Correlation with other 

aspects is weak, except for influence on air quality (r=.410, N=202, p<001). Patients’ 

experience of daylight, lighting and sound is described in appendix J. 

3.3. Comfort standards 

With the measured indoor conditions, an indication of thermal comfort is calculated with the 

PMV model and ACL model, which is compared with the perception of patients in both 

hospital wards.   

Predicted mean vote and actual mean vote 

The predicted mean vote is calculated for six situations with varying activity level and clothing 

types. The percentage of time that PMV is nearly neutral and mean predicted people satisfied 

(PPS) is given in table 7 and visualized with boxplots in figure 56, Appendix K.  A weighted 

average of percentage of time that PMV is within limits of ±0.5 is based on distribution of 

activities from the investigated patient group.  According to this indicator, summer conditions 

in hospital A are predicted to be most appropriate to do different activities, although clothing 

has to be changed for different activities.  
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Table 7 Percentage of time that PMV is nearly neutral and predicted people satisfied based on measurement data of at least 
 three weeks.   

 Percentage of time -0.5<PMV<0.5 [%] Mean predicted people satisfied [%]
* 

 

 
Hospital A 

summer 
Hospital B 

summer 
Hospital A 

autumn 
Hospital B 

autumn 
Hospital A 

summer 
Hospital B 

summer 
Hospital A 

autumn 
Hospital B 

autumn 

Walking 
medium clo 

96.6 92.2 99.5 94.3 93.2±1.6 93.0±5.6 94.4±0.9 93.3±3.4 

Walking 
warm clo 

0.1 23.6 3.1 38.3 78.7±3.7 86.8±3.7 85.2±2.7 88.9±2.3 

Sitting 
medium clo 

0.0 0.0 0.0 0.0 54.6±16.7 23.4±15.6 36.9±14.9 19.4±11.1 

Sitting, 
warm clo 

97.6 42.1 68.7 17.3 94.1±1.5 86.5±8.4 90.7±3.3 84.1±6.9 

Sleeping, 
medium clo 

52.6 2.3 1.4 0.0 88.8±4.9 68.7±15.0 76.1±8.0 62.3±11.9 

Sleeping 
warm clo 

0.0 0.5 0.0 1.8 58.2±5.5 72.3±8.1 73.0±4.2 79.0±4.5 

Average tot. 41.2 26.8 28.8 25.3 77.9±17.8 71.8±25.5 76.1±20.4 71.0±26.3 
Weighted 
average tot. 36.6 14.1 17.9 10.2 75.1 66.8 72.2 65.9 
Median tot. - - - - 83.2 81.9 82.8 81.6 
* 

Predicted people satisfied (PPS) = 100%-PPD 
 

In hospital A the PMV gives good prediction for the AMV, for 30% of the cases, i.e. accuracy 

±0.5 visualized in figure 14. In hospital B this is for 34% of the cases. No linear relation was 

found between the TSV and PMV for hospital A (r=.028, N=67, p=.823) and hospital B (r=.200, 

N=44, p=.192). However, no significant differences were found for both hospitals for TSV and 

PMV based on Wilcoxon signed-rank test.  The average votes and standard deviation are given 

in table 8.  

  

Figure 14 Comparison of PMV and AMV based on TSV as actual vote for hospital A and hospital B during summer and 
 autumn. Distinction is made for patients lying in bed and patients sitting on a chair. The numbers indicate the 
 number of overlying points in the area. The number in the grey area left below indicate the number of points where 
 AMV equals PMV with an accuracy of 0.5.  
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Table 8 Median (Med.), mean (M) and standard deviation of TSV and PMV for both hospitals and both seasons; Pearson 
 correlation product (r) and results from Wilcoxon signed-rank test.  

5% level of 
significance  

 TSV  PMV Corr. Difference 

N Med. M SD p  Med. M SD p r p 
between TSV and 

PMV (Wilcoxon 
signed-rank test) 

Hospital A 
Summer 

67 0.3 0.47 0.88 .014  0.67 0.53 0.94 <.001 .03 .82 
not significant (Z 
= -.643, p=.520) 

Hospital B 
Summer 

44 0.0 0.16 0.80 <.001  0.05 0.05 0.97 .074 .20 .19 
not significant 

(Z=-.338, p=.735) 
Hospital A 
Autumn 

45 0.0 0.06 0.83 .000  -0.12 -0.07 0.68 .123 -.14 .35 
not significant 

(Z=-.468, p=.639) 

Hospital B 
Autumn 

46 0.0 0.12 0.75 .000  -0.16 -0.11 0.75 .506 -.03 .85 
not significant 

(Z=-1.317, 
p=.188) 

 
 

During autumn, 11% of the patients in hospital A experience draft when lying close to the 

window and ventilation supply or close to the doorway. In hospital B, only draft was 

mentioned when windows and sliding doors were opened at the same time. The predicted 

percentage dissatisfied due to draft (DR), and also PD vertical air temperature difference and 

PD warm or cool floors satisfies in all cases (table 9).  

Table 9 Predicted percentage of dissatisfied (PD) due to local discomfort according to NEN-ISO 7730 and ASHRAE 55. Vertical 
 air temperature differences are determined with hand measurements. For PD DR and PD warm or cool floors 
 average value and standard deviation are given based on measurement data of three weeks with 2 minute interval. 
 In all cases, data from the patient room with most extreme values are used. 

 
PD draft (DR) 

(%) 
PD vertical air temperature 

difference (%) 
PD warm or cool floor (%) 

Maximum allowed <20 <5 <10 
Hospital A Summer 3.64±4.60 0.5 5.73±0.19 
Hospital B Summer 2.37±6.96 2.0 3.00±2.86 
Hospital A Autumn 3.06±0.46 0.5 4.46±2.32 
Hospital B Autumn 1.0±2.82 0.7 6.87±0.62 

 

Adaptive thermal comfort limits and neutral temperature  

In figure 58-59, Appendix K maximum and minimum hourly averaged indoor temperature is 

given. They fit for most hours between limits of class B, indicating a maximum of 10% of the 

occupants would be dissatisfied. In hospital A during the summer measurements, for three 

hours, the lowest temperature measured was colder than the lower limit of class B. When 

windows were opened in hospital B, temperatures were sometimes even colder than the 

lower limit of Class D, indicating maximum 25% of the people dissatisfied. When windows 

were closed, temperature was within the limits of Class B.  

Results of a linear regression analysis to investigate the desired neutral temperature based on 

Griffith’s equation for different ranges of RMOT is given in figure 15. The average neutral 

temperature for each hospital and season is given in table 10.  
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Figure 15 Linear regression analysis average neutral indoor temperature and RMOT for summer and autumn during day and 
night for regression coefficient of m=0.5). 
 
Table 10  Neutral temperature according to Griffiths’ equation with m=0.5 and m=0.33 for both hospitals in summer and 
 autumn season. 

 Tneutral  m=0.5 Tneutral  m=0.33  
 M STD M STD  

Summer Hospital A 22.77 0.81 22.33 1.17 [°C] 

Summer Hospital B 21.96 1.11 21.88 1.52 [°C] 

Autumn Hospital A 22.22 1.65 22.16 2.46 [°C] 

Autumn Hospital B 21.54 1.51 21.41 2.38 [°C] 

 

In figure 16, patients satisfaction with the indoor temperature (TCV=slightly comfortable – 

very comfortable; -0.5≤TSV≤0.5; -0.5≤TPV≤0.5) are compared with predicted satisfaction  

(-0.5≤TSV≤0.5; PPS=100-PPD; ACL). Patients find the indoor conditions the least comfortable in 

hospital A during summer, which is not indicated by the comfort models.  

 

Figure 16 Percentage of people satisfied with indoor temperature according to actual comfort votes and predicted comfort 
 votes.  
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3.4. Discussion 

Differences between rooms 

During summer, temperature in hospital A is higher for rooms located at the South West 

façade. This part of the building is not blocked by other buildings and is therefore fully exposed 

to sunlight during the afternoon. Room 11 in hospital A is approximately 1.2°C colder than 

other rooms. Additional measurements of three days at the other side of the room give the 

same results, while temperatures in the adjacent room were warmer (Appendix H). Outdoor 

temperatures differ too much for a good comparison between hospital A and B during 

summer. Based on staff experience, temperatures in hospital B were higher during other 

weeks. Measurements done by Ottenheijm in the cardiology ward of hospital B in June 2015 

indicate that temperatures up to 25 °C could already occur at RMOT between 11 and 14.5°C 

(Ottenheijm, 2015). For a better comparison, measurements should have been conducted 

during the same weeks in hospitals located closer to each other.  

Measurements  

In this study, thermal comfort is mainly compared with indoor temperature and not with 

operative temperature. MRT was only measured in two patient rooms, and is strongly 

correlated with the air temperature (r>0.87, p=.000). This indicates that there is limited 

radiant asymmetry and nearly no direct sunlight on the measurement equipment. This is 

caused by the location of the equipment as close as possible to the bed. No correlation was 

found between relative humidity and thermal comfort (r=0.035, N=202, p=.619). According to 

Givoni et al., RH has limited influence on the heat exchange from body to environment, except 

for extreme conditions (Givoni, Khedari, Wong, Feriadi, & Noguchi, 2006). RH has also limited 

influence on the PMV, increasing the RH with 10% has approximately the same effect as 

increasing air temperature with 0.4°C. Correlation with indoor air temperature is also very 

weak(r=.191, N=202, p=.007). After week 30, most of the patients are interviewed, rather than 

asked to fill in a questionnaire to get a higher response. As a result, the seven point scale for 

influence on different aspects, willingness to open a window and knowledge of the system, has 

been reduced to a three point scale given in appendix I. On the other hand, temperature and 

relative humidity is after this period measured closer to the patients. For the TCV, neutral is 

translated to uncomfortable for data analysis.  

Different patient groups: gender, age, and LOS. 

The thermal sensations patients experience in a hospital are dependent on different aspects. A 

Mann-Whitney U test shows that women and men vote significantly different on the TSV 

(p=.033). Women have more often cold sensations than men. Only 6.5% of men against 20.2% 

of women said they feel (slightly) cool. Women are more sensitive to temperature deviations 

and are less satisfied in especially colder indoor environments (Karjalainen, 2012). On the 

other hand, hot flashes are often experienced by middle-aged women (Kronenberg, 2010). For 

both men and women, number of patients who vote slightly cool or cool increases with 

category of age, however no significant difference is found (p=.83) which may be caused by 

data limitation for each subgroup. Due to decreasing ability of thermoregulation with age, 

elderly people would faster have cold sensations (Havenith, 2001). During interviews, patients 

indicate that they compare the indoor conditions they are used to at home, e.g. sleeping with 
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window open or well heated dwellings.  A Mann-Whitney U test shows no significant 

difference on TSV (p=.809) or TCV (p=.957) for patients lying in bed or sitting on a chair for 

equal air temperature (p=.139), however clo-factor and metabolism are different.  

A Kruskal Wallis Test shows that less patients find it necessary to control the indoor 

temperature when they are in the hospital  shorter than two days (43.7%, N=71) compared to 

the group who were in the hospital between 3-7 days (46.5%, N=72) and over a week (61%, 

N=59) (p=0.033). Short stay patients find the indoor temperature more comfortable (p<0.001), 

however no significant difference is found on the TSV (p=.190). This could explain the 

difference in TCV between the two hospitals, whereby LOS is longer in hospital A than B. In 

hospital B, some patients stay for only one or two nights and longer when complications occur. 

In hospital A, more complicated interventions take place, whereby patients stay often for 

longer time.  

Possibilities of adaptation 

47.5% of the patients (N=202) say that they do not need influence on the indoor temperature 

and say that they can adapt themselves with clothing or blankets. Reduction in clothing 

resistance with 0.1 clo has the same effect as a reduction of 0.8 °C operative temperature on 

PMV scale (ASHRAE 55, 2013). During colder summer days, some patients adapted themselves 

with warmer clothing to feel comfortable when they have opened a window for fresh air. On 

the other hand, not all patients can freely choose their clothing, because of health conditions 

and mobility. They are also dependent on the clothes they have at their disposal, dependent 

on the knowledge they have before their admission. When lying in bed, patients can request 

for an extra blanket.  

Most adaptive comfort models agree that desired indoor temperature increases with the 

outdoor temperature. In this research, neutral temperature determined by Griffith’s equation, 

is nearly equal for autumn and summer. Patients admitted in a hospital are less aware of the 

outdoor conditions, especially when rooms are facing a courtyard. The neutral temperature 

line is lower than the middle line between the boundaries of class B. However, patient’s 

clothing insulation exceeds the normal conditions where the boundaries are based on when 

lying in bed. Based on a formula 3 in this report derived by Olesen, temperature ranges may be 

1 °C lower for patients lying on bed without blanket and 3.7 °C lower for patients covered for 

59.1% with a blanket. Even though, this formula is only valid when activity levels are between 

1.4 – 2.0 met (Boerstra, Hoof, & Weele, 2015).  

It has been observed that patients accustom to the situation they are in. In hospital A, TSV is 

not significantly different for patients located near the window or near the door (p=0.809) or 

for different orientations (p=.602), however indoor temperature was different for different 

orientations in hospital A (p<.001). Patients in hospital A who have lied in the hospital before 

or in another room earlier during their admission indicate that they experience the 

temperature different in their current room. When having warm sensations three patients in 

hospital A indicate that the possibility to go outside the hospital helped them to feel 

comfortable. 
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During autumn in hospital A, a total of 11% of the patients experienced draft, whereof some 

had asked to switch bed locations. Ventilation air supply and open doors were mentioned as 

draft sources, although no draft sources were found with hand measurements (v<0.1 m/s). DR 

meets requirements in all cases, indicating that comfort standards do not always meet the 

needs of frail elderly people in hospitals.  

Some patients want to open a window for fresh air and to cool their room. During summer in 

hospital B, 34 % (N=44) of the patients had opened a window of whom 60% experience 

influence on the temperature and 53.3% experience influence on ventilation. 35% of the 

patients who have not opened a window experience no influence.  

More patients say they know how the building is heated, cooled, and ventilated in hospital A 

than B, which can be explained by the fact that the ventilation supply grill is better visible in 

hospital A. Some patients in this hospital indicate that they have suspicion to the mechanical 

ventilation system. More patients want to open a window when they know how the system is 

operating, although correlation is low (r=.289, N=32, p=.124). Patients in this group find the air 

temperature often uncomfortable. There is no correlation found between opened windows 

(34.1%, N=44) and experience of influence on temperature and ventilation in hospital B. 

However, over 50% of the patients experience influence when they have opened a window. 

Four patients have opened a window for a short time during the day and even for longer time 

during the night during autumn in hospital B.   

Desired temperature set points 

Optimal heating and cooling set point could not be determined for all patients. In hospital A, 

more than 10% found the indoor temperature uncomfortable cold at 23°C and 24°C. However, 

more patients vote for no change when having cold sensations (29%, N=31) than when having 

warm sensations (9%, N=59). All patients find the indoor temperature of 21 °C comfortable, 

and even lower temperatures in hospital B. Above 24°C, patients feel neutral or warm and 

neutral temperature is found to be between 21.5 and 22.8 °C. In both hospitals, already more 

than 10% of the patients find the indoor temperature uncomfortable warm when the indoor 

temperature is 23 °C. For this reason, the ability of controlling temperature must be available 

in a patient room to meet needs of all patients. Desired neutral temperature during the night 

was maximum one degree lower than during the day. According to Song et al. with good 

bedding resistance of blankets, subjects experience thermal sensation and thermal comfort 

the same for room temperatures of 14 and 18 °C. According to the PMV model indoor 

conditions of 18 °C, 55% RH are still comfortable for nurses (PMV=-0.52) at average activity 

level of 105 W/m2. The fact that patients find higher temperatures during the night still 

comfortable might be explained by thin blankets and their age. From the energy point of view 

the temperature may be lowered during the night.  

3.5. Conclusion 

During summer, patients experience temperatures in hospital B as more comfortable than 

patients in hospital A, caused by lower indoor temperatures and the possibility to open a 

window. During autumn, in both hospitals the indoor temperature is experienced as 
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comfortable by the bigger part of the patients. Patients who find the indoor temperature 

uncomfortable do not necessarily find other aspects uncomfortable. There is no difference 

investigated for upper comfort limits for indoor temperature; at 23 °C in both hospitals over 

10% of the respondents find the indoor temperature uncomfortably warm. Based on a small 

number of respondents, lower temperatures are experienced as comfortable in hospital B. The 

desired neutral temperature is 22.2 – 22.8 in hospital A, and 21.5 – 22.0°C in hospital B for 

autumn and summer.  
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4.  Simulation Results 
 

4.1. Dynamic building simulation 

The heating and cooling demand of the building is determined by the heat losses and heat 

gains of the building. Besides 8W/m2 lighting energy (35kWh/m2 per year) must be taken into 

account. The different scenarios described in section 2.3 are simulated with varying heating 

and cooling set points. In chapter three is investigated that most patients find temperatures 

between 21 and 23 °C comfortable, although some have uncomfortable cold sensations at 23 

and 24 °C. Therefore, for cooling set points, also 24 and the upper limit from ACL 26 °C are 

simulated. From the energy point of view the temperature may be lowered during the night, 

which is simulated with a temperature set back to 18 °C between 9:00 p.m. – 6:00 a.m.. 

Simulation results for annual energy demand per square meter from different scenarios with 

varying heating and cooling set points are given in appendix L. 

In figure 17 results from different scenarios are summarized for allowed temperature ranges 

of 21 – 23 °C during the day and 18-23 °C during the night, when temperature set back is 

introduced compared with the base case scenario with allowed temperatures of 24±1 °C. nZEB 

requirements for energy demand could be reached when the building is renovated. In figure 

18 can be seen that the energy demand per patient is higher for single patient rooms when the 

building is not renovated.  

 

Figure 17 Heating and cooling demand per square meter for different scenarios with heating and cooling set-point of 23-25 °C 
 for the base case and 21 - 23°C for the other scenarios. For the scenarios with temperature set back, heating set 
 point is 18 °C during the night (9:00 p.m. – 6:00 a.m.) .  
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Figure 18 Heating and cooling demand per patient for different scenarios. 

 

The additional natural ventilation of 1 and 2 ACH when the outside temperature is between 18 

°C and 24 °C increases the heating demand with 0.3-0.8%  Cooling demand can be reduced 

with 6.9 – 56.8%. Figure 19 shows that the number of hours that the indoor temperature 

increases 23 °C is less when windows are opened with prescribed outside conditions.  

 

Figure 19 Number of hours that the indoor air temperature exceeds 24°C and 25°C for current building and renovated building 
 without natural ventilation, with 1 ACH, and with 2 ACH natural ventilation when outdoor temperature is between 
 18 and 24°C with heating set point of 21 and 22 °C  and cooling set point of 26°C. 

4.2. Energy performance calculation 

The heating and cooling demand is supplied by the indoor conditioning systems. The primary 

energy consumption is dependent on system capacity, efficiency, storage type, and fuel type. 

Primary energy consumption and EPC rating for different scenarios is given in figure 20. The 

reference building with system B consumes 18% less energy than the reference building with 

system A. The unsustainable generated energy by a gas fired CHP for REF system A is 
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completely exported. The generated energy by PV in VAR III is partly used for the building 

system and partly used by non-building related equipment (which is not rated in the EPC). The 

remaining part of generated energy is exported and goes back to the grid. Life cycle costs (LCC) 

for these scenarios for 40 years are given in figure 21 by which can be seen that investment 

costs of renovation and PV can be recovered within 40 years.  

In table 11 can be seen that nZEB requirements for maximum energy demand and primary 

energy consumption are reached when the building is renovated and half of the roof is 

covered with PV. For this case, also EPC requirements are reached. Primary heating energy 

consumption is reduced with 62.7% after renovation. However, primary energy consumption 

for cooling has increased with 10%.  

 

Figure 20 Primary energy consumption and EPC rating of reference building (hospital A) with system A, system B, and 
optimized scenarios I and II. System A is CAV-conditioned air with compression cooling and Cogeneration (CHP). 
System B is CAV-conditioned air with CCA with heat-cold storage and electric heat pumps. In VAR I, the reference 
building with system B the building structure is optimized and in VAR II and III, windows can be opened. In VAR III, 
also PV-panels are added.  

 

Figure 21 Life cycle costing for a period of 40 years. Capex are investment costs and opex are costs for maintenance.  
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Table 11  Annual energy demand, primary energy consumption and share of renewable energy sources calculated with 
 ENORM for the different scenarios. Total primary energy consumption per patient is determined when floor area is 
 occupied  with multi bedded rooms (isolation rooms, two bedded rooms and four bedded rooms) and with only 
 single patient rooms. The highlighted values fulfill nZEB requirements.  

     Multi bedded rooms  Single bedded rooms 

Scenario 
Energy 

demand 
[kWh/m

2
] 

Primary 
energy 

consumption 
[kWh/m

2
] 

Share 
renewable 

energy 
sources 

[%] 

EPC 
Number 

of 
patients  

Primary 
energy / 
patient 

[GJ/patient] 

 
Number 

of 
patients  

Primary energy 
/ patient 

[GJ/patient] 

nZEB 
demand 

65 120 50 <1      

REF s. A 91.2 217.7 11 2.0 816 8.6  743 9.4 
REF s. B 84.3 179.3 8 1.5 816 7.1  743 7.8 
VAR I 61.3 146.9 9 1.2 816 5.8  743 6.4 
VAR II 57.0 145.7 9 1.2 816 5.7  743 6.3 
VAR III 57.0 109.5 21 0.9 816 4.3  743 4.7 

4.3. Discussion 

The model of the patient room is compared with in situ measurements in figure 65, appendix 

M.  The difference between measured temperature and simulated temperature is bigger for 

the room located at the South East façade than for the room facing the South West façade. 

This is partly caused by the blocking effect of surrounding buildings, which are not simulated in 

the model.  The room on the South West façade is more secluded from other buildings. 

Further on, differences between reality and simulation could be caused by assumptions for 

internal gains, thermal mass and air flow rate between patient room and corridor.  

The two models in section 4.1 and 4.2 cannot be compared one on one, because in section 4.1 

only one patient room is investigated and in section 4.2 the whole ward. Nevertheless, all 

boundary conditions (structure, ventilation flow rate) are the same. Prescribed boundary 

conditions in NEN-7120:2012, e.g. temperature set points, cannot be changed in the energy 

performance calculation. The standard uses temperature set points of 22°C for heating and 

24°C for cooling with 8 hours temperature reduction for each day, which are different form 

ASHRAE recommendations. For healthcare without bed area and offices is 20°C used as 

heating set point with temperature set-back for 8 and 14 hours a day.   

The annual energy demand of the reference building is 91.2 kWh/m2, and is 5.4% lower than 

simulated with dynamic building simulations in section 4.2 (scenario 1.2 and scenario 2.2, 

Appendix M) for these set-points and 4.7% higher than the scenario with temperature set 

back.  

Heating and cooling set points have a bigger influence on the total energy demand for the 

building envelope with low heat resistance. For the current buildings, lowering the heating set 

point from 23 to 21°C reduces the heating energy demand with 16.3 kWh/m2 per year. For the 

renovated building, this reduction is only 5.7 kWh/m2 per year.  Increasing cooling set point 

from 23°C to 26°C reduces the cooling demand for the current building with 10.1 kWh/m2 and 

for the renovated building with 8.9 kWh/m2. If heating set points are lowered and shifted back 
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to 18°C during the night, heating demand is 14 – 40% lower. Energy requirements could not be 

reached without renovation of the building envelope.  

There are less internal gains in a single patient room. For this reason, heating energy demand 

is higher for these rooms. In the renovated building, less internal gains have less influence on 

the heating demand; however reduce the cooling demand with 50% visible in figure 64, 

appendix M. Due to the lower heat loss by external conduction and infiltration in the 

renovated building, temperatures are more often higher than the heating set point, which can 

also be seen in figure 19.  

In the investigated wards in model 2, 816 beds are available, distributed over four-, two- and 

single bedded rooms. Using the same area, there is room for 743 single patient rooms with 

individual bath rooms (total of 18 m²). However, the bigger floor area needed for single 

patient rooms can be compensated with a more sustainable indoor conditioning system, 

although additional space for corridors is neglected.  

4.4. Conclusion 

Broader temperature ranges of 21 – 26 °C could save 26% on heating demand and 80% on 

cooling demand for the current building and 9% on heating demand and 55% on cooling 

demand for the renovated building compared to set points described by ASHRAE. A lower 

cooling set point of 23 °C increases the cooling demand, however this is only a small part of 

the total energy demand. System B with concrete core activation, heat pumps and aquifer 

consumes less energy and is better rated by the EPC than system A with CHP and compression 

cooling. A bigger floor area for single patient rooms does not influence EPC or nZEB rating in 

negative way, because energy is rated per square meter.  
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5. General Discussion 
 

Comfort standards 

Current comfort models are not completely able to predict thermal comfort of patients. 

According to the hybrid comfort limits, indoor temperatures are most of the time within 

ranges of class B, indicating that only 10% of the occupants feel uncomfortable. In reality this is 

for 28% of the cases in hospital A (N=112) and for 8% of the cases in hospital B (N=90).  

PMV is in this research compared with TSV of individuals, while intended to predict mean 

thermal sensation of a group within same conditions. Patients cannot be seen as one coherent 

group, due to differences in clothing insulation, bedding, and metabolism. Besides indoor 

conditions vary much. According to NEN 7730, there is a predicted distribution for the TSV 

based on the PMV. If PMV is zero, it is likely that 60% of the respondents will vote neutral. For 

PMV values more remote from zero, persons predicted to vote the same is less certain (NEN-

EN-ISO 7730, 2005). Collected data could contribute to improve comfort models depending on 

conditions and age, investigated by Roelofsen (Roelofsen, 2016).  

Indoor conditioning system 

Controlling temperature in broad ranges at room level and opening windows affects the RH 

(conditioned in AHU) in negative way. During summer in hospital B, broad ranges of RH are 

measured due to opening of windows. When reheaters were used during autumn in hospital 

A, RH was sometimes lower than 30%. As a result, 10% (N=45) of the patients experience the 

air as too dry. In hospital B, this was only experienced by 4% (N=46) and was not mentioned 

during summer.  

This research showed that there is more need of cooling possibilities in the hospitals. Larger 

volume of convective cooling increases the energy consumption and can cause draft. With 

radiant cooling systems (ceiling and floor cooling) air flow can be reduced and can contribute 

in reducing energy consumption of the system (Causone, Baldin, Olesen, & Corgnati, 2010). In 

hospital B, CCA is used as radiant heating and cooling system, however not fully utilized and 

with slow response. During summer in hospital B, only cooling capacity is available during the 

night, whereby surface temperature measured by building measurement system of the 

hospital was 23.4 °C during the day and about 22°C during the night. During autumn, CCA was 

conditioned at a surface temperature of 20°C. The surface temperature of thermal activated 

surfaces is most of the time designed between 21 °C and 25°C, with overall performance of 60 

W/m2 for cooling and 40 W/m2 for heating (Mauersberger & Cibis, 2012) and need to be 

limited between 19 and 29°C to prevent radiant asymmetry (NEN-EN-ISO 7730, 2005). When 

ventilation air was reheated to 23°C, temperature stratification was measured of 1.1 °C 

between head and ankles. Schellen et al. investigated for a group of ten male subjects that 

highly non-uniform environments are experienced as equal or even more comfortable than 

uniform indoor environments (Schellen, Loomans, de Wit, & Olesen, 2013). Although, there is 

presumptive evidence that people lying in bed are more sensitive for experiencing radiant 

sensation (Nagano & Mochida, 2004). Radiant cooling ceilings have a fast response time of 

three to five minutes, although attention must be paid to condensation on cold surfaces 
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(Mumma, 2001). Chilled ceiling with desiccant cooling could save up to 44% of primary energy 

compared with an all air system (Niu, Zhang, & Zuo, 2002).   

Besides radiant cooling technologies, elevated air speed could improve thermal comfort, 

because it increases the heat exchange between the human body and the environment 

(ASHRAE 55, 2013). Draft from increased convective cooling could therefore be experienced as 

comfortable. In the orthopedics ward in hospital A, patients are advised to bring a fan from 

home during the summer. One patient followed this advice and indicates that he found the 

temperature comfortable when the indoor temperature was measured to be 25°C. According 

to Schiavon et al., energy can be saved by allowing higher indoor temperatures using a small 

desk fan or personal ventilation system with for most cases fan input power lower than 15 W 

(Schiavon & Melikov, 2008). 

nZEB Hospital 

In section 4.4 is concluded that the effect of allowing broader temperature ranges, irrespective 

of the fact whether this is desirable, is not enough to reach the nZEB requirements for energy 

demand. When the building is renovated as described in section 2.3, heating energy demand 

will be 60% lower according to the energy performance calculation. On the other hand, cooling 

energy demand increases with 10%. Due to differences in generation efficiency, heating causes 

larger CO2 emissions than cooling (0.06 kg CO2/MJ compared to 0.04 CO2/MJ), whereby total 

CO2 emissions will be reduced with 19% after renovation and up to 40% when PV and operable 

windows are implemented according to energy performance calculation.  

As concluded in this research, most patients feel comfortable between indoor temperatures 

of21-23 °C, which has nearly no effect on the energy performance outcome. In the energy 

performance calculation, heating set point of 22°C and cooling set point of 24 °C are used for 

healthcare with bed area (NEN 7120, 2012). When heating set points are lowered to 21°C, 

14.0-12.6% of the heating energy demand can be saved. This corresponds to an annual 

reduction of primary heating energy of 1.5 kWh/m2 for the current building and 0.5 kWh/m2 

for the renovated building per year. Lowering cooling set point to 23 °C increases the cooling 

demand with 41.6-44.8%, which corresponds to an increasing of 1.3 kWh/m2 on primary 

cooling energy for both current as renovated building per year. Radiant cooling to lower 

operative temperature and or elevated air speed could be a solution for allowing higher air 

temperatures and decreasing energy consumption at the same time. Besides, openable 

windows at prescribed outdoor conditions can contribute to reduce overheating hours and 

cooling demand of the building and is also better rated in the EPC. When natural ventilation by 

openable windows is applied, energy demand reduces with 12% for the renovated building in 

the energy performance calculation. 

The requirements for maximum primary energy consumption are met when PV is introduced, 

although this is not enough to reach the share of 50% of renewable energy. Besides the share 

of heat pumps, PV, and ground storage, also biomass, solar water heater, wind energy, and 

external heat supply from renewable sources could be used to increase the share of renewable 

energy and decrease the primary energy consumption for heating and cooling (Harmelink, 

2015).  
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6. General Conclusion 
 

In both hospitals, PMV is not within the limits of -0.5 ≤ PMV ≤ 0.5 during measurement 

periods. PMV is the most time within these limits for hospital A during summer. For both 

hospitals, indoor temperature is most of the time within the limits of class B when windows 

are closed, indicating that a maximum of 10% of the occupants will be dissatisfied. In contrast 

with the PMV, the indoor climate is experienced as more comfortable in hospital B. Besides, 

patients experience more influence in this hospital with single patient rooms, by opening 

windows and closing sliding doors. The following aspects will contribute to comfort in hospital 

wards and will contribute to nZEB hospitals. A low standard temperature between 21 – 23 °C is 

experienced as comfortable ranges wherein most patients can adapt themselves with clothing 

or blankets. On the other hand, temperatures wherein patients have uncomfortable cold and 

uncomfortable warm sensations are within the same ranges. At this moment, only limited 

percentage of patients is aware of the possibility of changing air temperature. In order to 

reach personal preferences, control over the indoor temperature is preferable in single patient 

rooms. When (sliding) doors are closed, it is possible to heat or cool the room to desired 

temperature, with respect to system’s capacity. Patients appreciate the possibility to open a 

window or vents for fresh air or cooling in the summer. More control possibilities are needed 

when patients stay for longer time in the hospital.  

Over 50% of the patients want the possibility to open a window. Measurement results and 

simulation results show less overheating hours in this situation for prescribed outdoor 

temperatures. Besides, openable windows are also better rated in the EPC and contribute to 

nZEB hospital by lowering cooling demand. The energy consumption per square meter of a 

hospital with single bedded rooms is comparable to a hospital with multi bedded rooms. The 

amount of energy saved by broader temperature ranges is small compared to the effect of 

building renovation. Besides, higher cooling set points are not desirable for patients. A lower 

cooling set point of 23 °C increases the cooling demand, however this is only a small part of 

the total energy demand. Besides, the indoor conditioning system and usage of renewable 

energy sources are important to reach nZEB hospital target. System B with concrete core 

activation, heat pumps and aquifer consumes less energy and is better rated by the EPC than 

system A with cogeneration and compression cooling. 
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7. Further Research and Implementation 
 

In order to fully understand thermal experience of patients in hospital wards, more subjects 

should be involved from different types of wards. Further on, this research should be extended 

to more hospitals with different indoor conditioning systems. Also more systems with non-

uniform room conditions must be involved and compared with thermal sensation of people 

lying in bed. Collected data could contribute to improve comfort models for specific subjects.  

Current developments with individual temperature preference set points in offices could also 

be applied in hospitals. Further research is needed to investigate the application of this with 

respect to thermal comfort and energy consumption in hospitals. Temperature set point and 

ventilation flow rate could be changed based on room occupation. Besides, thermal, but also 

light preference could be easily specified using computer screens.  

Further research could lead to further specification of patient room design to the needs of 

different patient groups. This research shows that patients find it more necessary to control 

the temperature when they are longer in a hospital. Thermal comfort and comfort needs in 

relation with view must be further investigated. The view quality from a window may be less 

important for patients who are in the hospital for only one or two days.  

In this research, focus lay on climate conditioning in hospital wards. Smart solutions are 

needed to further limit energy consumption, by for instance exchanging energy between 

different hospital buildings.  

Renewable energy from heat pumps, PV, ground storage, biomass, solar water heater, wind 

energy, and external heat supply from renewable sources must be further implemented in 

hospital design in order to reach the nZEB targets. 
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Appendix A Impression of measurement location 
 

Hospital A 

Figure 22 and 23 give an impression of the patient rooms, ventilation supply, temperature 

control and exterior of hospital A. 

                        

Figure 22  (a) Two empty beds in a four bedded room in hospital A. (b) Ventilation supply above is situated above the windows.  

 

                                      

Figure 23 (a) Measurement equipment is placed closed to an occupied bed; (b) Supply air temperature can be optimized. The 
lowest supply air temperature is ±21 °C and the highest possible supply air temperature is 23°C, (c) patio of hospital with on 
the left hand the East wing of the investigated department on the fourth floor.  
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Hospital B 

Figure 24 – 26 give an impression of the patient rooms, ventilation supply, temperature 

regulation and exterior of hospital B. 

   
Figure 24 Measurement equipment is placed between an occupied bed and chair.  

 

   
Figure 25 (a) Ventilation supply is situated close to the ceiling. (b) Supply air temperature can be optimized. The lowest supply 
air temperature is ±21 °C and the highest possible supply air temperature is 23°C.  

 

 

Figure 26 (a) Patio of hospital with on the left hand the South East façade of investigated ward. (b) Main entrance of hospital 
with on the left hand the North West façade of the investigated ward.  
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 Indoor conditioning system hospital A 

The air is conditioned per building separately with an air handling unit (AHU). The AHU consists 

of heat recovery, heating and cooling coils, humidifier and fan. The air is conditioned to 

temperature of 16 ⁰C and RH of 55%. There is no dehumidifier, whereby RH is higher during 

extreme outdoor conditions. When the outdoor temperature is extremely high or extremely 

low, an alternative heating curve is used to condition the air at 18 ⁰C in order to minimize 

temperature differences.  

Each room can be heated individually with a reheater placed in the air supply duct in the 

plenum. Rooms can be heated individually to approximately 23 ⁰C. The air is supplied via grills 

above the windows and is blown at low velocity in horizontal direction below the ceiling 

plenum. In winter, the supply air temperature is higher than the room air temperature. The air 

temperature decreases slowly and the air flows down, causing forced convection flows in the 

room. The airflow rate in the patient rooms is approximately 3 ACH with a ventilation flow of 

200 m3/h for a two-bedded room. Between 8:35 p.m. and 8:00 a.m., the AHU runs at 50% of 

the capacity. Downshifts are not dependent on occupancy of rooms.  Air is extracted in the 

bathroom and in the corridor. 

Indoor conditioning system hospital B 

Hospital B is heated and cooled with CCA. During summer, only cooling capacity is available for 

CCA during the night. Heat and cold is stored in the ground. Additionally, ventilation air is 

conditioned with an AHU the same way as hospital A. With a capillary temperature controller 

connected to a water channel of approximately 50°C ventilation air can be heated to 25°C for 

each room. The reheaters are mainly used during transition seasons when the CCA cannot 

respond fast enough to the fluctuating outdoor temperatures. The airflow rate in the patient 

rooms is approximately 2 ACH with a ventilation flow of 80 m3/h per room.  Air is extracted in 

the adjacent bathroom, whereby no overflow to the corridor is designed. The CCA and 

balanced mechanical ventilation causes a small amount of air movement to prevent cross 

infection between patient rooms.  

Windows can be opened, in order to provide more fresh air and giving people more influence 

on the thermal conditions in the room. There is no ventilation flow downshift when windows 

are opened or during the night. The design temperature set point for patient rooms is 22-23 

°C.  
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Appendix B Measurement equipment and characteristics 
 

Table 12 Measurement equipment and characteristics 

 Equipment  device Type 
TU/e ID-
number 

Output value Accuracy 

P
re

lim
in

ar
y 

m
ea

su
re

m
en

ts
 

 
Air velocity 

indicator 
1x Testo 425 ID-0217 Velocity [m/s]  

 Stand/tripod 2x       

M
ai

n
 M

ea
su

re
m

en
ts

 

RH/T sensor 9x Rotronic1 HL-1D ID-3168 RH [mg/m3] en 
T [°C] 

  
  
  
  
  

at 23 °C ±5 °C: 
±3.0 %RH / ±0.3 °C 

  
  
  
  
  

    Rotronic2   ID-3169 

    Rotronic3   ID-3170 

    Rotronic4   ID-3171 

    Rotronic5   ID-3172 

    Rotronic6   ID-3173 

   Rotronic7  ID-3195   

   Rotronic8  ID-3196   

   Rotronic9  ID-3197   

 

ICMS 1 Logger 2F8 
  

        

CO2 sensor 
 

 SenseAir  ID-1442 CO2 [ppm] 30 ppm ± 3% of reading 

RH/T sensor  Vaisala  ID-766 RH [%]   

Air 
temperature 

sensor 

 NTC thermistor  
ID-2471 Tair [°C]  ±0.05%  (0…50% °C) 

Air velocity 
indicator HT-

400 

 Sensor Spherical 
anemometer probe 

 
ID-2513 m/s 0.02 m/s ± 1.5% of readings 

  SensoAnemo 
transducer 

 ID-2513     

  SensoBox adapter  ID-2513     

  Black sphere  ID-1243 Tglobe [°C]  at 0 °C  ± 0.1 °C  

  Grant  ID-1815 -   

ICMS 2 Logger 1F8 
 

      

T/RH/CO2 

sensor 

 

ee80  

 

ID-2333 RH [%]  
at 20°C  ±3% RH (30...70% RH) 

±5% (10...90% RH) 

  

 

 

 

   CO2 [ppm] 

at 25°C 0...2000ppm: < ± 
(50ppm +2% of measuring 

value)and 1013mbar 
0...5000ppm: < ± (50ppm +3% 

of measuring value) 

Air velocity 

indicator 

 Sensor Spherical 

anemometer probe 

HT-412 HT-400 

ID-0840 m/s 0.02 m/s ± 1.5% of readings  

  

 SensoAnemo 

transducer   

ID-0840   

0.02 m/s  ± 1% of readings 
(0.05 … 1 m/s) ±3% of readings 

(1…5m/s) 

Air 

temperature 

sensor 

 

NTC thermistor U-type 

ID-2597 Tair [°C]  ±0.05%  (0…50% °C) 

Black sphere  Black sphere   

ID-2142 Tglobe [°C]  at 0 °C  ± 0.1 °C  
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 Logger (1 

power plug) 

 

Grant 

2020 

series 

ID-0890 -   

 Stand       

  ICMS 3 – 2010 

 

M
ai

n
 M

ea
su

re
m

en
ts

 

CO2 sensor  

CO2 gasAnalyser SBA-
5   0-5000 ppm 0-5V 

ana out   ID-2494 CO2 [ppm]   

 
RH sensor  

humitter 50 with ntc 
u-type inside   ID-261 RH [%] at 20°C  ±5% RH (10…90% RH) 

 
Air velocity 

indicator  

Sensor Spherical 
anemometer probe 

HT-412 HT-400 ID-2990 m/s  0.02 m/s ± 1.5% of readings 

 Air 
temperature 

sensor  NTC thermistor U-type ID-2860 Tair [°C]  ±0.05%  (0…50% °C) 

 Black sphere  Black sphere   ID-1249 Tglobe [°C]  at 0 °C  ± 0.1 °C  

 surface 
temperature 

sensor  
Temperature probes 

thermistor     Tair [°C]  ± 0.2°C  

 surface 
temperature 

sensor  
Temperature probes 

thermistor     Tair [°C]  ± 0.2°C  

 
Logger  Grant 

2010 
series ID-2622 -   

 Stand       

        

 Additional Equipment 

 

T/ RH sensor  

Portable humidity  
and temperature 

insturment Rotronic ID-2854 
Tair [°C]  
RH [%] 

0…100 %rh/ ±rh/ ±1.0%rh @ 
23°C 

-10…60 °C/ ±0.2°C @ 23°C 

 

Air velocity 
indicator 

 Testo 425 ID-0217 Velocity [m/s] 

 ±(0.1 m/s + 5 % of mv) (0 to 2 
m/s) 

±(0.3 m/s + 5 % of mv) (2 to 15 
m/s) 

 

 
 

 
Figure 27 Rotronic T/RH sensor and ICMS. 

  



 
 
 

 Appendix B Measurement equipment and characteristics 

M.P.A. van Osta      43 
 

 

 
Figure 28 Floorplan two-bedded room with location of measurement equipment in hospital A.  

 

 

Figure 29 Floorplan four-bedded room with location of measurement equipment in hospital A. 
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 Figure 30 Floorplan single patient room with location measurement equipment in hospital B. 
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Date:               _____________________    Which of the activities below have you mainly 
Time:              _____________________    done during the last hour?  
Room number: _____________________     
Gender   Man        Woman   Lying – passive (sleeping) 
Year of birth:     _____________________    Lying – active (awake) 
Admission days until now:    _________    Sitting – passive (reading, conversation) 
Which clothes do you wear at this moment?    Sitting - active (eating) 
 Pajamas       Standing – passive (conversation) 
 Different, namely: ________________   Standing – active (walking slowly) 

Where are you at this moment?     If lying/ sitting in bed:  

 bed  chair               corridor   without quilt  half covered with a quilt 

       completely covered with a quilt 

 

Appendix C Questionnaire Patient’s comfort Survey  
Complete Questionnaire (Overall Comfort) 

 
 
 
 
 
 
 
 
 
 
 
 

 
    
 
 
 
 
 
 

      

 Very 
uncomfortable 

    Slightly 
uncomfortable 

         Slightly  
     Comfortable 

very 
comfortable 

1. How do you experience the indoor 
climate at this moment?  

     

2. How do you experience the 
temperature at this moment  

     

 
Cold Cool 

slightly 
cool neutral 

slightly 
warm warm hot 

3. How do you perceive the 
temperature at this moment 

       

 
Much 
colder colder 

Slightly 
colder 

 

neutral 
Slightly 
warmer warmer 

Much 
warmer 

4. How do you like the temperature 
to be at this moment? 

       

5. Which of these symptoms do you feel when you feel cold or warm at this moment 
(more than one answer 
is possible) 

cold hands 
 
cold feet 

cold neck 
 
shivering 

           sweating  
 
different, namely: ___________ 
 

6. What do you think of the air quality at this moment regarding stuffiness, smell and draught?  

 No, 
not at all 

           
 

 
neutral 

 Yes,          
completely 

 

Do you find the air stuffy?       

Do you find the smell 
uncomfortable? 

     

Example: 

 Tick on of the boxes,    mark area which is applicable:  encircle with is applicable: 
Unless stated otherwise              necessary not necessary 
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Do you suffer from draught?      

7. How do you experience the aspects of the indoor climate mentioned below right now? 
 Very 

Uncomfortable 
   slightly  

uncomfortable 
 
 

 Slightly 
comfortable  

         very 
  comfortable 

Air quality       

Daylight      

Artificial lighting      

Sound      

8. If you have indicated to find light or sounds uncomfortable, can you say why?  

Daylight Dazzle Unequal light  

Artificial lighting Dazzle Unequal light different, namely: 

 
Sound 

Buzzing sound from  
climate system 

Conversation from  
others 

 

 

 
 

9. Do you find the possibility to influence factors of the indoor environment necessary? (please encircle which is applicable) 

 

Temperature Necessary/ not necessary Daylight Necessary/ not necessary 

Air quality Necessary/ not necessary Artificial light Necessary/ not necessary 

  Sound Necessary/ not necessary 

10. Do you have, according to your experience, enough influence to adjust the indoor environment to your demand by…? 

  No,  
Not at all 

             No,  
           Nearly not 

  Yes,  
 partly 

yes,  
good 

Yes,  
         Very much 

Controlling temperature?      

Controlling fresh air?      

Controlling sunlight exposure?      

Controlling artificial lighting?      

Locking out undesirable sounds?  
 

     

 

Cold Cool 
slightly 

cool 
 

good 
slightly 
warm warm hot 

11. How do you find the 
temperature during the night 
 
 

       

12. Do you think that the possibility of openable windows contributes to thermal comfort?  

        No,  
Not at all 

  Neutral    Yes,  
completely 

 
 

     

13. Do you know how the room is heated, cooled and ventilated 

 No, I don’t know  Yes, for the bigger part  Yes I know 
 
 

     

 
 



 
 
 

 Appendix C Questionnaire Patient’s comfort Survey 

M.P.A. van Osta      47 
 

14. Do you have other remarks regarding the indoor climate (temperature, ventilation, light, etc.) 
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Date:               _____________________    Which of the activities below have you mainly 
Time:              _____________________    done during the last hour?  
Room number: _____________________     
Gender   Man        Woman   Lying – passive (sleeping) 
Year of birth:     _____________________    Lying – active (awake) 
Admission days untill now:    _________    Sitting – passive (reading, conversation) 
Which clothes do you wear at this moment?    Sitting - active (eating) 
 Pajamas       Standing – passive (conversation) 
 Different, namely: ________________   Standing – active (walking slowly) 

Where are you at this moment?     If lying/ sitting in bed:  

 bed  chair               corridor   without quilt  half covered with quilt 

       complete covered with a quilt 

 

Short Questionnaire (Temperature Related) 

 
 
 
 
 
 
 
 
 
 
 
 

 
    
 
 
 
 
 
 

      

 
 

Very 
uncomfortable 

    Slightly  
uncomfortable 

     Slightly  
comfortable 

Very 
Comfortable 

1. How do you experience the indoor 
climate at this moment?  

     

2. How do you experience the 
temperature at this moment  

     

 
Cold Cool 

slightly 
cool 

 

good 
slightly 
warm warm Hot 

3. How do you perceive the 
temperature at this moment 

       

 
Much 
colder colder 

Slightly 
colder 

 

good 
Slightly 
warmer warmer 

Much 
warmer 

4. How do you like the 
temperature to be at this moment? 

       

5. Which of these symptoms do you feel when you feel cold or warm at this moment 
(more than one answer 
is possible) 

cold hands 
 
cold feet 

cold neck 
 
shivering 

           sweating  
 
different, namely: ___________ 
 

6. What do you think of the air quality at this moment regarding stuffiness, smell and draught?  

 No, 
not at all 

           
 

 
neutral 

 Yes,          
completely 

 

Do you find the air stuffy?       

Do you find the smell uncomfortable?      

Do you suffer from draught?      

Example: 

 Tick on of the boxes,    mark area which is applicable:  encircle with is applicable: 
Unless stated otherwise              necessary not necessary 
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7. Do you find the possibility to influence factors of the indoor environment necessary? (please encircle which is applicable) 

Temperature Necessary/ not necessary Air quality Necessary/ not necessary  
 

8. Do you have, according to your experience, enough influence to adjust the indoor environment to your demand by…?  

    
 
 

 No,  
Not at all 

             No,  
           Nearly not 

  Yes,  
 partly 

yes,  
good 

Yes,  
         Very much 

Controlling temperature?      

      

  



 

50 
 

Appendix D Activity level and clothing insulation 
 

The activity level and clothing insulation are important parameters for the PMV and are 

derived from standard (ASHRAE 55, 2013; NEN-EN-ISO 7730, 2005). Patient’s activities are 

divided into six categories given in table 13. Clothing insulation is based on patient’s 

description of clothing composition and observations from the pollster. Different combinations 

of clothing with according total clothing insulation are given in table 14.  

Table 13  Activity levels of patients  (ASHRAE 55, 2013; NEN-EN-ISO 7730, 2005) 

Activity level Metabolism [met] 

Lying – resting, sleeping  0.7 
Lying – reclining  0.8 
Sitting –  resting, seated, quiet  1.0 
Sitting – reading, writing 1.0 
Standing – light activity  1.6 
Standing – walking about  1.7 

 
Table 14 Clothing insulation based on composition of clothing (ASHRAE 55, 2013) 

 Clothing and clothing insulation [clo] (ASHRAE 55, 2013) 
Total 
[clo] 

Pyjamas  
Short-sleeve hospital 

gown 
Men’s briefs   

 0.31 0.04  0.35 

Pyjamas and vest 
Sleeveless short grown 

(thin) 
Men’s briefs Long sleeve vest  

0.18 0.04 0.36 0.58 

Sleep shirt 
Full slip Men’s briefs   

0.16 0.04  0.20 

T-shirt and underwear 
T-shirt Men’s briefs   

0.17 0.04  0.21 

Surgery jacket 
Men’s briefs 

Paper jacket 
(assumption) 

  

0.04 0.09  0.13 

T-shirt and shorts 
T-shirt Men’s briefs Walking shorts  

0.17 0.04 0.08 0.29 

Long trousers and T-shirt  
Sweatpants T-shirt Men’s briefs  

0.28 0.17 0.04 0.49 

Long trousers and sweater 
Sweatpants 

Short-sleeve knit sport 
shirt 

Men’s briefs  

0.28 0.17 0.04 0.49 

Long trousers and vest 
Sweatpants Long sleeve vest Men’s briefs  

0.28 0.36 0.04 0.68 

Long trousers and thin vest 
and shirt 

Sweatpants 
Short-sleeve knit sport 

shirt 
Long sleeve vest 

(thin) 
 

0.28 0.17 0.25 0.85 

 
Long sleeve long wrap 

robe (thick) 
   

Bathrobe 0.69   0.69 
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For patients lying in bed, additional insulation is taken into account for the bed and coverage of 
bedding. Three different categories are divided, i.e. in bed without quilt, half covered with a quilt, and 
completely covered with a quilt. This corresponds with 23.3%, 59.1% and respectively 94.1% of the 
body surface covered with a quilt, as can be seen in figure 31. Q2 corresponds best with the quilt used 
in the hospitals. Additional insulation used for patients in bed is given in table 15.  
 
Table 15 The total insulation values (clo) of the measured bedding systems. M1 is a conventional mattress, Q1 is a thick 
summer quilt and M2 is a normal summer quilt. B is a thin blanket (Lin & Deng, 2008).  

Ac [%] 23.3 48 59.1 67 79.9 88 94.1 100 

M1 + Q1 0.98 1.16 1.43 1.90 2.44 3.68 4.03 4.47 
M1 + Q2  1.14 1.42 1.69 1.98 2.95 3.03 3.62 
M1 + B  1.24 1.42 1.69 1.98 2.95 3.03 3.62 

 

 

Figure 31 Percentage of the body surface covered by bedding and bed (Lin & Deng, 2008).  
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Appendix E General measurement results 
 

Temperature differences and stratification 

In table 16 and 17, air temperature is given at different heights measured during preliminary 

measurements in hospital A and hospital B respectively. In hospital A, there is nearly no 

temperature difference between the investigated 4-bedded room and 2-bedded room. 

Measured air temperatures are also equivalent near the bed close to the window and bed 

close to the door. No temperature stratification is measured in the investigated rooms.  

Table 16  Temperature differences and stratification measured at different places in hospital A. 

 
4-bedded 

room 
2-bedded 

room 
Family 
room 

 
 
 

4- 
bedded  
room 

Corridor Corridor 
2-bedded 

room 

4- 
bedded 

room 

Distance 
window 

3 3 1 3 2 1.5  3   3 3 M 

Height:              
1.7 m 22.7 22.9 22.4 22.2 22.3 22.0  22.3 23.0 22.4 22.6 22.7 °C 
1.1 m 23.1 23.1 22.6 22.4 22.4 22.0  22.5 23.1 22.6 22.6 22.8 °C 
0.6 m 22.7 23.0 22.2 22.4 22.5 22.4  22.3 23.2 22.6 22.4 22.5 °C 

Average 22.8 23.0 22.4 22.3 22.4 22.1  22.4 23.1 22.5 22.5 22.7 °C 

 

In hospital B during preliminary measurements, temperatures measured close to an open 

window are much colder than temperatures measured at the other side of the room at 1.7 

meter. During the afternoon when this façade is exposed to direct sunlight, temperatures 

measured close to the open window are much warmer. Also differences were observed 

between temperatures measured in a patient room with opened and closed windows. No 

temperature stratification is measured in the investigated rooms when windows are closed. 

Table 17  Temperature differences and stratification measured at different places in hospital B. 

 

Patient room windows 
opened  

Sliding doors closed 
during the night 

Patient room windows 
opened  

Sliding doors closed 
during the afternoon 

Patient room 
windows 
opened 

Patient room 
windows 

closed 
Corridor  

Distance 
window 

3 0.3 3 0.3 1 1   M 

1.7 m 19.4 18.4 20.2 23.6 21.4 23.1 21.5  °C 
1.1 m - 18.4 - 23.4 21.4 22.9 21.3  °C 
0.6 m - 18.2 - 21.4 21.1 22.8 21.1  °C 
Average - 18.3 - 22.8 21.3 22.9 21.3  °C 

 

Form these results is concluded that for hospital B it is needed to measure the air temperature 

close to the patient while filling in a questionnaire.  
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Indoor Air Temperature  

 

  

  

Figure 32 Indoor temperature during autumn measurements in hospital A and B based on measurement data of three weeks 
 with time measurement interval of 2 minutes. The red line in the boxplot indicates the median, the bottom and top 
 of the box represent respectively the 25

th
 and 75

th
 percentile, the upper and lower black horizontal lines present 1.5 

 IQR, and the red crosses indicate the outliers.  

 
 
 
 
 
 
 
 
 
 
 
  

corridor corridor 

corridor corridor 

Tmean out = 8.9 °C 
Tmean out = 9.1 °C 

Tmean out = 16.7 °C 

Tmean out = 19.4 °C 
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Indoor Relative Humidity  
 
 

 

 
Figure 33 Indoor RH during autumn measurements in hospital A and B based on measurement data of three weeks with time 
 measurement interval of 2 minutes. The red line in the boxplot indicates the median, the bottom and top of the box 
 represent respectively the 25

th
 and 75

th
 percentile, the upper and lower black horizontal lines present 1.5 IQR, and 

 the red crosses indicate the outliers. 

corridor corridor 

corridor corridor 
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Indoor air quality (CO2 concentration) 

 

  

 
Figure 34 Indoor air quality (CO2 concentration) for day and night measured in a patient room for both hospitals and both 
 seasons based on measurement data of three weeks with time measurement interval of 2 minutes. The red  line in 
 the boxplot indicates the median, the bottom and top of the box represent respectively the 25

th
 and 75

th
 percentile, 

 the upper and lower black horizontal lines present 1.5 IQR, and the red crosses indicate the outliers. 
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Appendix F Measurement Results Hospital A 
 

 

 

Figure 35 Indoor temperature and outdoor temperature hospital A during summer measurements.   
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Figure 36 Indoor temperature and outdoor temperature hospital A during autumn measurements.   
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Figure 37 Indoor temperature rooms located at north façade in hospital A during summer measurements.  
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Figure 38 Indoor temperature rooms located at south façade in hospital A during autumn measurements. 
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Figure 39 Indoor temperature rooms located at south façade in hospital A during summer measurements.  
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Figure 40 Indoor temperature rooms located at south façade in hospital A during autumn measurements. 
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Figure 41 Indoor relative humidity of all measured rooms in hospital A during summer measurements 
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Figure 42 Indoor relative humidity of all measured rooms in hospital A during autumn measurements 
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Appendix G Measurement Results Hospital B 
 

 

 

Figure 43 Indoor temperature and outdoor temperature hospital B during summer measurements.   
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Figure 44 Indoor temperature and outdoor temperature hospital B during autumn measurements.   
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Figure 45 Indoor temperature rooms located at north façade in hospital B during summer measurements. 
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Figure 46 Indoor temperature rooms located at north façade in hospital B during autumn measurements. 
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Figure 47 Indoor temperature rooms located at south façade in hospital B during summer measurements. 
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Figure 48 Indoor temperature rooms located at south façade in hospital B during summer measurements. 
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Figure 49 Indoor and outdoor relative humidity of all measured rooms in hospital B during summer measurements. 
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Figure 50 Indoor and outdoor relative humidity of all measured rooms in hospital B during autumn measurements. 
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Appendix H Additional Measurements 
 

Supply air temperature hospital A 

Supply air temperature is measured with a HygroPalm 21/22 is given in table 18.  

Table 18 Supply air temperature measured for several positions in Hospital A during autumn.  

Position Temperature 
Regulator 

Supply air temperature 

15 18.4 
20 24.3 
25 24.9 

 
 

 
Figure 51 Response time of reheaters in hospital A when temperature set point is changed from 12 to 20 and back to 12. 12 is 
 the lowest possible position and 30 is the highest possible position of the temperature regulator.  

 

Supply air temperature hospital A 

In figure 51 can be seen that when the position of the temperature regulator is changed from 

12 to 20, it takes approximately 30 minutes before the air temperature in a 4-bedded room 

has increased with 0.5 °C. After 90 minutes, the air temperature has increased with 1 °C. After 

3.5 hours, the room air temperature at the measured point is constant and has increased with 

±1.3 °C. 
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Supply air temperature hospital B 

 
 

 

Figure 52 Response time of reheaters in hospital B when temperature set point is changed from *  to 5.  
 

In figure 52 can be seen that increasing the supply air temperature does not influence the 

room air temperature much at bed height.  

Temperature differences hospital A.  

Median air temperatures measured in room 11 located at North-West façade are 0.8 – 1.0 °C 

lower than other rooms.  The temperature sensor was located near an external wall. In order 

to exclude this as reason, another temperature sensor was placed at the door side of the 

room, giving equal results within the accuracy of the measurement equipment (figure 53).   

 

Figure 53 Air temperature in room 11 hospital A measured at the door and window side.  
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Temperature differences with adjacent patient room were however visible between 0.2 – 1.6 

°C, which can be seen in figure 54.  

 

Figure 54 Air temperature in room 11 and 10 in hospital B 
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Appendix I Statistical Analysis 
 

The answers from the questionnaire are translated to numbers, given in table 19. This table 

should be consulted to interpret mean and median values mentioned in this analysis. The 

analysis is structured in different hypotheses.  

Table 19 Numbers with corresponding answers from questionnaires used for statistical analysis.  

 Comfort Votes (Thermal, Air quality, Daylight, 
Lighting, Sound) 

 Thermal Sensation 
Vote (TSV)  

Thermal 
preference vote 

(TPV) 

1 Very uncomfortable -3 Cold -3 Much warmer 
2 Uncomfortable -2 Cool -2 Warmer 
3 Slightly uncomfortable -1 Slightly cool -1 Slightly warmer 
4 Neutral 0 Neutral 0 No change 
5 Slightly comfortable 1 Slightly warm 1 Slightly colder 
6 Comfortable 2 Warm  2 Colder 
7 Very comfortable 3 Hot 3 Much colder 
      

 Influence Votes  Knowledge system   

1 No, I don’t have influence  No, I don’t 
understand 

 
 

2 Yes, partly  Yes, partly   
3 Yes, completely  Yes, completely   

 

Hypothesis 1 – Experience of influence 

H0  Patients in hospital A and B experience influence on temperature, lighting, daylight, and 

sound the same  

H1  Patients in hospital B experience more influence on temperature, lighting, daylight, and 

sound.   

Influence on different aspects 

For each hospital, the median, mean, and standard deviation is calculated, given in table 20. 

The investigated data is non-normally distributed.  A nonparametric test of two independent 

samples is conducted to compare the influence votes for the different hospitals and seasons. 

The results of a Mann-Whitney U test comparing the influence votes between hospital A and B 

in summer and autumn is given in table 21.  

Table 20  Mean and standard deviation from votes on influence experience and Shapiro-Wilk test of normality (p).   

Influence on:  Hospital A 
 

 Hospital B 
 

 N Med. M STD p N Med. M STD P 

Temperature 112 1.0 1.33 .752 .000 90 3.0 2.52 .768 .000 
Ventilation 112 1.0 0.95 .804 .000 90 3.0 2.37 .841 .000 
Daylight/ sun exposure 76 2.0 2.33 0.700 .000 90 3.0 2.57 .671 .000 
Lighting 76 3.0 2.59 .593 .000 90 3.0 2.69 .647 .000 
Influence on  
Sound 

76 1.0 1.66 .758 .000 90 3.0 2.59 .717 .000 
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Table 21  Results from Mann-Whitney U Test comparing influence on different aspects between hospital A and hospital B for 
 both seasons. 

Influence on: N Mann-Whitney U Wilcoxon W Z Asymp. Sig. (2 tailed) 

Temperature 202 1702.5 8030.5 -8.7 .000 
Ventilation 202 1423.5 7741.5 -9.2 .000 
Daylight/ sun exposure 166 2749.5 5675.5 -2.5 .014 
Lighting 166 3024.5 6027.5 -1.8 .073 
Influence on  
Sound 

166 1431.5 4434.5 -7.1 .000 

Conclusion 

Patients experience influence on daylight and sunlight the same in both hospitals.  Influence 

on temperature, ventilation and sound is experienced significant different. Patients experience 

more influence on this aspect in hospital B than in hospital A.  

Influence on temperature and necessity of having influence 

A Cross table is composed to compare the votes on the experience of influence on 

temperature and necessity for different hospitals in different seasons. A two-tailed bivariate 

correlation test with Pearson product moment correlation (r), Kendall’s tau and Spearman’s 

rho is conducted. Results are given in table 22.  

Table 22 Number of patients who vote necessary to have influence on temperature compared with their experience of having 
influence at this moment. Correlation between necessity and experience of having influence with corresponding 
Pearson product, Kendall’s tau and Spearman’s rho. p is asymptotic significance (2 tailed).  

 N (partly) 

Influence/ 

necessary (N) 

 No influence/ 

necessary (N) 

r p τ p Ρ p 

Hospital A  112 11 (10%) 43 (38%) .301 .001 .276 .002 .292 .002 

Hospital B  90 36 (40%) 7 (8%) .101 .345 .134 .186 .140 .188 

 

Conclusion 

In hospital A, 38% of the patients experience no influence on the temperature, while they find 

it necessary. There is a weak correlation between the necessity votes and influence votes for 

hospital A.   

Hypothesis 2 – Temperature experience 

H0  Patients in hospital A and B find the temperature both comfortable.   

H1  Patients in hospital B find the temperature more comfortable than patients in hospital A.    

A Cross table is composed to compare the TCV, TSV, and TPV for each hospital and season. For 

every hospital and season, the mean and standard deviation is calculated, given in table 23. 

The investigated data is non-normally distributed.  A nonparametric test of two independent 

samples is conducted to compare the TCV, TSV, and TPV for the different hospitals and 

seasons. The results of a Mann-Whitney U test comparing the influence votes between 

hospital A and B in summer is given in table 24.  
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Table 23  Mean and standard deviation from TCV and Shapiro-Wilk test of normality (p) 

  Hospital A 
 

 Hospital B 
 

 N N2
*
[%] Med. M STD p N N2

*
[%] Med. M STD P 

Summer  TCV 67 52.3 5.0 4.09 0.23 .000 44 86.4 6.0 5.41 0.19 .000 
 TSV 67 80.6 0.3 .469 0.11 .014 44 88.6 0.0 0.16 0.12 .000 
 TPV 67 89.5 0.4 .432 0.10 .001 44 97.7 0.0 0.03 0.09 .000 
Autumn TCV 45 80.0 5.0 4.01 1.33 .000 46 87.0 6.0 5.47 0.11 .000 
 TSV 45 90.0 0.0 0.06 0.82 .000 46 87.0 0.0 0.12 0.75 .000 
 TPV 45 91.1 0.0 0.07 0.78 .000 46 95.8 0.0 0.10 0.55 .000 
* N2=percentage of patients who vote between slightly comfortable and very comfortable, slightly cool and slightly warm, and 
slightly warmer and slightly cooler. 

 

Table 24  Results from Mann-Whitney U Test comparing TCV, TSV, and TPV between two hospitals  

  N Mann-
Whitney U 

Wilcoxon 
W 

Z Asymp. Sig. (2 tailed) 

Summer TCV 111 834,000 3112,000 -4,057 .000 
 TSV 111 1157,000 2147,500 -1,999 .046 
 TPV 111 1036,500 2026,500 -2,813 .005 
Autumn TCV 91 793.0 1828.0 -2.176 .030 
 TSV 91 979.5 2014.5 -5.33 .594 
 TPV 91 1003.0 2038.0 -.311 .756 

Conclusion 

The vote of patients on TCV, TSV, and TPV is significantly different for hospital A and hospital B 

during summer. Patients find the temperature more comfortable in hospital B than hospital A. 

The mean and median comfort vote is higher and mean TSV and TPV is closer to zero. During 

autumn, however, TSV and TPV are more equal.  

Hypothesis 3 – Thermal sensation of men and women 

H0  Women and men vote equal on the thermal sensation vote.  

H1  Women and men vote different on thermal sensation vote, woman have more often cold 

sensations than man.   

For the complete set of data, the mean and standard deviation is calculated for the TSV of men 

and women, given in table 25. The investigated data is non-normally distributed.  A 

nonparametric test of two independent samples is conducted to compare the influence votes 

for the different hospitals and seasons. The results of a Mann-Whitney U test comparing the 

TSV between men and women is given in table 26.  

Table 25  Mean and standard deviation from TSV by men and women and Shapiro-Wilk test of normality (p) 

  Both Hospitals 
 

 N N2 Med. M STD P 

 TSV men 93 6.5 0.0 0.33 0.82 .000 
 TSV women 109 20.2 0.0 0.15 0.84 .000 

* N2=percentage of patients who have cold sensations (TSV<0) 

 

Table 26  Results from Mann-Whitney U Test comparing TSV by men and women for both hospitals  

 N Mann-Whitney U Wilcoxon W Z Asymp. Sig. (1 tailed) 

TSV 202 4371.4 10366.5 -1.845 .033 
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Conclusion 

There is a significant difference between TSV of men and women. Women have more often 

cold sensations than men. 

Hypothesis 5 – Thermal sensation different categories of age.  

H0  Patients from different categories of age (0-20, 21-40, 41-60, >60) vote equal on the TSV 

H1  Patients of age >60 have colder sensations. 

For the complete set of data, the mean and standard deviation, given in table 27, is calculated 

for the TSV voted by different groups of age. The investigated data for patients older than 60 

years old is not normally distributed.  A nonparametric test of k independent samples is 

conducted to compare the influence votes. The results of a Kruskal-Wallis test comparing the 

TSV between different groups of age is given in table 28. 

 

Table 27  Mean and standard deviation from TSV by different groups of age and Shapiro-Wilk test of normality (p) 

  Both Hospitals 
 

 N  Med. M STD P 

 Age: 0-20 3  0.0 0.33 0.58 .000 
 21-40 22  0.0 0.31 0.90 .138 
 41-60 56  0.0 0.29 0.88 .000 
 >60 121  0.0 0.19 0.81 .000 

 

Table 28  Results from Kruskal-Wallis Test comparing TSV by different groups of age for both hospitals  

 N Chi-Square df Asymp. Sig.  

TSV 202 0.902 3 .825 

 

Conclusion 

There is no significant difference between TSV of patients of different age. The average 

thermal sensation vote decreases slightly with age.  

Hypothesis 6 – Temperature sensation dependent on bed location 

H0  In hospital A, patients lying at the window side have the same thermal sensations as 

patients lying at the door side.   

H1  In hospital A, patients lying at the window side (closer to the inlet) have colder sensations 

than patients lying at the door side.  

For the data of hospital A, the mean and standard deviation, given in table 29, is calculated for 

the TSV of patients lying at door- and window-side. The investigated data are not both 

normally distributed.  A nonparametric test of two independent samples is conducted to 

compare the influence votes for different bed locations. The results of a Mann-Whitney U test 

comparing the TSV table 30.  
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Table 29  Mean and standard deviation from TSV of people lying at door and window side in Hospital A and Shapiro-Wilk test 
 of normality (p) 

  Hospital A 
 

 N  M STD Med. P 

Summer Location: Door 58  0.32 0.87 0.0 .000 
 Window  54  0.29 0.89 0.0 .003 

 
Table 30  Results from Mann-Whitney U Test comparing TSV of patients lying at door and window side in hospital A.  

 N Mann-Whitney U Wilcoxon W Z Asymp. Sig. (2 tailed) 

TSV 112 1526.5 3011.5 -.242 .809 

Conclusion 

There is no significant difference between TSV of patients lying at door and window side in 

hospital A.   

Hypothesis 7 – Thermal sensation dependent on orientation 

H0  In hospital A, patient lying at the south side have the same thermal sensations as patients 

lying at the north side.   

H1  In hospital A, patients lying at the south side have warmer sensations than patients lying at 

the north side.  

For the data of hospital A, the median, mean, and standard deviation of the TSV for different 

orientations is given in table 31. The investigated data is not all normally distributed.  A 

nonparametric test of k independent samples is conducted comparing the influence votes for 

room orientations. The results of a Kruskal-Wallis test comparing the TSV and air temperature 

is given in table 32.  

Table 31  Mean and standard deviation from TCV and Shapiro-Wilk test of normality (p) 

 Hospital A 
 TSV Air temperature [°C] 
 N Med. M STD p N  M STD P 

Summer  North-East 20  .425 .229 .005 20  23.6 .080 .420 
 South-East 24  .613 .177 .166 24  23.9 .113 .000 
 North-

West 
2  .500 .500  2  22.6 .570  

 South-
West 

21  .343 .173 .123 21  23.3 .101 .131 

            
Autumn North-East 11 0.0 -0.11 0.93 .003 11 22.1 22.1 0.25 .235 
 South-East 10 0.0 0.26 0.64 .000 10 22.3 22.3 0.27 .491 
 North-

West 
11 0.0 -0.09 0.30 .000 11 21.1 21.1 0.16 .031 

 South-
West 

13 0.0 0.18 1.11 .046 13 22.2 22.2 0.23 .162 

 
Table 32  Results from Kruskal-Wallis Test comparing TSV by different groups of age for both hospitals  

  N Chi-Square df Asymp. Sig.  

Summer TSV 67 1.859 3 .602 
 Air Temperature 67 19.053 3 < 0.001 
Autumn TSV 45 2.295 3 .513 
 Air temperature 45 26.748 3 <0.001 



 

80 
 

Conclusion 

There is no significant difference between TSV of patients lying in rooms with different 

orientation. However, measured air temperature when patients were asked to fill in a 

questionnaire were significantly different.  

Hypothesis 8 – Willingness to open a window and knowledge system 

H0 When patients say they understand how the indoor climate is conditioned they do want to 

open a window during summer.  

H1 When patients say they understand how the indoor climate is conditioned they do not want 

to open a window during summer.  

A frequency analysis is done in order to determine the percentage of patients who partly or 

completely understand how the room is heated, cooled and ventilated. Results are given in 

table 33. A crosstab analysis (table 34) is conducted to investigate the percentage of patients 

who do not want to open a window and understand the climate system. A two-tailed bivariate 

correlation test with Pearson, Kendall, and Spearman correlation coefficient is conducted. 

Results are given in table 35.  

Table 33 Percentage of patients who vote partly or completely on question whether they understand how the room is heated, 
 cooled and ventilated.  

  Hospital A Hospital B  

 Partly or completely knowledge 62.9  28.9 [%] 

 

Table 34  Crosstab knowledge system and willingness to open a window for Summer (N=32) 

 Knowledge system Total 
no, I don't know yes, partly / 

completely 

openable windows no, not at all Count 8 5 13 

% of Total 25,0% 15,6% 40,6% 

neutral Count 3 3 6 

% of Total 9,4% 9,4% 18,8% 

yes, completely Count 4 9 13 

% of Total 12,5% 28,1% 40,6% 
Total Count 15 17 32 

% of Total 46,9% 53,1% 100,0% 

 
Table 35 Correlation between knowledge of the climate system and willingness to open a window with according 
 Pearson product, Kendall’s tau and Spearman’s rho of distribution. p is asymptotic significance (2 tailed).  

 N r p τ p ρ P 

Hospital A Summer 32 .278 .124 .264 .122 .278 .124 

 

Conclusion 

No significant correlation is found between the willingness to open a window and patient’s 

understanding of the system.  

Hypothesis 9 – Thermal comfort and knowledge system  

H0 When patients say they understand how the indoor climate is conditioned they find the 

indoor environment and indoor temperature comfortable.  
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H1 There is no relation between knowledge of climate system and comfort with indoor 

environment and temperature.   

A crosstab analysis is conducted for the answers of knowledge on system, and comfort with 

indoor environment and comfort with temperature. Results are given in table 36 t/m table 39 

respectively. A two-tailed bivariate correlation test with Pearson, Kendall, and Spearman 

correlation coefficient is conducted. Results are given in table 40. 

 

Table 36  Crosstab knowledge system and comfort indoor environment hospital  A (N=76) 

  Comfort indoor environment 
Uncomfortable Neutral Comfortable 

Knowledge System no, I don’t know 

% of Total 9.1% 3.9% 29.9% 

Yes, partly/ 
completely 

    

% of Total 16.9% 5.2% 12.1% 

 
 
Table 37  Crosstab knowledge system and comfort temperature hospital  A (N=76) 

Table 38  Crosstab knowledge system and comfort indoor environment hospital  B (N=90) 

  Comfort indoor environment 
Uncomfortable Neutral Comfortable 

Knowledge System no, I don’t know 

% of Total 4.4% 0.0% 64.4% 

Yes, partly/ 
completely 

    

% of Total 1.1% 1.1% 27.7% 

 
 
Table 39  Crosstab knowledge system and comfort temperature hospital  B (N=90) 

Table 40 Correlation between knowledge of the climate system and experienced comfort with indoor environment and 
 temperature with corresponding Pearson product, Kendall’s tau and Spearman’s rho of distribution. p is asymptotic 
 significance (2 tailed).  

 Knowledge system N r p τ p ρ P 

Hospital A  comfort indoor climate 76 -.035 .767 -0.081 .417 -.097 .399 
 comfort temperature 76 -.045 .697 -.062 .536 -.070 .544 
Hospital B comfort indoor climate 90 .029 .787 .011 .916 .012 .911 
 comfort temperature 90 -.072 .497 -.054 .581 -.060 .576 

 

  Comfort indoor environment 
Uncomfortable Neutral Comfortable 

Knowledge System no, I don’t know 

% of Total 10.4% 2.6% 29.9% 

Yes, partly/ 
completely 

    

% of Total 10.4% 1.3% 32.5% 

 

  Comfort indoor environment 
Uncomfortable Neutral Comfortable 

Knowledge System no, I don’t know 

% of Total 6.6% 1.1% 61.1% 

Yes, partly/ 
completely 

    

% of Total 4.4% 1.1% 23.3% 
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Conclusion 

There is no correlation found between the understanding of the system and comfort with the 

indoor climate and temperature.  

Hypothesis 10 – Thermal comfort and experience of having influence 

H0  Patients find the temperature more comfortable when they experience more control over 

the temperature.  

H1  Patients do not find the temperature more comfortable when they experience more 

control over the temperature.  

A crosstab analysis is conducted for the TCV and TSV with the necessity and experience of 

having influence for data of both hospitals.  Results are given in table 41. A two-tailed bivariate 

correlation test with Pearson, Kendall, and Spearman correlation coefficient is conducted. 

Results are given in table 42. 

 

Table 41  Crosstab TCV, TSV with  necessity of having influence and experience of having influence on temperature regulation. 
 For each combination, percentage of total number of votes is given (N=202).  

                                      Necessity of having influence 
 

Experience of having influence  
 

  necessary  Not 
necessary 

 

No I don’t have 
influence 

Yes, 
partly 

Yes, I have 
influence 

 
 

TCV Uncomfortable 16.3 7.9 17.3 3.0 3.5 % 
 Comfortable 33.2 39.6 27.7 11.9 33.7 % 
TSV <-1 1.5 0.0 0.5 0.5 0.5 % 
 -1≤TSV≤1 37.6 45.0 36.6 12.9 33.7 % 
 >1 10.4 2.5 7.9 1.5 3.0 % 

 

Table 42  Correlation between TSV, TCV and necessity and experience of having influence with corresponding Pearson 
 product, Kendall’s tau and Spearman’s rho.  p is asymptotic significance (2-tailed). 

 N r P τ p ρ P 

TSV and necessity of having 
influence on temperature 

202 -.169 .017 -.150 .019 -.166 .018 

TSV and experience of having 
influence on temperature 

202 -.219 .002 -.198 .001 -.234 .001 

TCV and necessity of having 
influence on temperature 

202 .243 .000 .206 .001 .226 .001 

TCV and experience of having 
influence on temperature 

202 .387 .000 .355 .000 .406 .000 

 

Conclusion 

There is a moderate correlation found between the TCV and experience of patients of having 

influence on  temperature .  
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Hypothesis 11 – Experience of influence when windows are opened 

H0  Patients experience influence on the temperature and ventilation when they have opened 

a window. 

H1  Patients do not experience influence on the temperature and ventilation when they have 

opened a window. 

A crosstab analysis is conducted for the answers influence on temperature and influence on 

ventilation and the answer if the window was opened at that moment.  A two-tailed bivariate 

correlation test with Pearson, Kendall, and Spearman correlation coefficient is conducted for 

these distributions. Results are given in table 43.  

Table 43  Percentage of patients with opened window that experience good influence on temperature and ventilation. 
 Correlation between influence on temperature and ventilation and whether a window was opened or not with 
 according Pearson product, Kendall’s tau and Spearman’s rho of distribution. p is asymptotic significance (2- tailed). 

 Window opened Percentage 

[%] 

N r p τ p ρ P 

Hospital A 
Summer 

Influence 
temperature 

60.0 44 -.224 .143 -.189 .192 -.199 .196 

 Influence ventilation 53.3 44 -.233 .128 -.217 .132 -.229 .134 

Conclusion 

There is no correlation found between the position of the window and experience of influence 

on temperature and ventilation. However, over 50% of the patients experience influence when 

they have opened a window.  

Hypothesis 12 – Comparison PMV and TSV 

H0  For both hospitals, the PMV is not significant different than the TSV and is therefore a good 

predictor for both hospitals 

H1  The PMV gives a better prediction for hospital A than for hospital B.  

For the data of both hospitals in both seasons, the mean and standard deviation of TSV and 

PMV is calculated. The investigated data is not all normally distributed.  A nonparametric test 

of 2 dependent samples is conducted to compare TSV and PMV. The results of a Wilcoxon 

signed-rank test are given in table 44. A two-tailed bivariate correlation test with Pearson, 

Kendall, and Spearman correlation coefficient is conducted for these distributions. Results are 

given in table 45. 
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Table 44 Mean and standard deviation of TSV and PMV for both hospitals and both seasons and Shapiro-Wilk test of 
 normality (p). Results from Wilcoxon signed-rank test  

  TSV  PMV  

5% level of 
significance  

N Med. 
 

M  STD   p  Med. M STD P  Difference between 
TSV and PMV 

(Wilcoxon signed-rank 
test) 

Hospital A 
Summer 

67 0.3 0.47 0.88  .014  0.67 0.53 0.94 <.001 not significant (Z = -
.643, p=.520) 

Hospital B 
Summer 

44 0.0 0.16 0.80  <.001  0.05 0.05 0.97 .074 not significant (Z=-
.338, p=.735) 

Hospital A 
Autumn 

45 0.0 0.06 0.83  .000  -0.12 -0.07 0.68 .123 not significant (Z=-
.468, p=.639) 

Hospital B 
Autumn 

46 0.0 0.12 0.75  .000  -0.16 -0.11 0.75 .506 Not significant (Z=-
1.317, p=.188) 

 
Table 45  Correlation between TSV and TPV with  corresponding Pearson product, Kendall’s tau and Spearman’s rho.  p is 
asymptotic significance (2-tailed). 

TSV and PMV  N r p τ P ρ P 

Summer Hospital A  111 .028 .823 .040 .647 .054 .665 
 Hospital B  44 .200 .192 .148 .207 .199 .195 
Autumn Hospital A  45 -.142 .351 -.149 .205 -.201 .185 
 Hospital B 46 -.028 .851 .035 .762 .044 .773 
Both  Both 202 .090 .203 .082 .119 .114 .106 

Conclusion 

The Wilcoxon signed-rank test shows no significant difference between TSV and PMV. 

However, there is no strong correlation found between the TSV and PMV for both hospitals.  

Hypothesis 13 – Thermal comfort and overall comfort 

H0  Patients who find the temperature uncomfortable also find other aspects of the indoor 

environment uncomfortable.  

H1  Patients who find the temperature uncomfortable do not find other aspects of the indoor 

environment uncomfortable.  

A two-tailed bivariate correlation test with Pearson, Kendall, and Spearman correlation 

coefficient is conducted for thermal comfort and comfort with other aspects of the indoor 

environment. Results are given in table 46. A frequency analysis is conducted in table 47 to 

investigate the total percentage of patients who find aspects of the indoor environment 

comfortable and uncomfortable. A crosstab analysis is conducted for TCV and other comfort 

votes for both hospital. Results are given in table 48.  
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Table 46  Correlation between influence on temperature and influence on other aspects of the indoor environment with 
 corresponding Pearson product, Kendall’s tau and Spearman’s rho.  p is asymptotic significance (2- tailed). 

Thermal Comfort  N r P τ p ρ P 

Ventilation Comfort 202 .410 .000 .376 .000 .434 .000 
Daylight Comfort 167 .182 .019 .192 .005 .213 .006 
Lighting Comfort 167 .085 .280 .115 .086 .129 .098 
Sound Comfort 167 .142 .069 .133 .046 .155 .048 

 

Table 47  Percentages of patients from both hospitals who vote uncomfortable and comfortable on different aspects of the 
 indoor environment.  

 Temperature 
(N=202) 

Air quality 
(N=202) 

Daylight 
(167) 

Lighting 
(N=167) 

Sound 
(N=167) 

 

Uncomfortable 21.3 11.4 8.5 13.9 31.7 % 
Neutral 5.0 8.4 6.7 9.1 7.3 % 
Comfortable 73.8 79.2 84.8 77.0 61.0 % 

 

Table 48 Comparison of votes from patients of both hospital on comfort question on different aspects of the indoor 
 environment.  

 Temperature  Air Quality Daylight Lighting Sound  

Comfortable + 
Neutral 

78.8% Comfortable 74.5 77.6 71.5 58.2 % 
Uncomfortable 5.5 6.1 12.1 25.5 % 

Uncomfortable 21.3% Comfortable 14.0 13.9 14.5 9.7 % 
Uncomfortable 6.0 2.4 1.8 6.1 % 

 

Conclusion 

There is a moderate correlation between thermal comfort and comfort experience of air 

quality. Correlation with other aspects is weak. Patients who find the temperature 

uncomfortable find not necessarily other aspects comfortable.  

Hypothesis 14 – Comparison TSV and TPV 

H0  Answer on question how you feel the temperature right now and how you like the 

temperature to be right now is the same.  

H1  Answer on question how you feel the temperature right now and how you like the 

temperature to be right now is different.  

A two-tailed bivariate correlation test with Pearson, Kendall, and Spearman correlation 

coefficient is conducted in order to investigate correlation between TSV and TPV. Results are 

given in table 49.  

Table 49  Correlation between TSV and TPV with  corresponding Pearson product, Kendall’s tau and Spearman’s rho.  p is 
asymptotic significance (2-tailed). 

Thermal Comfort  N R P τ p ρ P 

TSV and TPV 202 .660 .000 .621 .000 .670 .000 
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Conclusion 

There is a strong correlation between TSV and TPV.   

Hypothesis 15 – Thermal sensation vote right now and night 

H0  Patients who experience the temperature as warm or cold have the same thermal 

sensation during the night.   

H1  Patients who experience the temperature as warm or cold have other thermal sensation 

during the night.   

A nonparametric test of 2 dependent samples is conducted to compare TSV and TSV-night. The 

results of a Wilcoxon signed-rank test are given in table 50. A two-tailed bivariate correlation 

test with Pearson, Kendall, and Spearman correlation coefficient is conducted for these 

distributions. Results are given in table 51. 

Table 50  Results from Wilcoxon signed-rank test  comparing TSV right now and TSV night.  

 N Z Asymp. Sig. (2 tailed) 

TSV 167 -.068 .946 

 

Table 51  Correlation between TSV and TSV night with corresponding Pearson product, Kendall’s tau and Spearman’s rho.  p is 
asymptotic significance (2-tailed). 

Thermal Comfort  N r P τ p ρ P 

TSV and TPV 167 .371 .000 .290 .000 .335 .000 

 

Conclusion 

There is a moderate correlation between TSV right now and TSV during the night. A Wilcoxon 

signed-rank Test shows no significant difference between the two.  

Hypothesis 16 – Thermal sensation vote and indoor temperature 

H0  Thermal sensation vote from patients sitting on a chair or lying in bed is dependent on the 

indoor temperature.    

H1  Thermal sensation vote is not dependent on the indoor temperature within the 

temperature ranges of hospital A and hospital B.    

A linear regression analysis is conducted with the TSV and indoor temperature. Results for 

both hospitals are given in figure 55.  
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Figure 55 Linear regression analysis TSV and indoor temperature for hospital A and hospital B for patients sitting on a chair 
 and lying in bed.  

 

Conclusion 

There is no correlation found between the TSV and the indoor temperature.   

Hypothesis 17 – Relation with length of stay 

H0  Patients who are for longer time in a hospital want the same influence on controlling 

temperature and feel equally comfortable than patients who are 1-2 days admitted.  

H1  Patients who are for longer time in a hospital want more influence on controlling 

temperature and feel less comfortable than patients who are 1-2 days admitted.  

For the complete data set, median, mean, and standard deviation of TSV, TCV, and necessity of 

having influence on temperature is calculated with three categories of admission days in the 

factor list (1= 1-2 days; 2= 3-7 days; 3=>7 days) and results are given in table 52. The 

investigated data is not all normally distributed.  A nonparametric test of k independent 

samples is conducted to compare TSV, TCV, and necessity of having influence on temperature. 

The results of a Kruskal Wallis are given in table 53.  
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Table 52  Mean and standard deviation from TCV and Shapiro-Wilk test of normality (p) 

 N Med. M STD p 

Necessity of 
having influence 
on indoor 
temperature 

1-2 days 71 2.0 1.47 .499 .000 
3-7 days 71 1.0 1.39 .621 .000 
>7 days 59 1.0 1.36 .517 .000 

TCV 1-2 days 71 6.0 5.36 1.26 .000 
 3-7 days 71 5.0 4.96 1.50 .000 
 >7 days 59 5.0 4.32 1.81 .000 
TSV 1-2 days 71 0.0  .903 .000 
 3-7 days 71 0.0 .189 1.63 .000 
 >7 days 59 0.0 .375 .927 .001 
 
Table 53  Results from Kruskal-Wallis Test comparing TSV, TCV, and necessity of having influence on temperature by different 
 groups of LOS for both hospitals  

 N Chi-Square df Asymp. Sig.  1 tailed significance  

Necessity of having 
influence on 
temperature 

202 5.422 2 .066 .033 

TCV 202 13.062 2 .001 .001 
TSV 202 1.933 2 .380 .190 

Conclusion 

There is a significant difference between the votes of necessity of having influence on the 

indoor temperature and TCV between different categories of LOS. TSV is not significant 

different.  
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Appendix J Observations 

Lighting 

In both hospitals, artificial lighting can be switched on and off by patients located in bed with 

remote control. In both hospitals lighting is located behind the bed directed downwards (for 

reading purpose) and upwards (for more softened light). In hospital B for safety reasons, 

lighting with small luminance located near the floor behind the bed is always on. Only five 

patients indicate that they found this uncomfortable during the night. In hospital B some 

complaints raise about lighting in the corridor during the night. The curtains between patient 

room and corridor cannot completely exclude the light. In hospital B a table lamp can be 

switched on for reading while sitting on a chair, but cannot be controlled when lying in bed.  

Daylight 

During summer, in hospital B nearly no artificial lighting was needed during the day. In hospital 

A, artificial lighting was switched on different times. During warm outdoor temperatures 

(>25°C) all artificial lighting was switched off in hospital A intended to minimize the heat gain 

of lighting. During these days, some patients found the room to dark. In a four bedded room in 

hospital A, the daylight factor (DF) measured at bed height variates between 2% for bed 

located most remote from the window to 15% for beds located closest to the window. In 

hospital B, DF is 10% with curtains opened and 5% with curtains half closed. In both situations, 

artificial lighting was switched off.  

In both hospitals, patients have the possibility to shut sliding curtains to reduce glare by direct 

sunlight. Patients who are bedridden experience less influence, because they must ask a nurse 

to do this. One patient indicated that he would like an automatic system to operate window 

curtains or sun shading and one patient wanted remote control on the sliding doors.  

Sound 

In hospital A, patients experience less influence on the sound. This is mainly caused by the fact 

that they share the room with someone else. Besides, it is not common to close the door to 

the corridor. In hospital B, patients experience more influence on sound exclusion, because 

they are able to close the sliding door partly or completely. In both hospitals, people found 

sound levels comfortable. Some sources of noise were mentioned, e.g. buzzing sound of 

medical equipment, people having long telephone conversations, sliding of chairs, and trolleys 

passing by. Noise from the corridor was more often mentioned in hospital B than in hospital A. 

Reason could be that beds of patients are located closer to the corridor.   
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Appendix K Comfort standards 

 

1. Predicted Mean Vote  

In figure 56, boxplots are given of PMV for different activities and clothing levels of patients as 

explained in section 3.3 of this report. PMV input values are based on a measurement period 

of at least three weeks with measurement interval of two minutes. 

  

  

Figure 56 Boxplot of PMV describing different activity levels and clothing insulation for Hospital A and Hospital B based on 
 measurement data of three weeks with measurement interval of 2 minutes.  
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The TSV is often different than the PMV calculated for individuals. From figure 57 can be 

concluded that the PMV for patients lying in bed is often predicted warmer than patients 

actually vote.  

 
Figure 57 Difference of actual and predicted vote (TSV-PMV) compared with PMV for both hospitals.  
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2. Adaptive Comfort Limits 

In figure 58 and 59, hourly averaged highest and lowest measured temperatures are given for 

hospital A and B as discussed in section 3.3 of this report.  

 

 

Figure 58 Adaptive comfort limits Hospital A indicating different comfort classes 

 

 

Figure 59 Adaptive comfort limits Hospital B indicating different comfort classes 
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Appendix L Building Characteristics 

Dynamic Building simulations 

For dynamic building simulations discussed in section 2.3, a model is made with architectural 

properties given in table 54 for the base case building and table 55 for the renovated building.  

Table 54 Architectural properties current situation 

Construction 
part 

 
Material layer 

(outside – inside) 
Heat resistance Rc 

[m
2
K/W] 

Wall  
Prefab concrete 

façade 
Cavity Insulation Concrete 

2.3 

 Thickness [mm] 80 30  70  180  

 
Thermal 

conductivity 
[W/mK] 

1.7  0.04 1.7  

 Density [kg/m
3
]  2400  250 2600  

Roof  Tiling Cavity Insulation Concrete 
4.8 

 Thickness [mm] 45  20  150 18 

 Density [kg/m
3
] 1000  250 2600  

 
Thermal 

conductivity 
[W/mK] 

1.3  0.04 1.7  

Ground exposed 
floor 

   Insulation Concrete 3.6 
Thickness [mm]   140 200  
Density [kg/m

3
]   700 2300  

Thermal 
conductivity 

[W/mK] 
  0.04 1.7  

Floor    Concrete Linoleum 

0.4 

 Thickness [mm]   180  20  

 
conductivity 

[W/mK] 
  1.7 0.29 

 Density [kg/m
3
]   2600 1500 

Internal walls  Limestone     

 Thickness [mm] 150    0.1 

 
conductivity 

[W/mK] 
1200     

 Density [kg/m
3
] 2000     

Glass Auresin 
66/44 

Heat resistance 
[W/m

2
K] 

2.8     

 ZTA 0.4     
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Table 55 Architectural properties optimized situation 

Construction 
part 

 
Material layer  

(outside – inside/ above – below)  
Heat resistance Rc 

[m
2
K/W] 

Wall  
Prefab 

concrete 
façade 

Cavity Insulation Concrete 
5.0 

 Thickness [mm] 80 30  165  180  

 
Thermal 

conductivity [W/mK] 
1.7  0.04 1.7  

 Density [kg/m
3
]  2400  250 2600  

Roof  Tiling Cavity Insulation Concrete 
4.8 

 Thickness [mm] 45  20  150 18 

 Density [kg/m
3
] 1000  250 2600  

 
Thermal 

conductivity [W/mK] 
1.3  0.04 1.7  

Ground exposed 
Floor 

   Insulation Concrete 

5.1  Thickness [mm]   200 200 

 conductivity [W/mK]   700 2300 

 Density [kg/m
3
]   0.04 1.7 

 

Energy Performance Coefficient 

In the Netherlands, an energy performance calculation in accordance with NEN-7120:2012 is 

required to get built permission. At this moment, energy performance demand is indicated 

with the energy performance coefficient (EPC). This is a non-dimensional number which 

compares the building’s primary energy use with a ‘reference’ building with similar 

characteristics for different building functions (BPIE, 2015). Higher energy consumption is 

allowed in the part of a hospital allocated to ‘healthcare with bed-area’ than for ‘healthcare 

without bed-area’ and ‘offices’ (RVO, 2015). New energy performance indicators are proposed 

by RVO and BZK to replace the current EPC-requirements.  The new indicators for nZEB are 

divided into a maximum energy demand, maximum primary energy usage and minimum 

contribution of renewable energy sources.  
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Structural data and distribution of functions 

The structural data of the Hospital Wards (three V-shaped buildings) is given in table 54. In this 

calculation, the building has five floors with a height of 3.8 meters. The gross floor area is 

32123.5 m2 with 42% occupied by patient room, 14% by offices, 10% by healthcare other than 

bed-area and 32% is used as corridor. More data is given in table 56 before renovation and in 

table 57 after renovation.  

Table 56  Structural data of investigated Hospital Wards 

Utility functions 
Healthcare other 

than 
bed-area 

Office 
Healthcare 

with 
bed-area 

Healthcare other than bed-
area 

 

Gross floor area 
(gFA) 

32,123.52 [m
2
] 

Usable floor area 
(UFA) 

3,151 3,422 13,380  [m
2
] 

Number of floors 4  
Stock height 3.8 [m] 
Depth 27.3 [m] 
Width 31.2 – 62.4 [m] 
Height 27.3 [m] 
Rc floor 3.5 [m

2
K/W] 

Rc façade 2.5 [m
2
K/W] 

Rc roof 4.8 [m
2
K/W] 

% glass of façade 23 [%] 
U window 2.8 [W/m

2
K] 

 
Table 57  Structural data of investigated Hospital Wards after renovation. 

Utility functions 
Healthcare other 

than 
bed-area 

Office 
Healthcare 

with 
bed-area 

Healthcare other than bed-
area 

 

Gross floor area 
(gFA) 

32,123.52 [m
2
] 

Usable floor area 
(UFA) 

3,151 3,422 13,380  [m
2
] 

Number of floors 4  
Stock height 3.8 [m] 
Depth 27.3 [m] 
Width 31.2 – 62.4 [m] 
Height 27.3 [m] 
Rc floor 5 [m

2
K/W] 

Rc façade 5 [m
2
K/W] 

Rc roof 5 [m
2
K/W] 

% glass of façade 23 [%] 
U window 1.1 [W/m

2
K] 
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Climate system Hospital A 

Input values for the EPC calculation for heating, cooling, ventilation, warm tap water and 

lighting is given in table 58.  

Table 58  Climate System hospital A.  

Utility functions Healthcare other than bed-area Office Healthcare with bed-area  

     
Heating system Cogeneration CHP  
Temperature level Low temperatures  
Heating power 2156  [kW] 
Supply System Air heating  
Cooling system Compression cooling, electricity  
Cooling power 1500 [kW] 
Ventilation system D.2b2 Heat recovery, no zoning, no control, complete bypass  
Ventilation control Return control of 50% and heat recovery of 55% (crossflow)  
Tap water system HR 107 with collective indirect fired boiler [W] 
Ventilation flow rate 45,566 [l/s] 
Lighting TL  

Lighting power  12 [W/m
2
] 

Lighting control  Separate room circuit  
    

 

Climate system Hospital B 

Input values for the EPC calculation for heating, cooling, ventilation, warm tap water and 

lighting is given in table 59.  

Table 59  Climate System hospital B 

Utility functions Healthcare other than bed-area Office Healthcare with bed-area  

Heating system Electric heat-pump with aquifer  
Temperature level Low temperatures  
Heating power 2300  [kW] 
Supply System CCA Rc  floor ≥ 2.5  
Cooling system HT cold storage  
Cooling power 1,940.12 [kW] 
Ventilation system D.2b2 Heat recovery, no zoning, no control, complete bypass  
Ventilation control Return control of 50% and heat recovery of 55% (crossflow)  
Tap water system HR 107 with collective indirect fired boiler [W] 
Ventilation flow rate 10,0647.6 [l/s] 
Lighting LED  

Lighting power  8 [W/m
2
] 

Lighting control  
Timer, daylight switch and presence 

detection 
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Appendix M Simulation results for individual scenarios 

 
Figure 60 (a) Heating and cooling demand of different cases for scenario with constant heating and cooling and (b) variable 
 heating and cooling set points for day and night.  

 

 
Figure 61 (a) Heating and cooling demand of different cases for scenario with constant heating and cooling and (b) variable 
 heating and cooling set points for day and night for renovated building.  
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Figure 62 Heating and cooling demand of different cases for scenario with constant heating and cooling with natural 
 ventilation of 1 ACH (a) and 2 ACH (b)  when 18<To<24.  

  

Figure 63 Heating and cooling demand of different cases for single patient room before (a) and after renovation (b). 
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Figure 64 Influence of number of patients in a single patient room on the heating and cooling demand.  

 

 

Figure 65 Comparison between simulated and measured air temperature for (nearly) equal outdoor climate conditions for 
 three weeks in July 2016.  
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