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Preface

Reducing energy consumption of hospitals while improving workplace comfort and wellbeing 

of staff and patients, thus minimising after-treatment days in hospitals and inefficiencies of 

workflows, this was the starting point when the Furbish Sustainable Hospitals project took off, 

two years ago. The project application was built on a very concrete demand – the planned 

new construction of the MHH Medical University Hospital Hanover in Germany. 

Thanks to the funding given partly from the joint programme Design för Energieffectiv Vardag 

(by Swedish Energy Agency and SVID) and thanks to our great multidisciplinary and 

multicultural partners in the project consortium RWTH, Chalmers and MHH, we could 

successfully finalise the project, and work in a hospital environment, in spite of all pandemic 

challenges.  

One Furbish Sustainable Hospital will hopefully be the future Medical University Hospital 

Hanover, located behind the existing MHH concrete buildings from the sixties (see Figure 1), 

towards the Eilenriede Forrest, a one billion EUR project of the Federal State of Lower Saxony, 

Germany, with a lot of energy efficiency, human wellbeing and costs to gain. Ulrike Rahe

Figure 1 – MHH Medical University Hospital Hanover, Germany
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Sammanfattning

Sjukhus står för cirka fem procent av EU:s koldioxidutsläpp per år och är därmed den största 

förbrukaren inom offentlig sektor [1]. Genom att tillämpa Furbish metoden, som fokuserar på 

användarcentrerade och hållbara inomhusmiljöer, ett innovativt infraröd-sensorkoncept från 

RWTH-universitetet i Aachen, Tyskland, och kompetens inom inomhusklimat från Chalmers 

tekniska högskola, uppskattar vi att energibesparingar på upp till 40 procent är fullt möjliga. 

Genom att kombinera upplevelser från patienter och personal med installationsteknik, 

inredningsdesign och arbetsflödesoptimering, har FSH-studien försökt att visa vägen för att 

skapa en ny generation av mänskliga, smarta och koldioxidsnåla sjukhus. Denna pilotstudie, 

genomfört på universitetssjukhuset MHH i Hannover i Tyskland, har beforskat, utvecklat och 

pilot-testat hur Furbish metoden som härstammer från kontorsutvecklingen kan anpassas till 

vårdsektorn. Dessutom har FSH-projektet levererat representativa fälttestdata till RWTH-

universitetets infraröd-sensorkoncept.  

Furbishs cirkulära designprocess som kombinerar koldioxidminskningsmål med mål för ökat 

välbefinnande hos personal, minskad sjukfrånvaro och stärkt produktivitet, har kunnat 

vidareutvecklas till en kvalitativ och kvantitativ verktygslåda för tillämpning inom vårdsektorn 

och dessutom kunnat testas i ett europeiskt sammanhang på sjukhuset i Hannover.  

I ramen av FSH-pilot projektet var det inte planerat att explicit mäta energibesparingspoten-

tialen för en optimerad design som tar hänsyn till fullt optimerade tekniska system i drift, 

optimerade organisatoriska processer som kommer att resultera i höga beläggningsgrader, 

och ökad komfort och välbefinnande för patienterna som kommer att leda till lägre vårdtider 

per person. Istället bör effekten av varje aspekt för sig, men särskilt den ackumulerade 

effekten, bedömas i framtida projekt. Därför skulle det rekommenderas som nästa steg att 

tillämpa Furbish-metoden i planerings- och realiseringsstadiet av ett nytt sjukhusprojekt i 

Sverige.   
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Summary 

Hospitals account for about five percent of the EU's carbon dioxide emissions per year and 

are thus the largest consumer in the public sector [1]. By applying the Furbish method, which 

focuses on user-centered and sustainable indoor environments, an innovative infrared sensor 

concept from RWTH University in Aachen, Germany, and expertise in indoor climate from 

Chalmers University of Technology, we estimate that energy savings of up to 40 percent are 

fully possible. 

By combining experiences from patients and staff with installation technology, interior design 

and workflow optimization, the FSH study has tried to show the way to create a new 

generation of human, smart and low-carbon hospitals. This pilot study, conducted at the MHH 

University Hospital in Hanover, Germany, has researched, developed and pilot-tested how the 

Furbish method, which stems from office development, can be adapted to the healthcare 

sector. In addition, the FSH project has delivered representative field test data to RWTH 

University's infrared sensor concept. 

Furbish's circular design process, which combines carbon dioxide reduction targets with 

targets for increased staff well-being, reduced sick leave and enhanced productivity, has been 

able to be further developed into a qualitative and quantitative toolbox for application in the 

healthcare sector and tested in a European context at Hanover Hospital. 

As part of the  FSH pilot project, it was not planned to explicitly measure the energy saving 

potential of an optimised design that takes into account fully optimised technical systems in 

operation, optimised organizational processes that will result in high occupancy rates, and 

increased comfort and wellbeing for patients, which will lead to lower care times per person. 

Instead, the effect of each aspect separately, but especially the accumulated effect, should be 

assessed in future projects. Therefore, it would be recommended as the next step to apply 

the Furbish method in the planning and realisation stage of a new hospital project in Sweden. 
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1. Background/Motivation 

In the European Union (EU), buildings account for 40 percent of the total energy use and 36 

percent of EU emissions of carbon dioxide (CO2), representing Europe’s largest source of 

Greenhouse Gas (GHG) emissions [2]. 

According to the data from the International Energy Agency [3], the building sector will 

remain the first energy consumer by 2030. Large medical centres can consume even up to 

1473 kWh/m2 on average [4], which is significantly higher than in any other type of building. 

Therefore, such buildings have an enormous potential for energy saving.

Hospitals stand for ca. 5 % of the EU’s CO2 emissions/a, thus being the largest consumer in 

the public sector [1]. Current climate control concepts for healthcare buildings’ indoor 

environment are mostly based on single temperature sensors, which are rarely representative 

for the temperature distribution in the whole room. This can lead to thermal discomfort and 

thermal stress for patients and clinic staff. Additionally, the occupancy of rooms can vary 

considerably. However, HVAC systems often work at static set points, which leads to 

extensively higher energy consumption. Furthermore, spatial solutions are not optimised for 

efficient usability, either for the staff nor the patients.  

Sustainable hospitals, as the Furbish Sustainable Hospital (FSH) project suggests, include all 

three dimensions of sustainability – their environmental impacts, economic viability, and 

social welfare. Healthcare buildings should pay specific attention to sustainability due to their 

large environmental footprint, their poor fit to users needs and wishes, and often existing 

weaknesses in the delivery of effective healthcare services. Moreover, the design of the 

building should protect and stimulate the health and wellbeing of the different user groups, 

improve satisfaction, and encourage healthy behaviours. A sustainable hospital can be seen as 

a true flagship of a healthcare organisation.  

Through combining evidence on human factors from patients and staff with complex indoor 

environmental qualities control, innovative building technologies, interior design and 

workflow optimisation, potential savings of up to 40 % can be achieved. The overall aim for 

this Furbish Sustainable Hospital (FSH) case study was to lay the ground for a new smart 

generation of user-oriented, energy-efficient and low carbon hospitals through a 

multidisciplinary and holistic approach. To achieve these goals, a series of different sub-

studies were conducted by different multidisciplinary sub-groups of the FSH design- and 

research team: 

1.   Indoor Environmental Qualities Measurements (IEQ) and Infrared sensor 
measurement by RWTH and Chalmers  
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The aim of the experimental field study was a preliminary potential analysis of the developed 

infrared (IR) sensor system and a comparison to conventional measurement devices for 

detection of indoor environmental parameters, which influence thermal comfort and 

wellbeing. 

2.   Spatial Observations by Furbish, Chalmers and MHH 

The observations aimed to complement the other data sources with human-centred and 

qualitative data and investigated spatial conditions as well as design and functional qualities 

of the different ward spaces with a special focus on patient rooms, and on user behaviours 

from staff and patients in their interplay with the different spaces. 

3.   Patient Surveys and Diary Study by Furbish, Chalmers and MHH 

The aim was to study the influence of the direct and physical environment of patients in 

hospitals to see to which extent e.g temperature, air quality, lighting, acoustics and the spatial 

design have a positive influence on the wellbeing of patients. 

4.   Benchmarking studies by Chalmers and Furbish 

The benchmark study aimed to investigate the motivation behind best case examples of 

successful hospital design and architecture. 

2. Methods 

In the FSH-study, we adapted the "Furbish®-method", which focuses on user-centred and 

sustainable indoor environments originating from office buildings to hospital environments. A 

mixed-method approach combined an innovative IR-sensor concept from RWTH, IEQ 

competence from Chalmers medical and surgery knowledge from MHH and evidence on 

human factors from patients and staff from Furbish. 

The study relied on a range of data collection approaches largely based upon the Smart 

Sustainable Offices (SSO) [5] method by Furbish. The SSO approach was developed to 

understand user needs and resource use, compare, and inform decision-making for (re)design 

of the environments. The SSO-method includes indoor environmental measurements, diary 

studies, interviews, surveys and observations. For the FSH-project, we adapted the SSO-

method to the Healthcare building as a workplace for the doctors and nursing staff as well as 

a place for patients and their families. The adaptation has been based upon the research on 

healthcare building design, which is often called Evidence-based design (EBD). EBD research 

has made tremendous progress in indicating the relation between the healthcare-built 

environment and user-related outcomes, including quality of care and health improvement.  
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The Corona pandemic crisis has posed major challenges on the project. At the beginning of 

March 2020, the FSH project team could not foresee when it would be possible again to start 

the necessary data collection in a hospital environment at all, as knowledge was lacking on 

the behaviour of the Corona virus. Hospital environments had therefore been almost 

hermetically sealed, also MHH. Therefore, the project period was extended to 31.12.2021. 

However, the FSH project team has had regular contact during the crisis and thus was 

immediately prepared when the opportunity finally was given. Those parts of the FSH pilot 

study execution, which demanded data collections on site took place during autumn/winter 

2020/2021; the rest of the studies were done from distance. 

Multi- and crossdisciplinary research-teams were formed to collaborate in the different work 

packages according to a predefined study plan, see Table 1.

Table 1 – Overview Study plan for data collection at MHH

2.2 Ethical Approval 

Initially, the FSH study team applied for ethical approval for the whole project and its parts 

(see Appendix 2). The approval was given by Ethikkommission der Medizinischen Hochschule 

Hannover (OE 9515) on February, 20th in 2020 (see Appendix 2). Ethical approvals are 

important when projects such as the FSH-project are conducted in a hospital context and 

involve human subjects, especially vulnerable ones, such as patients. The ethical approval is 

therefore aligned with the Helsinki standards for research on human subjects [6]. 

To-do-list on site for the measurement and patient surveys 

 

Abbrivations;  

Ulrike Rahe online only (UR*) 
Elke Miedema online only (EM*) p 
Paul Seiwert (PS)  
Katarina Band (KB) 
Iman EI-Sayed (IE) 
Thorsten Benedukt (TB)  
Tobias Schilling (TS) 
 
 

 

 

 Date Chalmers BP equipment Responsibility Diary for patient Responsibility Questionnaire for patient Responsibility Observations Responsibility Interviews 
staff (UR*) 

W
e

ek 46
 

9/11 Start recording before 8:00 in the patient 
rooms P1, P2, P3  

PS, KB, IE Take the diary to the patients and 
introduce how to fill in the diary (P1, P2, 
P3, and put copies to other patient rooms 
in the south) 

TS, KB, IE Take the copies of questionnaire to 
the patients in all the other patient 
rooms and introduce how to fill in 

TS, KB, IE • One Time 
Observation 

• & testing the Re-
Occuring 
Observation 

EM, KB, IE  

10/11 Check the equipment is running (twice per 
week)  

KB, IE Collect the diary from yesterday (check if 
the room number is filled in for P1, P2 and 
P3) and handout diary for today  

TS, KB, IE • Collect the questionnaire at the 
end of each week 

• Deliver the questionnaire to the 
new patients who check into the 
hospital during the study weeks 
 

TS, KB, IE 15-16 

11/11   12-13, 13-14 

12/11   12-13, 13-14 

13/11 Check the equipment is running KB, IE 15-16 

14/11   – 

15/11   – 

W
ee

k 47
 

16/11 • Stop logging and download data; 

• Start recording before 8:00 

PS, KB, IE Re-occurring 
observations 

EM, KB, IE 
 

15-16 

17/11 Check the equipment is running KB, IE – 

18/11   14-15, 15-16 

19/11 Check the equipment is running KB, IE 15-16 

20/11   9-10, 10-11, 
11-12, 14-15 

21/11    
22/11 • Stop logging and download data after 

15:00; 

PS,  KB, IE  

W
ee

k 4
8

 

23/11 • Switch to the other rooms P4, P5, P6 

• Start recording before 8:00 in the patient 
rooms P4, P5, P6 

TB, PS, KB, IE Take the diary to the patients and 
introduce how to fill in the diary (P6, and 
put copies to other patient rooms in the 
north) 

 

 

In depth Observation 
selected patient 
room(s) 

EM, KB, IE 
 

 

24/11 Check the equipment is running KB, IE Collect the diary from yesterday (check if 
the room number is filled in for P6) and 
handout diary for today 

 

25/11    

26/11 Check the equipment is running KB, IE  

27/11    

28/11    

29/11    

W
e

e
k 4

9
 

30/11 Stop logging and download data after 15:00; PS, KB, IE   

1/12 Uninstall; Disinfection and delivery TS 
TB 

  

Nurses

Pa
ti

e
n

ts

P
a

ti
e

n
ts

P
a

ti
e

n
ts

P
hy

si
ci

an
s

P1 P2 P3

P4 P5

P
h

ys
ic

ia
n

s

P6

• P1, P2, P3 (w46 & w47; Aachen IR sensor will be in P2, P3 and room 2230); P4, P5, P6 (week 48; Aachen IR sensor will be in P4, P5, P6 and room 2110)

P
at

ie
n

ts
 

 

P7 
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2.3 Indoor Environmental Qualities (IEQ) and Infrared Measurements 

Due to the covid-19 pandemic, the access to the hospital was very limited, so the field study 

was mainly performed from mid of November 2020 to mid of December 2020.  

We focused on patients in double rooms/three-person rooms as well as staff rooms like 

lounges/offices for physicians and nurses, to analyse possible differences of the indoor 

environment parameters due to the different requirements of those rooms. Five rooms were 

equipped with two sensor systems each, the infrared sensor system by RWTH and the IEQ 

measurement systems by Chalmers. Six rooms were measured in total. 

Patient and staff surveys and diary studies, as well as observations, were carried out in 

parallel covering always the same rooms. Table 2 gives an overview of the analysed rooms and 

the periods of the study. Chapters 2.3 to 2.5 give an overview of the qualitative studies 

ongoing in parallel to the measurements.  

Room Type of room Window Orientation Periods of the study 

R1 Physicians room North  IR: 10.11. – 18.12. 

GA: 01.12. – 18.12. 

R2 Patient room North IR: 10.11. – 18.12.  

GA: 01.12. – 18.12.  

R3 Patient room South IR: 10.11. – 18.12.  
GA: 10.11. – 30.11. 

R4 Patient room South IR: 10.11. – 18.12.  

GA: 10.11. – 30.11. 

R5 Patient room South IR: 10.11. – 18.12. 

R6 Patient room South GA: 10.11. – 30.11. 

Table 2 – Overview of measured rooms (IR: infrared system, GA: Globe-/Air temperature) 
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Figure 2 – Installation postions of IEQ and infrared sensors in patient room. Detection of occupancy and 

human position. 

For data acquisition at MHH, we set up sensor systems for Chalmers IEQ measurements, and 

ten infrared (IR) sensor systems from RWTH, see Figure 2. The IR sensor systems basically 

consist of a long wave IR sensor with a resolution of 120*160 pixel, a breakout board, a 

Raspberry Pi microcontroller and housing, see Figure 3. The data are stored locally and are 

sent by WIFI to cloud storage for later post-processing. The sensor systems were positioned 

inside the chosen rooms, see Table 2. For each room, two sensors were used to detect data 

from different angles.  

Figure 3 – Principle of the IR sensor system 

2.3 Patient surveys and diary-study 

To find out if and to which extent, cardiovascular heart diseases have an influence on the 

perception of the indoor climate, a screening of hearts patients via a one-time initial 
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questionnaire and a daily diary was carried out. In total, 46 patients (26.1% female; 73.9% 

male) were involved, all of them undergoing cardiac surgery during November and December 

2020. The average age of the patients was 63 years (SD=11.15 years), ranging from 26 years 

to 84 years. The patients spent 18.1 days on average (SD=19.7 days) in the clinic, the 

minimum being 3 days, the maximum being 125 days. Out of the 46 patients who were 

surveyed, four had been released to be operated at a later stage, when the survey and diary 

no longer were conducted.   

Figure 4 – FSH diary and survey form 

Patients who were admitted to the hospital first received the survey and after they completed 

the survey, they received a new diary every day, which they had to fill out daily for the rest of 

their stay. Two scientific associates from MHH handed out the survey as well as the diary (see 

Figure 4) personally to the patients in the clinic daily.  

2.3.1 Patient survey  

The survey asked (i) about patient satisfaction with indoor climate parameters, such as noise, 

temperature, lighting, privacy etc. in general and in detail, (ii) about perceived disturbances 

with certain aspects such as cold air draft, high room temperatures, etc., (iii) about aspects 

they would prefer in regard to the existing indoor climate, such as more fresh air, less dazzling 
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light, more privacy, etc., and (iv) about their general satisfaction with the cleanliness of their 

room, opportunities to personalise their rooms and the possibilities to get out of bed. 

2.3.2 Patient Diary 

All patients who completed the questionnaire and were in the rooms in which the indoor 

climate was measured, were asked to participate in the daily diary for the rest of their stay. 15 

patients who already had participated in the questionnaire, answered the diary. A total of 32 

diaries was completed. The patients were encouraged to very shortly evaluate their 

momentary sensation about the indoor climate, their satisfaction with it, perceived 

disturbances and potential preferences of improvement. Their answers were captured and 

noted on the diary form (see 

Figure 4) by the scientific associates. In respect of the physical conditions of the patients, no 

digital tool was used and the patients were not expected to fill in paper forms either. 

2.4 Spatial Observations 

To better understand user needs and resource use also in relation to space design and 

physical environment to be able to inform decision-making for (re)design of the environments 

according to the SSO-approach, we included, beside diary studies, interviews and surveys also 

observations. For the FSH study we adapted the SSO by Furbish observation methods to the 

hospital ward as a workplace and a place for patients and their families. The purpose of the 

observation study was to better understand the current ward environment with attention to 

building design features that have been indicated to influence user health and wellbeing, to 

see in what way the ward is currently used, and to identify different kinds of behaviour.  

After having developed the digital FSH observation tools in several iterations, adapted from 

the Furbish method and sourced by literature research, this sub-study was conducted in three 

parts: (i) a post-occupancy evaluation of patient rooms (focused on observing features linked 

to Evidence-Based Design in two exemplary patient rooms, see Figure 1, (ii) a one-time 

observation (focused on the inventory of all ward design variables) and (iii) a recurring 

observation, taking place several times a day during the whole study period (focused on the 

types of user behaviour and activities that took place in all different zones of the ward 

spaces). All data were collected between November 2020 and January 2021, partly in parallel 

to the ongoing IEQ measurements, interviews and survey and diary studies. 

2.4.1 Development of the FSH Observation Tools 
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Based on a literature review on observations in hospital wards, the SSO by Furbish 

observation tools could be complemented by the specific categorization of ward room types 

as well as specific themes for observation such as the visual environment, socio-spatial 

environment, ward-related activities and focus areas, health protection, safety measures and 

sustainability features. 

Different types of ward rooms and areas addressed in research on ward design included; 

patient support spaces, staff support spaces, general support spaces, physician support 

spaces, nurse support spaces, family support spaces, and circulation spaces [7] [8]. This built 

the ground for the classification of ward spaces for the pilot study at MHH according to 

Table 3 below. 

Table 3 – Classification of space types 
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Figure 5 – Environment categories, space types, and defined checkpoints for observation 

2.4.2 Post-occupancy evaluation of patient rooms 

The Center for Health Design [9] has developed several tools to evaluate healthcare building 

design according to the EBD parameters. The tools have been designed specifically for the 

healthcare context, are widely used today and are creative commons and publicly accessible. 

The ‘Patient Room Design Checklist and Evaluation Tool’ is one of the CHD-tools, derived from 

a thorough process of a review of research, surveys, and site tests, and validated by expert 

advisory council members. It had been developed for post-occupancy evaluations of hospital 

patient rooms, such as adult medical-surgical, adult intensive care, and maternity care. For 

the MHH project, we have used the adult medical-surgical patient room evaluation as a 

complement to the two other observations methods that we used. The checklist was applied 

to two representative patient rooms as marked in rose in Figure 6 below. The data collection 

was done in a team of three; two in person on site and one by phone, due to Corona-

restrictions. Every evaluation was done after a discussion between the three researchers, and 

first then noted on the checklist form. Some of the questions were answered in contact with 

the facility management. 
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Figure 6 – Selected patient rooms for post-occupancy evaluation 

2.4.3 One Time Observation 

Besides the selection of one single patient room and one double patient room for Post-

occupancy evaluation, all observation checkpoints for the one-time and the recurring 

observation were set according to a special observation route to represent all different spaces 

in the ward (see 

Figure 6).  

The One-time observations included all 54 checkpoints (see 

Figure 6, marked in yellow) representing the different rooms on the ward. The data for the 

One-time observation was collected over several days in January 2021. The first fifteen 

observations were done as a team of three including two researchers on site and one on the 

phone, due to Corona-restrictions. The rest were done by the team on site alone. 

Additionally, supportive photos were taken. The observation data was directly noted in the 

FSH digital observation tools.  

2.4.4 Recurring Observation 

The recurring observations included 23 checkpoints (see Figure 6, marked in green), including 

mainly the staff workspaces, patient rooms, corridors, the kitchenet, and the lunchroom. 

Based upon floorplans, the observation route was planned so that all checkpoints built a 

logical sequence flow for easy observation. The data collection was carried out during 14 days 

in January 2021 by the team on site, as physical presence was needed and the two 
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researchers had been well instructed in the testing phases. The team did two observation 

rounds per day, the first between 8.00 to 9.00 A.M. and the second between 4.00 and 5.00 

P.M. to follow a meaningful schedule in the clinic. In some rounds, some patient rooms had to 

be excluded, due to Corona-infections. In total the team managed to get 26 observation 

rounds. 

2.5 Benchmark Study 

The study explored five exemplary healthcare building projects, all of them recently built, as 

in Northern Europe to benchmark the MHH new construction to come against the very best 

cases, which had evoked a lot of positive public and professional attention after their 

respective inauguration: 

- Aarhus University Hospital/Denmark  

- Rigshospitalet (North Wing) Copenhagen/Denmark  

- St Olav in Trondheim/Norway 

- Erasmus  MC – Erasmus University Medical Centre in Rotterdam/The Netherlands 

- New Karolinska Solna Hospital in Stockholm/Sweden  

The benchmark study adopted a precedent analysis approach. Due to the covid-19 pandemic 

high during autumn and winter 2020/2021, access to the selected hospitals was not given, so 

the field study was mainly based upon online project descriptions, telephone- or 

videoconference-interviews with the main designers and/or leading representative from the 

respective healthcare organisation, as well as design documentation such as design briefs, 

plans and photo material as long as they were available. 

3. Results 

3.1 Indoor Environmental Qualities and Infrared Measurements 

A good indoor environmental quality is of significance for users’ health and wellbeing. 

Especially when it comes to the hospital environment, a good indoor environment could 

reduce the stay days in the hospital for the patients according to earlier studies. The Indoor 

Environmental Quality (IEQ) in the SFH-project has been assessed with two different 

approaches: 1. the measurement with advanced measurement equipment and 2. the 
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measurement with a Smart Infrared sensor system. Both approaches will be explained, 

compared with each other and later conclusions presented.  

3.1.1 Advanced IEQ measurement kit 

A toolkit of advanced IEQ measurement equipment was installed to continuously measure the 

indoor parameters of temperature, relative humidity, carbon dioxide, and acoustic level (see 

Figure 7). Figure 8 shows the patient room and the equipment installed on the wall. Due to 

security reasons, the indoor climate toolkit was installed about two meters from the floor 

above the patient beds.   

Figure 7 – Measurement equipment from left to  
right (Global Temperature Globe, CO2 BAPPU  
and BAPPU Controller) 

Figure 8 – IEQ measurement equipment installed 
in a patient room 

The Figures 9 to 12 on the following pages are box-whisker plots, which show the distribution 

of the measured data, with the mean value, median value, 25th percentile, 75th percentile, 
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etc. Mean values are given in each figure. The dashes red lines show the reference values 

recommended by the standard ISO16798 -1 (20-25°C, 25%, 1000 ppm, 40 dBA).  

Figure 9 – Results of the measured Indoor temperature in the different ward rooms. 

Indoor temperature on average is around 22-23 °C (see Figure 9 ). Most of the time, air 

temperature is between 21-25 °C. It has to be mentioned that the installation height of the 

equipment is above the normal occupied zone, so the measured temperature values might be 

minorly higher than the values close to the patient bed. For future studies, it is important to 

clarify the location of the equipment installed in the ward to compare the results. 

Figure 10 – Results of the measured relative humidity in the different ward rooms 
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Mean relative humidity is around 30%, see Figure 10. In ward rooms 1, 2, and 3, half of the 

measurement results are below 25%, which indicates dry air in the ward during the winter 

season. This also matches the stress on dry air perceived by the patients.  

Figure 11– Results of the measured carbon dioxide levels in the different ward rooms 

The level of carbon dioxide (see Figure 11) is below 1000 ppm, which indicates a good 

ventilation rate. Well, patients still perceived stress of stuffy air and more fresh air. This needs 

to be further detected if there is any odours or dust from the room or the ventilation system.  

Figure 12 – Results of the measured acoustic levels in the different ward rooms. 
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The acoustic level is high in the ward rooms, see Figure 12. Most of the time it is higher than 

40 dBA. Thus, patients preferred a less noisy environment and more speech privacy, 

compared to current conditions.  

3.1.2 Smart Infrared sensor system 

From the recorded IR data, specific regions of interest (ROI) were extracted and analyzed, to 

estimate radiant temperatures inside the rooms. Figure 13 shows an example of an IR image 

captured with one of the systems inside a patients room. The different colours represent the 

surface temperature of objects in the room from colder (blue) to warmer temperatures (red). 

Visibly identifiable is one patient lying on a bed as well as several electric medical devices in 

operation. Two ROIs are marked in transparent dark grey. The left ROI corresponds to an 

inside wall and the right ROI to an outer wall with windows. 

Figure 13 – Example of an IR image of the sensor system in a patient room  

Using automated post-processing, the data of the IR images were automatically evaluated 

and median temperature values were extracted for each ROI. The median temperature of the 

ROI represents its radiant temperature, as which it is perceived by patients inside the room. 

For each room, we calculated an aggregated radiant temperature based on the arithmetic 
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median of all ROIs for both sensors. If data were only available for one sensor, only this sensor 

was used for the calculation of the radiant temperature.  

We filtered not plausible outlier data by an internal Hampel-filter-function (based on a 

moving median) of MATLAB R2021a for a window length of five minutes. To reduce the noise 

of the sensor signals, we finally calculated the moving mean value over five minutes for the 

data.  

In the following, the radiant temperature determined with the described methods from the 

IR sensor system by RWTH Aachen University and the data collected with the classical 

advanced comfort sensor system from Chalmers University is plotted for the evaluated 

rooms. For each room, we compare the estimated radiant temperature of the IR sensor 

systems with the globe temperature and the air temperature of the conventional systems.  

Figure 14 – Comparison of globe temperature and radiant temperature for room R2 
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Figure 15 – Comparison of air temperature and radiant temperature for room R2 

Figure 14 and Figure 15 show the results of the radiant temperature and the globe 

temperature respectively the air temperature for room R2. Data of the IR sensor system were 

collected from 01.12.2020 to 18.12.2020. The results show a dynamic behaviour of the 

temperatures with differences of up to 2 K over one day. The lowest temperatures are mostly 

detected in the early morning of the day. The highest temperatures occur at noon or in the 

afternoon. The absolute temperatures are in a range between 22 °C and 27 °C. The estimated 

radiant temperature shows only small deviations from the detected globe and air 

temperatures, which also show high accordance to each other. Compared to the air 

temperature, the globe temperature is a little bit damped due to the inertia of the radiant 

surfaces. However, all sensors show nearly the same dynamic trend.  

For the test period starting at 12.12.2020, the absolute temperatures are slightly warmer 

(24 °C to 27 °) than on the previous days. For these warmer conditions, the estimated radiant 

temperature is slightly warmer (~0.7 °C) than the measured air and globe temperature.  
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Figure 16 – Comparison of globe temperature and radiant temperature for room R3 

Figure 16 and Figure 17 show the results for room R3. From 14.11. to 25.11. the globe- and 

air temperature sensor system did not collect any data due to technical problems. The results 

show a higher deviation between the IR sensor system and the classical system. This can be 

attributed to the detection of heat losses from electrical devices. After reactivation of the 

classical system, the deviation between both systems decreased.       

Figure 17 – Comparison of air temperature and radiant temperature for room R3 
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Figure 18 – Comparison of globe temperature and radiant temperature for room R4 

Figure 18 and Figure 19 show the results for room R4. Most of the data are in a range 

between 21.5 °C and 24.5 °C. As for room R2, the data show a dynamic behaviour over the 

days and high accordance between estimated radiant temperature, globe temperature and 

air temperature. Occasionally, the data show amplitudes to the warm, reaching 26 °C, and to 

the cool, reaching 20 °C. The amplitudes to the warm can probably be attributed to solar 

radiation and higher occupancy. The amplitudes to the cool can be explained by manual 

window opening. Other rooms show similar trends and temperature profiles as the rooms 

depicted in the plots. 
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Figure 19 – Comparison of air temperature and radiant temperature for room R4 

3.2 Patient surveys and diary-study 

To find out if and to which extent, ardiovascular heart diseases have an influence on the 

perception of the indoor climate, a screening of hearts patients via a one-time initial 

questionnaire and a daily diary was carried out. The study involved 46 patients, of which 

26.1% were female and 73.9% were male. All patients completed the questionnaire, and 15 of 

them completed the diary, resulting in 32 diaries in total.  

The average age of the patients in the sample was 63 years (sd=11.15 years), ranging from 26 

years to 84 years of age. The patients spent on average 18.1 days in the clinic, with a 

minimum being three days, and a maximum being 125 days. The most common disease 

among the patients (40%) was triple vessel disease, followed by cardiac decompensation 

(25.7%) and mitral insufficiency (11.4%). Most of the patients received endovascular 

implantation of a stent-prosthesis (43.6%), followed by myocardial revascularization (35.9%) 

and aortocoronary bypass (25%). 

In the survey, most patients were satisfied with indoor climate factors, such as noise, air draft, 

air humidity, air quality, amount of daylight, amount of daylight, amount of artificial light, and 

thus also overall satisfied with the indoor climate, as they answered after their arrival. 

Whether the age or the gender of patients seemed to have a significant correlation with the 

satisfaction with and the perception of most of the indoor climate factors.  
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In general, it has shown that in the questionnaire no significant correlation could be 

identified, in contrast to the diary, where the factors gender, age and length of stay did not 

have an influence on the perception of the indoor climate, whereas the diagnosis had an in-

fluence on a few indoor climate factors, such as the perception of smell, perception of air 

quality, amount of daylight, as well as low and high temperatures. 

The length of stay and the perception of stuffy and sticky air were found to have a significant 

correlation (0.566)* as well as the perception of noise (0.587)*. It showed that the heart 

patient’s sense of smell was more sensitive than other patients in the clinic (0.894)*. Patients 

with a rarer disease, such as one-vessel coronary artery disease or aortic regurgitation, 

perceived the air quality as sticky and stuffy, felt more disturbed by the amount of daylight in 

their rooms and they also felt disturbed by low temperatures in their rooms (more than 

patients with a more common disease, such as triple vessel disease and cardiac 

decompensation, who perceived the air quality as fresh). Also, the type of operation and the 

perception of the current air quality (fresh versus stuffy and too dry vs too humid air) showed 

a negative correlation (-0.594)** and (-0.659)**.  

Overall, only a few significant correlations could be found. In addition, due to the relatively 

small amount of data, some of the identified correlations might not have occurred on a base 

of a larger study population.  

In general, it has been shown that in the questionnaire no significant correlation has been 

found, unlike in the diary: It has been shown that in the diary the factors sex, age and length 

of stay do not influence the perception of the indoor climate, whereas the diagnosis 

influences a few indoor climate factors, such as the perception of smell, perception of air 

quality, amount of daylight, low and high temperatures. Also, patients suffering from triple 

vessel disease did not feel as disturbed by the following factors (dry air, stuffy and sticky air, 

dirt, low lights and noise) as did patients suffering from a more rare disease in this study. 

The differences in significance in the questionnaire and the diary could also result from the 

small data and patient set – 48 patients were questioned for the questionnaire, while only 15 

patients were interviewed using the daily diary. For this reason, a further study with a larger 

patient set should be carried out to verify these results. 
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Figure 20 – Satisfaction of patients with indoor climate and corelations to personal factors 

3.3 Observations 

3.3.1 Post-occupancy evaluation of patient rooms 

This medical-surgical tool consists of four categories (patient safety; workers safety & 

effectiveness; quality of care and patient experience; and organisational performance). These 

categories have been sub divided to make up a total of 23 EBD goals, see Table 4. 

Categories EBD Goals Single Double

Patient safety 01. Improve mobility and reduce falls 4 3,8

Patient safety 02. Reduce risk of injury 2,67 2,67

Patient safety 03. Reduce risk of contamination 3,44 3,44

Patient safety 04. Improve hand sanitization 5 5

Patient safety 05. Provide safe delivery of care 2,5 2,5

Worker safety & effectiveness 06. Provide efficient delivery of care 3,36 3,18

Worker safety & effectiveness 07. Improve communication 4 4

Worker safety & effectiveness 08. Improve staff health 4 4

Worker safety & effectiveness 09. Improve job satisfaction 3,33 2,33

Quality of care & patient experience 10. Reduce patient stress and anxiety 3,25 3

Quality of care & patient experience 11. Enable & enhance patient sense of control 2,5 2,5

Quality of care & patient experience 12. Improve patient engagement 1 1

Quality of care & patient experience 13. Improve patient satisfaction 2 1,5

Quality of care & patient experience 14. Improve family presence and engagement in patient care 1 1

Quality of care & patient experience 15. Improve comfort 1,67 1,67

Quality of care & patient experience 16. Reduce noise 2,5 2

Quality of care & patient experience 17. Respect privacy 4,5 1

Organisational performance 18. Ensure durability * *

Organisational performance 19. Improve air quality * *

Organisational performance 20. Provide a secure environment 3 3

Organisational performance 21. Enable change readiness/ future-proofing 2 2

Organisational performance 22. Enhance sustainability * *

Organisational performance 23. Provide return on investment (roi) 1 1

Table 4  – The 
Medical-Surgical 
Patient Room Post-
Occupancy 
Evaluation’ (CHD, 
2014) focused on 
two patient rooms 
in relation to EBD-
goals. 

Wishes in regard to
the indoor climate (in %)

Corelations between personal 
factors and indoor climate

colder 4,5
warmer 6

lezz dazzling light 7,5
more daylight 9

less smell 9
more air movement 10,4

less air draft 13,4
more privacy 16,4

more fresh air 23,9

Age + 
Gender

Length Has a significant influence on the 

of stay perception of air quality as well as the 
perception of noise

Type of Has a significant influence on the 
operation perception of smell

Diagnosis Has a significant influence on the 
perception of air quality, amount of 
daylight and low temperatures on 
patients with a rare disease in this 
study, such as one-vessel coronary 
artery disease or aortic valve 
regurgitation

Has no significant influence on the 
perception of indoor climate
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The Patient Room Design Checklist from the Post-occupancy evaluation tool, through scores 

rates the 23 EBD-goals between 1 (lowest) – 5 (highest), see Table 4. The analysis of the data 

started by studying the assessment items that resulted in especially high or low scores of 

certain EBD goals. Each category was separately investigated and described by separate 

factors, which rated positive (4 or 5) or negative (1 or 2), and explained by factors provided in 

the assessment aids. To sum up, all factors’ scores were grouped and clustered according to 

the categories given, below exemplarily explained by the first category of patient safety. 

Patient safety is divided into improved mobility and reduced falls; reduce risk of injury; reduce 

risk of contamination; improve hand sanitation; and provide safe delivery of care. The 

outcomes indicate, that the room layout improves mobility and reduces falls (3,80) as it 

provides enough space and clearance for wheelchair turns; there is barrier-free access to the 

bathroom, a flooring that enables movement and reduces falls, and furniture that enables 

movement such as chairs with armrests and space between the legs to allow change of foot 

position. The rooms scored low due to the lack of specific facilities for bariatric patients, such 

as furniture, bathrooms, or movement equipment for this user group.  The rooms scored 

(2,67) when it comes to reducing the risk of injury. 

As a result, the rooms scored best (4,00) hand sanitation, improved communication, and staff 

health. The lowest scores (1,00) are for patient engagement and privacy. None of the scores 

isis higher than 4 which means some aspects can be improved in every single EBD goal. 

Overall, the post-occupancy evaluation tool provided valuable insights in building design 

features that have been previously linked to health-related outcomes as described above. On 

the other hand, it is not meant to study health-related outcomes and does not provide any 

information about the use of the space, different user behaviours on site or the changes in 

the built environment throughout the day, such as doors openings or temporary barriers in 

the hallways. This lack of deeper user insights in the tool requires the two additional 

observation methods of the SSO by Furbish approach. First, the combination with surveys, 

diaries and interviews, as the SSO by Furbish approach suggests, could provide an in-depth 

understanding of the ward on a detailed level.  

3.3.2 One-time observations 

The data was first extracted from the digital tool to an excel-spreadsheet, listing the questions 

per room. The data were then grouped according to the observation categories and space 

types. The data was then read and re-read to familiarize with the material and make initial 

research notes. The data was then colour-coded to create groups of positive, negative and 

neutral remarks. The findings were then first described per category, second per space type.   
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3.3.3 Recurring observations 

After having excluded the initial testing phases, all data was extracted from the digital tool to 

an excel-spreadsheet, divided by date and time, room number, and per question. The 26 

observation sequences were first structured by the pre-decided observation categories, and 

second by the room types. The analysis was guided by e.g. identifying the main activities in 

the different rooms; investigating patients activities behaviours in different space types such 

as standing, walking, sitting or laying down; studying the social behaviour in different room 

types; and documenting also the occupancy.  

3.4 Benchmark study 

The results provide an overview of health-promotive design ambitions (promoting wellbeing, 

supporting healthy behaviours, addressing health inequity and empowerment) in relation to 

design strategies as exemplified with design solutions.  

The best case examples are visually presented in Figure 21 and Figure 22 below: 

Figure 21 – Rigshospitalet (North Wing) Copenhagen/Denmark (LINK Arkitektur + 3XN Sweden). 
Photography © Adam Mørk 

Rigshospitalet Copenhagen North Wing 
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Figure 22 – Aarhus University Hospital/Denmark (Nordic Office of Architecture (Urban design); Ratio 
architects; Asplan Viak landscape architects; COWI). Photography © Thomas Moelvig 

4. Discussion 

4.1 Sensor data comparison 

The results of the test periods show a dynamic behaviour over the days, which may be 

referred to diurnal cycle. However, due to the scope of this project, no solar radiation or 

ambient temperature has been measured to validate this thesis in detail. Nevertheless, these 

dynamic variations of the temperature levels are higher than 1 K, which is recommended by 

the EN ISO 7730 for steady-state comfort assessment 8.  

The measured temperatures are in between the general comfort boundary conditions of 

20 °C to 26 °C. However, the current system consisting of mechanical supply air (without air 

conditioning) and radiators does not seem to provide robust temperature control. This can be 

seen by the temperature fluctuation along single days and an increasing indoor temperature 

trend of the room R2 between 23 °C and 26 °C over several days of the test period, see Figure 

14 and Figure 15. 

Due to the limited access to the MHH caused by the covid-19 pandemic, we only measured in 

November and December of 2020 with low cooling loads. With the given options of control, 

we expect that comfort boundary conditions will be exceeded in the summer period with high 

solar load and high ambient temperatures.  
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For most of the test days and rooms, the data of the IR systems and the conventional systems 

show high accordance. Further investigations and development regarding the sensor system 

and its algorithms allow detection of thermal asymmetries and radiation from internal heat 

sources as well as solar radiation through window surfaces [3]. This information can be used 

to increase the comfort and wellbeing of medical staff during their work and patients by 

providing optimized indoor environmental conditions. 

4.2 Energy saving potential 

The collected data show, that the current HVAC system of the MHH provides temperatures 
between 20 °C and 26 °C for the exemplarily analyzed rooms. Error! Reference source not 
found. and Error! Reference source not found. show an increasing temperature over the test 
period. In the context of the optimization of the energy demand of buildings, robust 
temperature control at a medium level e.g. at 23 °C would reduce CO2 emissions of the 
building.  

The proposed IR sensor systems allow for detection of occupancy by evaluation of the IR data, 
which allows for demand-controlled ventilation. The energy savings potential through 
demand-controlled ventilation depends on many factors. Parameters of the air-handling unit, 
such as design volume flow, heat recovery rate, etc., have a significant influence on the 
savings potential, while building-related parameters, such as orientation or wall properties, 
have a small influence [11]. Essential for savings is a reduced occupancy compared to the 
design. For a Finnish hospital, non-occupancy rates of 10 – 85 % were observed depending on 
the use types, with patient rooms rather rarely (10 % – 50 %) and office or meeting rooms 
frequently (50 % – 85 %) unoccupied [12]. Based on dynamic building simulations, energy 
savings of 301  kWh/m²a (71 %) for a German hospital and 535 kWh/m²a (89 %) for a Finnish 
hospital are expected for a typical continuously non-occupied patient room [13].  

In the FSH-pilot project, it was not planned to explicitly measure the energy-saving potential 
of an optimised design that considers optimised technical systems and their 
operation/management, optimised organizational processes that will result in high occupancy 
rates and increased comfort and well-being of the patients that will lead to lower hospitality 
days per person. The effect of each aspect on its own, but especially the accumulated effect, 
should be assessed in future projects. Therefore, it would be recommended to apply the 
Furbish approach in the planning and realisation stage of a new hospital project in Sweden. 
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