Thermal comfort in hospital buildings — A literature review
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NPV Natural Personalized Ventilation

NRU Neurological Rehabilitation Unit

OR Operating Room

PCS Personal Comfort System

PE Personalized Exhaust

POV Protected Occupied zone Ventilation
PV Personalized Ventilation

SSls Surgical Site Infections

Abstract:

Hospital buildings are required to secure a variety of indoor environments according to
the diverse requirements of patients and staff. Among these requirements, thermal
comfort is an important design criterion for indoor environmental quality that affects
patients’ healing processes and the wellbeing of medical staff. The patients’ thermal
comfort is given priority due to their medical conditions and impaired immune systems.
Thermal comfort and related contexts have been well-covered in many research articles;
however, the number of review articles is limited. The aim of this paper is to conduct a
holistic and critical review of existing studies offering insights on future research trends
(160 articles were analyzed). The key research themes are identified using
scientometric analysis focusing on factors that may improve thermal comfort and
prevent patient hypothermia. The primary outcome concludes that ventilation systems
play a key role in maintaining acceptable, thermally comfortable conditions for patients
and medical staff. It is also found that acceptable thermal comfort is highly case-
dependent and varies substantially based on the health condition of the patient as well
as the type and level of staff activities. The measures currently mentioned to minimize
energy consumption are also discussed. Some interesting issues, including the
inaccuracy arising from the use of predicted mean vote (PMV) and the impact of gender,
age, and related factors on thermal comfort, have been noted. This review provides

insights into the design and assessment of hospital thermal environments.
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1 Introduction

Thermal comfort describes the satisfactory perception of an individual regarding
the thermal environment [1]. It is considered as one of the most critical conditions for

improving occupants’ comfort and satisfaction within the indoor environment.

Hospital buildings are mainly designed to accommodate patients, usually with
diverse health conditions which impose specific indoor environmental requirements. At
the same time, a comfortable and safe working environment in hospital buildings is
necessary for the staff. These requirements make hospital buildings rank among the

most energy-intensive of all commercial and residential building types.

According to the application handbook compiled by the American Society of
Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) [2], hospital’s
indoor environment is subdivided into different functional areas, such as surgery and
critical care, nursing, ancillary services, administration, diagnostic and treatment,
sterilizing and supply, service, etc. . Each functional zone has different requirements
for the indoor environment. These characteristics give the hospital building its
complexity. Because of the special characteristics of the groups served by hospital
buildings, a healthy and comfortable indoor environment plays an important role in
stabilizing patients' emotions and enabling staff to work efficiently. Moreover, an
improved indoor environment in a hospital building can reduce costs associated with
airborne illnesses by 9-20% [3]. There is, therefore, a growing need for maintaining a

comfortable indoor environment in hospitals.

Over time, some new trends in hospital development related to thermal comfort
have appeared. Hospital infrastructure is more important after the outbreak of COVID-
19 and needs to be developed to meet people’s medical needs [4]. The vulnerable
patients in hospitals may be involved in developing more advanced medicine and new
treatments for serious illnesses. They will need more dedicated care while
simultaneously facing the challenge of creating a more appropriate hospital

environment [5]. Besides, as research progresses, many new technologies related to the



wellbeing of the patient are emerging, including the new perioperative patient warming
blanket - the BARRIER EasyWarm blanket (M6Inlycke Health Care AB, Gothenburg,
Sweden), the novel personalized ventilation-exhaust system, innovative low exergy
systems, and other new methods [6-9]. The prospects of success of these new

technologies and methods require examination.

However, there are very few comprehensive and systematic literature reviews on
the topic of thermal comfort in hospital buildings. This study aims to provide a complete
picture of thermal comfort-related studies in hospitals, identify the trends and current
status of the research, summarize optimization strategies, and provide a future research

perspective.

2 Methods

The literature review was conducted by browsing through publications that offer
studies related to hospital thermal comfort. First, bibliographies were collected from
academic databases. A second refinement used data-driven analysis and science
mapping to analyze the bibliographic data [10, 11]. Science mapping is a branch of
scientometrics that helps visualize the intellectual, structural, and dynamic patterns of
bibliographic records in a research domain [10]. CiteSpace, a freely available
scientometric tool, was chosen for this analysis. Then, the studies were analyzed
according to the classification results of previous science mapping processes. The
publications collected were scanned to recognize potentially insightful patterns from

visually encoded signs and synthesize information from various domains.

The following sections describe the main findings of the reviewed bibliographies

from each level of hospital thermal comfort or hospital thermal sensation.

2.1 Data collection

The preliminary literature search used a topic search for the terms "hospital
thermal comfort” or “hospital thermal sensation" in titles, abstracts, and keywords in
the following four academic databases: Web of Science, Scopus, Science Direct, and
SAGE journals. The data range was set to "published all years to present". The
document type was set to "research and review articles", and the language was limited
to "English". Results are presented in Figure 1. Web of Science recorded the largest
number (173) of specified type publications related to hospital thermal comfort among

the four databases used. However, far fewer results were obtained from Science Direct,



SAGE journals, and Scopus so the Web of Science records was chosen to continue this

review.

Fig.1: Results from the general literature search on hospital thermal comfort in four
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2.2 Scientometric analysis of collected bibliographies

The time distribution of the collected bibliographic records on hospital thermal
comfort was studied. Papers earlier than 1975 were excluded due to the time limitation
for database inclusion. The earliest related article, discussing the preferred temperature
of American surgeons, appeared in 1939 [12]. The number of publications each year is
shown in Figure 2. From 1993 to 2020, the number of papers on hospital thermal
comfort showed an overall increasing trend. The number of articles published between
2012 and 2019 is much higher than previous years, reaching 23 in 2019. It can be seen
that the research activity on hospital thermal comfort from 2012 to 2019 has increased
significantly, suggesting that people are paying increasing attention to thermal comfort

in hospitals.

Fig.2: The distribution of the bibliographic records in the chosen database
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The keywords and abstracts of 173 bibliographic records were analyzed using
CiteSpace. The seven clusters identified are #0 predicted mean vote, #1 comfort
temperature, #2 hospital ward, #3 hypothermia, #4 indoor environmental quality, #5
patients, and #6 displacement ventilation, as shown in Figure 3. From the figure, we
can see that the predicted mean vote (PMV) appears to be the most important topic
among the collected papers and related to cluster #1. Then, the full articles from clusters
#0, #1, and #4, followed by clusters #2, #3, #5, and finally cluster #6, were carefully
read. Studies irrelevant to hospital thermal comfort, e.g., those about climate change,
were then excluded. Finally, data from a total of 62 papers remained on which to base

the following discussion.

The country-wise distribution of literature was analyzed based on the 62 selected
papers. The analysis results found that among the top five countries with many related
articles, the United Kingdom and Italy ranked first, followed by the People’s Republic
of China, the United States, and Malaysia. At the same time, there were few studies
from Africa. In contrast, Europe had the largest number of studies when divided into
regions by continent. European healthcare systems started early and have matured
considerably through reform and practice. Their experience is instructive and worth

learning.

Fig.3: Clusters of data from the 173 papers.
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2.3 Themes for discussion and analysis

Clusters #0, #1, and #4, mainly relating to PMV, comfortable temperature, and
indoor environmental quality (IEQ), can be discussed from two aspects: influencing
factors related to thermal comfort and field surveys of thermal comfort. By reading
papers from clusters #2, #3, #5, and #6, patient perioperative hypothermia is a topic of
concern. Meanwhile, ventilation is also an important topic to improve indoor air quality.
These two topics can be combined and discussed as measures to improve thermal
comfort. Some other topics, such as light-touch, low-carbon strategies, innovative
systems for integral control of physical hazards and self-protection, and high-quality
healthcare delivery for hospital staff, can be a feature of improving thermal comfort. In
the reading process, energy-saving based on thermal comfort was found to be an aspect
that should not be neglected. Although not many papers are involved, it is worth
carrying out the discussion. Based on the cluster mentioned above analysis, four themes
form the focus of this study: 1) Influencing factors related to thermal comfort; 2) Field-
surveys of thermal comfort; 3) Measures to improve thermal comfort, and 4) Energy-
saving based on thermal comfort. Ninety-seven other important works are also included
for their historical importance and as reference data to enrich the identified themes. The

following themes were chosen to be the focus of the analysis and discussion.

3. Analysis and discussion

3.1 Influencing factors related to thermal comfort

For hospital buildings, maintaining health and comfort is an issue that can never



be compromised or neglected. Thermal comfort, acoustics, lighting, electromagnetic
frequency levels, potable water surveillance, and indoor air quality (IAQ) constitute the
IEQ of a building [13, 14]. Most studies on indoor building environments considered
IAQ, lighting, thermal comfort, and acoustics as the main parameters to determine the

indoor comfort level [13].

Humans perceive comfort through the interaction of various sensory stimuli and
their integration in various environments. The dynamics of indoor environmental
conditions, human occupancy, and the operational characteristics of buildings influence
thermal comfort and indoor environmental quality [15]. Improving environmental
comfort has an advantage in enhancing the health and performance of health providers

(doctors, nurses, technicians, and administrative/executive staff) and patients [16, 17].

A comfortable thermal environment helps maintain patients’ mood and improves
their healing [18]. A variety of environmental factors influences a patient’s perception
of comfort. Temperature, humidity, illumination, and ventilation systems in hospital
buildings have been proposed to affect patients [19]. In addition to the thermal comfort
of the patient, there is also a growing body of evidence on the impact of the working
environment on healthcare providers’ efficiency, productivity, and satisfaction, all of
which contribute to patient outcomes. Based on a series of relevant surveys, [AQ, noise
level, and thermal comfort are three of the top five factors (a total of 16 physical features
investigated) for healthcare providers responsible for healthcare settings [17]. For front-
line practitioners, workplace temperature is an essential factor [20]. Meanwhile, in
operating rooms (ORs), an analysis showed that the choice of ventilation type had a
significant influence on the thermal comfort parameters of medical personnel [21].
Some research has proposed evidence regarding the negative impact on staff, resulting
in stress, anxiety, and distractions due to noise; artificial lighting; and improper or
inadequate ventilation [20, 22]. Measurement of long-term environmental and
operational parameters in a new hospital building in Chicago showed that most of the
measured temperatures, relative humidity values, and illuminance levels were within
the acceptable thermal comfort range [1]. Indoor temperature, illuminance, and human
occupancy/activity were all weakly correlated between rooms. At the same time,
relative humidity, humidity ratio, and outdoor air fractions showed strong temporal
(seasonal) patterns and strong spatial correlations between rooms [15, 23]. It has been
shown that thermal comfort and acoustic comfort may influence each other [24]. An

investigation in China studied the interaction between sound and thermal comfort in



hospital wards. The results showed that the sound and temperature have an almost equal

and stronger effect than humidity on overall comfort.

Meanwhile, a satisfactory thermal environment can improve the evaluation of
acoustic comfort, while an unsatisfactory thermal environment has the opposite effect
[25]. In some specific circumstances, there are factors unique to a situation that affect
thermal comfort. For example, over-crowding was believed to be a significant factor
for the low satisfaction level of hospitals in China [26]. Under such conditions, the
indoor air quality, acoustic environment, and even the building services are challenging

to maintain at a satisfactory level.

While factors inside the room are important, those outside should also be
considered. The layout of the hospital’s functional areas will influence people’s
satisfaction with the environment. This is evident in the case of a new consideration of
the Neurological Rehabilitation Unit (NRU). The various therapeutic areas are
separated from each other, and some rooms have doors for further enclosure, which
helps to contain activity-based noise. Meanwhile, the centralized nursing station,
decentralized supply rooms, and acuity-adaptable patient rooms create a satisfactory
working environment for staff [27]. The design of the hospital’s functional areas will
also influence people’s satisfaction with the environment. The design of Hospital Street
can be a good example. Hospital Street, which connects the functional blocks
(outpatient and medical-technology spaces), is widely used in the design of large-scale
hospitals. And the architectural form is usually a multi-storied atrium, roofed by a
transparent building envelope. Its layout also has an increasingly more significant
impact on the efficiency and stability of a hospital. An investigation in China showed
that the environment of a semi-closed hospital street was over-heated and over-humid,
and people experienced discomfort with the visual and acoustic environment under the

existing layout [28].

3.2 Field-surveys of thermal comfort

Thermal comfort is a significant factor for a healthy indoor environment. The
literature covered is categorized by country, and the basic and detailed information has
been summarized in Tables 1 and 2, respectively. The most commonly used methods

are objective and subjective data collection.



Patients and medical staff are two commonly studied groups. Visitors are also
mentioned in some studies. Staff and patients have different thermal perceptions of the
indoor environment. Even though in the same area, different types of personnel have
different thermal sensations. Compared to medical staff, patients were more satisfied
with indoor conditions, whereas hospital staff preferred the lower temperature to the
neutral. The thermal comfort of visitors was also investigated, and they were found to
have a different temperature preference to those of staff and patients. The comfort level
of some different functional areas has been explored, with wards and operating rooms
being the most frequently studied along with special areas, such as the ultrasound suite.
Most of the research has been conducted in a single hospital, with only a small number
involving multiple hospitals. There are two main types of studies that focus on specific
functional areas and specific populations. Some interesting issues such as differences

regarding gender or age are exposed, they will also be discussed.



Table 1: Basic information from field-surveys

Country Year Subjects Methods Functional areas Main conclusions Reference
Objective and subjective The difference between staff and patient perceptions of the indoor air
Sweden 2005 Patients and staff Orthopaedic ward [29]
data collection temperature differed more during winter than summer.
Introducing humidifiers into a hospital during winter is an effective
Objective and subjective 20 sickrooms, nurse stations
Japan 2005, 2008 Patients and staff method of improving low relative humidity environments in sickrooms [30, 31]
data collection and corridors.
and of relieving the discomfort of staff members.
Orthopaedics, Paediatrics
Objective and subjective Patients were more satisfied with building-related aspects and indoor
2013 Patients and staff and Internal Medicine [32]
data collection conditions than medical staff.
wards.
PMV model does not seem to prove suitable for the patient population.
Objective and subjective
2015 Patients and staff 8 wards of a public hospital. ~ Gender and age are factors that must be taken into account in the [33]
Italy data collection
assessment of thermal comfort in the hospital.
Objective and subjective .For pregnant women in a typical sedentary condition when hosted in
2019 Pregnant women Obstetrical Ward. [34]

data collection

the inpatient room, the met(metabolic rate)value corresponds to 2.17.



2013

2013

Malaysia

2014

2019

Staff

Non-patient respondents

Staff

Patients and visitors

Objective and subjective

data collection

Objective and subjective

data collection

Objective and subjective

data collection

Objective and subjective

data collection

Facility departments (lobby,

office, prayer room,
kindergarten, and catering

area).

Three offices, pharmacy,

radiology, prayer room,

kitchen, nursery, lobby, and

corridor.

9 hospitals with 41
departments (the staff
rooms, nurse counters, and
the working space of the

hospital personnel).

Medical, surgical,
maternity, and paediatric
wards in three private

hospitals.

The neutral operative temperature based on TSV and PMV regression

models are 26.8°C and 25°C, respectively.

The effective neutral temperatures based on TSV and PMV are 23.4°C
and 21.3°C, respectively; Preferred operative and effective

temperatures (OT, ET*) are 23.6°C and 20.3°C, respectively.

The adaptive model is T,=0.3314T,; +14.858 and the most
comfortable or neutral temperature found from the field study in

hospitals was 26.4°C .

The operative temperature range of 22.0-28.0°C is thermally
acceptable to more than 86% of subjects; Mean comfort temperatures

for patients and visitors were 25.3°C and 25.5°C, respectively.

[35]

[36]

[37]

[38]



Poland

Madagascar

Thailand

Netherlands

Surgical staff(surgeons ,
2015 nurses and surgeon's

assistants , anaesthetists)

2017 Patients
2017 Patients, visitors, and staff
2018 Nursing staff

Thermal environment

measurements

Questionnaires,
interviews and physical

parameter measurements

Objective and subjective

data collection

Objective and subjective

data collection

37 ORs in 7 Warsaw

hospitals.

5 big hospitals.

Public waiting areas, nurse
stations, and clinical
examination rooms in five
OPD clinics (medicine
(Med); ear, nose and throat
(ENT); and dentistry
(Dent)).

Two wards of a hospital
(patient rooms, reception,
meeting room, break room,

and medicine room).

The thermal environment in most of measured ORs was assessed as
‘warm’ or ‘slightly warm’ for nurses, surgeon’s assistants, and

surgeons, while quite comfortable for anaesthetists.

Voters' mind state as non-negligible parameter in adaptive comfort;
90% of the patients reported a comfortable temperature range between

22.4°C and 25.3°C.

The acceptable temperature ranges for the patient, visitor, and medical

staff are at 21.8-27.9, 22.0-27.1, and 24.1-25.6°C, respectively.

The optimal thermal sensation for the nurses would be closer to

‘slightly cool’ than neutral.

[39]

[40]

[41]

[42]



Netherlands

UK

Italy and Denmark

Saudi Arabia

2018

2019

2020

2020

Nursing staff and office

workers

The ultrasound area

Physiotherapists and patients

Patients

Objective and subjective

data collection

Objective data collection

Objective and subjective

data collection

Objective and subjective

data collection

Hospital wards (the
reception, medicine room,
nurses' break-room,
corridors, and some patient
rooms with different bed
numbers and different

orientations were covered).

Waiting/reception area and
staff break room associated
with the ultrasound

scanning rooms.

Four physiotherapy centers
(“Bolzano 1”,“Bolzano 27,
“Copenhagen 17,

“Copenhagen 2”).

Medical and surgical wards.

The thermal environment in the hospital wards was perceived as
slightly warm while the office workers rated their environment on the

cool side.

Several low-level solutions such as improved signage, access to water,
and the allocation of vulnerable patients to morning clinics are

suggested.

Patients preferred temperature ranges of 22.5-24.5°C and 20-22.5°C,
respectively, during static and dynamic treatments, while therapists
seemed to better adapt to the environment by adjusting their clothing

level.

Using PMV or a non-patient-specific temperature caanot reflect

patients thermal desire in hospitals.

[43]

[44]

[45]

[46]




Table 2: Detailed information from field-surveys

Monitoring parameters Number of participants Sampling period Demographic characteristics Reference
Indoor air temperature, relative air humidity,
Summer (the end of August and
globe temperature, carbon dioxide 35 patients and 40 employees (assistant nurses, nurses
the beginning of September in - [29]
concentration, PM2.5 dust concentration, sound and administrative staff).
2003 and Winter (February 2004).
pressure level, and illuminance
Age(mean£SD): Patients:71.0+13.6 Staff: 38.7+11.5 ; Main
36 patients and 45 staff members (nurses or nurses’ From the 30th of November to the
Indoor air temperature and relative humidity diseases of patients: Stroke etc.(66%) bone fracture [301 3]_]
aides). 25th of January (8 weeks).
etc.(28%), other(6%)
Continuous monitoring: indoor air temperature, 55 staff members (26 from Orthopaedics, 16 from
relative humidity (RH) and illumination. Internal Medicine, and 13 from Paediatrics) and 35
March 31st-June 10, - [32]
Spot measurements: included plane radiant patients (20 from Orthopaedics and 15 from Internal
temperature, and mean air velocity Medicine).
Gender (number of people): Patients: male(13) female(17)
Indoor air temperature, globe temperature, air 30 patients and 19 Staff: male(2) female(17)
October and November 2011. [33]
velocity, and relative humidity. medical staff. Age: (number of people): Patients: Under 65(16) Over 65
(14) Staff: Under 65(19) Over 65(0).
Indoor air temperature, mean radiant
55 pregnant women. 24th of November 2017. Age range: 20-35. [34]

temperature, relative humidity, and airspeed.



Indoor air temperature, mean radiant
temperature, humidity, air velocity, CO, light

level, and noise.

Indoor air temperature, globe temperature,
relative humidity, air velocity, light level, noise,

and CO,.

Indoor air temperature, globe temperature,

relative humidity, and air velocity.

Indoor air temperature, relative humidity, globe

temperature, and air movement.

110 subjects May and June 2011
188 respondents May 2011 and February 2012
293 workers 2009 and 2010

Over 29 days, from January 2016
to March 2017 (January —March
389 responses (305 patients and 84 visitors). 2016 (15 days), June —August
2016 (9 days), and June —August
2016, and March 2017 (5 days).

Gender: male(24.5%); female(75.5%)
Age:<20(5.5%) 20-30(60%) 30-40(21%) >40(13.5%).

Gender: male(28.2%)  female(71.8%)).

Gender ratio: male:female(1:2.5).

Age range: 23-45.

Average ages :patients(36), visitors(38). Gender:
patients(57% females) visitors(63% females). Current
health condition: 81%(‘fair’ and ‘good’) 19% (‘bad’ and

‘very bad’).

[35]

[36]

[37]

[38]



Indoor air temperature, wet-bulb temperature,
mean radiant temperature, air velocity, relative

humidity.

Indoor air temperature, air speed, and relative

humidity.

Indoor air temperature, relative humidity,
carbon dioxide concentration, sound level and
illuminance, globe temperature, and wind

velocity.

Indoor air temperature, globe temperature,
omni-directional air velocity, RH, CO,

concentration, and particulate levels.

Questionnaires:100 patients; Interviews: 198; A total of

298 voters.

928 occupants (451 patients, 331 visitors and 146

medical staff ).

Summer: 89 responses, Autumn:43 responses.

July - September 2014

10 days September 2016
8 days December 2016

July to November 2015 and March
to May 2016

July 11th - July 29th (Summer)
October 7th-November 11th

(Autumn), 2016.

Gender: Male (48%); Female(52%).
Age range: 13-89..
Height range(m): 1.55-1.78.
Weight range(kg): 3
3-90.

Gender: Male(35%) Female(65%)
Average age: patients(47) visitors(42) Staff (31)

Summer: Age range: 21-30 (75.3%), Female 64.0%,

Autumn: Age 21-30 (53.5%), Female 76.7%.

[39]

[40]

[41]

[42]



Indoor air temperature, relative humidity, globe
temperature, air velocity, and CO,

concentration.

Indoor air temperature and relative humidity.

Long-term measurements: indoor air
temperature and humidity. Short term
measurements: indoor air temperature, relative
humidity, mean radiant temperature, and air

speed.

Indoor air temperature, mean radiant

temperature, relative humidity, and air velocity.

96 usable responses.

Therapists (186), Patients before therapy (273), Patients
after static therapy (77), Patients after dynamic therapy
(181).

120 subjects

During 11-29 July (First period)
and 7 October—11 November

(Second period), 2016.

225 clinic hours.

October 15th 2018- April 15th,
2019 ("Bolzano 1","Bolzano 2")
February 5th 2019- March 13th

2019 ("Copenhagen 1") February
4th 2019 - March 21st 2019

(“Copenhagen 2”).

Summer of 2017 (May, June, and

July ).

Age range (number of people): <20 (1); 21-30 (75); 31-40
(12); 41-50 (15); 51-60(6); >60 (1)

Gender(number of people): Male 20, Female 90.

Gender: Therapists (Female:64% Male:36%) Patients
(Female:60% Male:40%) Age: Therapists (20-29:23% 30-
39:31% 40-49:31% 50-59:14% 60-69 1%), Patients (9-
19:3% 20-29:5% 30-39:4% 40-49:10% 50-59: 14% 60-69:
28% 70-79: 24% 80-89:9% 90-99:3%) Health status of

patients: Weak(4%), Slightly weak (40%), Healthy (56%).

Gender: Female:49% Male:51%. Age range: 18-24(9%) 25-
34(18%), 35-44(23%), 45-54(15%), 55-64(19%), 65-
T4(9%), >T4(7%).

[43]

[44]

[45]

[46]




3.2.1 Thermal comfort research in different functional areas

Concerning the various functional areas, most of the attention is currently focused
on ward rooms and ORs, with some studies conducted in hospital streets and ultrasound

arcas.

The study of thermal comfort in wards is a hot topic. To compare the views of
patients and staff in the wards, De Giuli et al. used innovative statistical nonparametric
methods to conduct an investigation [32]. Staff mostly complained about lack of privacy,
room size, number of shared spaces, poor air quality, and acoustic discomfort. Patients
expressed a higher level of satisfaction with building-related aspects and perceived a
lower frequency of environmental discomfort. Differences in satisfaction between
different types of wards were also noted. In building-related aspects, Orthopaedics had
the highest level of staff satisfaction, while Internal Medicine had the lowest frequency
of discomfort [32]. Studies about thermal perceptions of patients and staff were also
undertaken. By using objective and subjective data collection methods, a study showed
that the optimal thermal sensation for the nurses would be closer to "slightly cool" than
“neutral” [42]. Another study compared the feedback of nursing staff in hospital wards
and the workers in an office. The thermal environment in hospital wards was perceived
as slightly warm, while the office workers rated their environment on the cool side [43].
The comfort temperature for patients and visitors was investigated in tropical hospitals
by field survey assessments. The operative temperature range of 22.0-28.0°C is
thermally acceptable to more than 86% of subjects. The mean comfort operative

temperatures were estimated to be 25.3°C for patients and 25.5°C for visitors [38].

Maintaining thermal comfort in the OR is complicated and challenging. While the
patient’s safety is a priority, the thermal comfort of medical staff should be weighted
equally because their comfort has an indirect influence on the quality of their work [47-
49]. In ORs, the specific tasks undertaken by medical staff limit their ability to adapt.
Studies have confirmed the effectiveness of the PMV model for evaluating thermal
conditions on surgical wards [48, 50]. The variance between survey results and PMV
measurements did not exceed 5% in these studies. Therefore, the PMV index can be
used to provide optimum levels of accuracy for evaluating OR thermal environment
conditions, which are comparable to thermal perception data from the questionnaires
[39]. Due to the different types of OR staff, differences in thermal sensation exist. The

nurses feel a slightly cold sensation under the air supply diffuser, and their neutral



comfort zone is located in the air stagnation zones close to the walls, while the surgeons
feel the opposite [51]. A survey in Polish ORs found that the thermal environment was
assessed as "warm" by surgeons, as "slightly warm" by nurses and surgeons’ assistants,

and as “comfortable” by anesthetists [39].

Some research on other areas in hospitals has been conducted. The ambient
temperature and humidity in sickrooms, nurse stations, and corridors were measured
during winter. The data showed that the humidity level was low, which would promote
the spread of influenza viruses. Introducing humidifiers into a hospital during winter is
an effective method of improving low relative humidity environments in sickrooms and
of relieving the discomfort of staff members [30, 31]. A case study conducted in the
ultrasound suite of the Maternity and Gynecology building showed that most rooms
had already breached standard overheating thresholds, and anthropogenic and waste
heat from equipment had a noticeable effect on indoor temperatures. Several low-level
solutions such as improved signage, access to water, and the allocation of vulnerable
patients to morning clinics are suggested [44]. The thermal comfort in four
physiotherapy centers in Northern Italy and Denmark was investigated during the
heating season. Patients preferred temperature ranges of 22.5-24.5°C and 20-22.5°C
during static and dynamic treatments, respectively, while therapists seemed to better

adapt to the environment by adjusting their clothing level [45].

3.2.2 Thermal comfort research on different people

Hospital thermal comfort research focuses typically on two groups of people:

patients and hospital staff.

Three thermal comfort surveys for medical staff have been conducted in different
areas in Malaysian hospitals. The results have confirmed that the preferred temperature
is lower than a neutral temperature. The effective neutral temperatures based on TSV
and PMV are 23.4°C and 21.3°C, respectively. The preferred operative and effective
temperatures (OT, ET*) are 23.6°C and 20.3°C, respectively [35, 36]. By conducting
regression analysis between the neutral temperature and outdoor temperature, the
adaptive thermal comfort model, T, =0.3314 Tou + 14.858 was successfully developed
based on a large field study in nine hospitals with 293 workers [37].

Some studies are related to thermal comfort for patients. A case study was
conducted to evaluate patients’ thermal comfort in naturally ventilated hospital

buildings in Madagascar. The mean neutral temperature was different for women and



men. Almost 90% of the patients reported a comfortable temperature range between
22.4°C and 25.3°C [40]. A study conducted by Alotaibi et al. [46] revealed that patients
have diverse preferences for their indoor environment. The large range of neutral
temperatures also emphasized the diversity in thermal requirements. Special patient
groups in the hospital, such as pregnant women, were studied as subjects. The research
revealed that for pregnant women in a typical sedentary condition when hosted in an

inpatient room, the met value corresponds to 2.17 [34].

Comparisons of the thermal preference of different people have also been
conducted. A study showed that staff and patients’ perception of the indoor air
temperature differed more during winter than summer, despite the physical
measurements showing that the temperatures were similar in both seasons [29]. A
survey in Bangkok concluded that the acceptable temperature range for the patients,
visitors, and medical staff are 21.8-27.9°C, 22.0-27.1°C, and 24.1-25.6°C, respectively
[41].

3.2.3 Analysis of the information revealed in field-surveys

Detailed information from the field surveys are shown in Table 2. The monitoring
parameters were analyzed. It can be seen that many basic parameters were collected for
thermal comfort evaluation. Parameters of IEQ besides thermal comfort have also been
evaluated in field surveys. Demographic characteristics were also evaluated, which

revealed much useful information.

3.2.3.1 Thermal indices used in field-surveys

According to a study conducted by De Freitas and Grigorieva [52], thermal indices
applied in the reviewed publications were summarized. The proportion of these thermal
indices is represented in Figure 4. PMV and TSV are the two most commonly used
indices with PMV the most widely used. Regarding the selection of values for PMV
calculation, in the ORs, due to the variability of different locations in the room, using
the average ventilation values (i.e., velocity, temperature, and humidity) to calculate the

PMV does not provide a correct and sufficient descriptive evaluation [51].

Fig.4: The frequency of thermal indices applied in the reviewed studies.
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Though PMYV is the most widely used index, some studies have indicated that it is
not always the appropriate indicator [33, 46, 53]. One reason pointed out by Li and Lian
[53] is that Fanger’s work was pioneered using college students in good health and
under steady-state conditions. In addition, there is a deviation between PMV and actual
thermal sensation. During a survey in four physiotherapy centers, the thermal
perception was found to be generally closer to neutrality than predicted by the PMV-
PPD model [45]. In hot-humid regions, the neutral operative temperatures based on
TSV and PMV regression models are 26.8°C and 25°C, respectively, which deviates
from the “neutral” point on the ASHRAE scale by +0.75 [35]. Another study conducted
in the same region also suggested that the neutral point shifted to +0.7 on the seven-
point ASHRAE scale [36]. A study [46] aimed to confirm if a standard steady-state
thermal comfort approach is adequate, especially in hot climates. Since the PMV was
not sufficiently accurate, it was supplemented in Malaysia by applying an adaptive
comfort model [37] in which the voters' state of mind was considered as a non-

negligible parameter [40].

Due to the discrepancy between PMV and TSV, many studies have investigated
the neutral temperature. The large range of neutral temperatures not only emphasized
the inaccuracy in using PMV, but also the diversity in thermal requirements [46].
Patients have diverse desires in the indoor environment. Therefore, further work
classifying patients’ diverse desires by illness should be considered. In addition to
considering the diverse desires of patients, visitors and staff also have different needs.

Staft and patients cannot be treated as one coherent group of users with the same needs



and preferences [29, 33]. The thermal sensation, acceptability, and satisfaction of
patients, visitors, and staff were different [41]. Special patient groups in the hospital,
such as pregnant women, have been studied as subjects. The wide gap between TSV
and PMV can be attributed to the fact that the standardized metabolic unit from ISO
does not correctly reflect the physiological condition of pregnant women. When
investigating thermal comfort, the specific met in the standards needs to be defined for

some particular categories (children, the elderly, pregnant women, etc.) [34].

To meet the thermal comfort needs of both the patients and nursing staff, different
conditioning set-points for different zones can be the most straightforward solution [42].
Thermal expectations of each group of medical staff were different [39]. Occupant
thermal perception was not impacted by the temperature difference of the transition
when the air temperature differences were within £2°[43]. Nevertheless, it is difficult
to come up with a general solution because of the current design and state of ventilation
systems, as large variations exist between individuals in terms of physical and

emotional satisfaction [54].

3.2.3.2 Parameters of IEQ besides thermal comfort evaluated in field-surveys

Some researchers have monitored parameters related to IAQ. A study considered
the particulate matter and whether it influenced the judgment of wet sensation [42]. The
RH values were within an acceptable range, but there were many responses with
complaints about dry air with particulate matter being considered as a possible cause
[42]. The CO», lighting, and noise levels have also been considered in hospitals. The
CO> level in the office was higher than the standard range due to the number of
occupants. The lighting level was lower than the criteria set by the standards [35]. [AQ,
thermal comfort, the lighting and acoustic environment, and other important

components of indoor environmental quality (IEQ), can interact with each other.

3.2.3.3 Demographic characteristics analyzed in field-surveys

Gender and age are the most frequently considered demographic characteristics.
Differences in the environmental preferences of male and female healthcare providers
were found [20], which have been confirmed by other studies from office settings [55-
57]. An analysis of data from 30 patients and 19 medical staff suggests that females
tend to feel more uncomfortable compared to males when the thermal environment
deviates from neutrality. The association between AMV and PMV values is weak

among females compared to males. Moreover, it is very weak among subjects over 65



years of age compared to subjects under that age. Hence, gender and age are factors
that must be taken into account in the assessment of thermal comfort in hospitals [33].
Height, weight, disease categories, and health conditions are considered in some studies,
one of which collected data from 305 patients and concluded that the health conditions
of the patients had highly significant effects on their thermal preference, overall comfort,
and air quality feeling. However, other characteristics like age, gender, and days

hospitalized had no effect on other thermal comfort parameters [38].

In contrast, another study with a large sample size identified gender, age, and
health status as parameters affecting the perception of patients. In particular, patients
older than 65 years were slightly less satisfied with the temperature, and women
expressed a slightly lower TSV as did patients not rating themselves as healthy [45]. In
the future, larger samples and longer periods of investigation are needed in order to
study the effect of gender, age, health conditions, and other related factors on thermal

comfort.



3.3 Measures to improve thermal comfort
3.3.1 Focus issue 1 : Measures to address inadvertent perioperative hypothermia

Inadvertent perioperative hypothermia (IPH) is defined as a patient core
temperature of less than 36°C [58]. The incidence of postoperative hypothermia in
elective surgery is reported to be 26% to 90% [59]. It may negatively impact not only
patient outcomes, including patient satisfaction but also total hospital treatment costs
[58, 60, 61]. However, IPH is a preventable phenomenon. The solutions for patient
warming are summarized as follows: preoperative skin warming, adjusting the ambient
temperature in the operating room, intraoperative temperature monitoring, heated and
humidified anesthesia circuits, forced-air warming blankets and other devices, warmed
intravenous fluids and blood products, postoperative mechanical ventilation, prevention
and treatment of postoperative shivering, and the anticipation and treatment of
rewarming vasodilatation [62]. Present guidelines advocate "prewarming" for IPH
prevention. Environment-induced core body temperature has a negative impact on
hypothermic patient risk [63]. Prewarming means preoperative patient skin warming,
which minimizes redistribution of hypothermia caused by the induction of anesthesia.
Using a real-scale OR model can determine the necessary climatic parameters to avoid
the patient’s hypothermia and ensure the thermal comfort of the patients and the surgical
team [64].

Warming methods are divided into active heating and passive heating. There are
multiple active body warming devices available [65], including forced-air warming
(FAW) and conduction mattress warming (CMW). Active patient warming should be
undertaken, especially in patients whose thermoregulating mechanisms may be less
effective [66]. The most common and widely used warming approach is FAW, which
significantly decreases cutaneous heat loss [67, 68]. Nevertheless, intraoperative core
temperature patterns in patients warmed with this method remain poorly characterized.
Aresearch study by Sun et al. [69] evaluated the core body temperature in adult patients
under various surgical procedures, considering hypothermic exposure throughout the
surgery. The results indicated that hypothermia is most likely to occur during the first
hour of anesthesia, even in actively warmed patients. One study was conducted to
identify a superior active body warming device for preventing IPH during elective
cesarean section. All participants received in-line intravenous fluid warming and were
randomized to three parallel groups: no active body warming, forced-air warming, and

conduction mattress warming. The results revealed that online intravenous fluid



warming was sufficient to prevent maternal hypothermia and maintain core temperature

[70].

Intraoperative FAW does not prevent IPH even with full compliance [71, 72]. A
useful perioperative warming device placed in the preoperative period is needed. For
this condition, a prototype thermal compression device that can heat the popliteal fossa
and soles of the feet with lower leg compression was developed (see Figure 6a). The
trial study confirmed that such devices could increase perioperative temperatures and
reduce inadvertent perioperative hypothermia. It is more feasible and efficient than
forced-air warming [73]. Existing devices depending on external electrical sources are

available to actively prewarm surgical patients [74].

In contrast, the new BARRIER EasyWarm blanket is a disposable, self-warming
device (see Figure 6b). This new blanket significantly improved perioperative core
body temperatures compared with standard hospital blankets [6]. The results from
another test focused on the BARRIER EasyWarm blanket showed that this blanket
provided more adequate body temperature control and reduced the number of

postoperative shivering episodes [75].

Fig.6: New devices for the prevention of inadvertent perioperative hypothermia
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a. A prototype thermal compression device [73]; b. BARRIER EasyWarm
blanket [76]

However, a comparison of resistive heating-blankets and forced-air warming
systems during hip replacement surgery showed that patients ended surgery in mild
hypothermia after elective total hip replacement, but without significant differences

between these two warming devices [77].



Some passive warming methods have also been proposed to prevent hypothermia.
Considering economy and effectiveness, two passive warming techniques (thermal
reflective blankets and warmed cotton blankets) were compared. The results showed
that there were no significant differences in patient temperature or comfort between
groups. It is unnecessary to purchase thermal reflective blankets due to equivalent

performance and minimal cost savings [78].

Opposite results were obtained during studies by Bennett et al. [79]. An active
solution - forced heated air system - was very efficient in providing thermal homeostasis
during surgery, while a passive solution - the metalized plastic sheet - insulated the skin
only from radiant and convective heat losses while attenuating the reduction in core
temperature. On the other hand, forced-air warming systems may cause field
contamination, and passive warming may increase the ambient OR temperature [80]. It
is preferred to position these active warming devices above the patient to boost
efficiency [47].

3.3.2 Focus issue 11: Proper ventilation systems

It has been demonstrated that a proper ventilation system can improve indoor air

quality and potentially increase occupant satisfaction [81-88].

For the OR, designing an appropriate air conditioning system can prevent

infections from spreading while offering a comfortable environment for all persons.

There are two standard airflow distribution methods used in OR: Laminar (or
unidirectional) airflow and mixing (or conventional ventilation) systems. Recent
studies show that the number and location of exhaust diffusers in ORs with mixing
ventilation will also affect the air quality close to a surgical patient [89, 90]. Many
hospitals use laminar airflow systems (LAF) in their operating rooms to decrease rates
of surgical site infections (SSIs). Modern vertical LAF designs have removed the need
for panels or curtains to direct the laminar flow with the introduction of exponential
laminar flow systems [91]. There are three categories of modern vertical LAF designs:
air curtain systems, multi-diffuser arrays, or a single large diffuser [92]. The LAF
associated with the air curtain to air conditioning was studied and compared with the
system without the air curtain. The results showed that an air curtain having an optimal
velocity of the outlet air greatly influences the reduction of air contamination and the
desired conditions [93]. Laminar flow ventilation systems reduce OR bacterial counts,

but the evidence for these systems is limited or even contradictory [92, 94-96]. The



thermal comfort level varies with different ventilation methods, and relevant studies
show that ORs with mixing ventilation (MV) might have a higher percentage

dissatisfaction with the thermal environment than those with LAF ventilation [97, 98].

Indoor conditions in wardrooms are very different compared with other
environments, such as office spaces. Two types of ventilation systems are usually used
in hospital wards: the mixing type and displacement type [99]. The analysis in patient
rooms by CFD has shown that displacement ventilation was found to make larger
bioaerosols (>10um) suspend in the air for more extended periods. In contrast, smaller
particles were able to escape space [100]. Another study conducted experiments in
multiple-bed patient rooms. It has been found that the spacing between beds should be
greater with the displacement ventilation strategy compared with air-mixing ventilation.
During displacement ventilation, the exhaled nuclei droplets from infected patients
penetrate for greater distances and take longer to dissipate than in air-mixing ventilation
strategies [101]. In individual hospital rooms, swirl ceiling diffusers have the best
performance among four different mixing ventilation configurations based on
ventilation performance and health workers’ exposure to the contaminants released by
a confined patient [102]. Fans appear to be a simple retrofit measure compared with
an expensive and energy-consuming air-conditioning system [103]. For some special
spaces, such as the wards within a hospital tower building, fans can be a good choice
for maintaining thermal comfort. Natural ventilation is another method used to provide
high airflow rates with low energy consumption, which is particularly encouraged in
the UK and commonly practiced in tropical countries [99]. In addition to the
characteristics of the ventilation system itself, human behavior can also affect
ventilation efficiency. The occupants’ window-opening behaviors played a decisive role
in natural ventilation performance. Therefore, logistic regression models in different
seasons based on the seasonal variation of window-opening behaviors were developed
to predict the window opening/closing state. The effect of indoor and outdoor physical
variables on window-opening behaviors varies significantly by season. The indoor air
temperature or relative humidity is found to be a dominant factor for window-opening

behaviors in all seasons [104].

Some new ventilation strategies have been proposed for hospital wards. The
bedside PV system shown in Figure 7a was studied and proved to improve the thermal
comfort level and subjective sleep quality in experiments with children, adults, and the

elderly [105]. The buoyancy-driven personalized ventilation (NPV) system is a feasible



low energy innovation that can achieve dedicated personalized ventilation and mixing
regimes in occupied spaces. Nevertheless, this system requires integrating the
architectural enclosure and bed layout based on the design principles for buoyancy-
driven natural ventilation systems. Results achieved in computational fluid dynamics
(CFD) simulations showed that an NPV system could deliver fresh air to multiple
patients, including those located 10m away from an external wall, and the potential
ingress of airborne contaminants into patients’ breathing zone and summer overheating
was minimized [106]. To solve the serious odor problem in hospital wards, a
displacement ventilation system combined with an individually controlled vertical
radiant panel was designed (shown in Figure 7b). Experimental results indicated that
the location of the vertical radiant panel is important when used as a complementary

heating or cooling system with displacement ventilation [107].

Fig.7: New ventilation systems
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a. Bedside PV system [105]; b. displacement ventilation system combined with an
individually controlled vertical radiant panel[107].

Though PV systems are efficient in reducing contaminants, the necessity for larger
equipment and the increased energy consumption due to additional ductwork and
pressure loss made the application of PV systems only moderately successful [108].
Therefore, there is an urgent necessity to reconsider the ventilation design of hospital
wards. A novel air distribution system has been designed to protect occupants from
cross-contamination by separating an internal space into different personal work areas
or subzones using downward plane jets (see Figure 8a) [109]. This method, called

protected occupied zone ventilation (POV), can prevent the transmission of



contaminated air from the polluted zone to the protected occupied zone. A study
recommended the POV system shown in Figure 8b for a patient ward with a minimal
possible draught risk by CFD. The results showed that supply velocities of 1.0, 1.5, and
2.0m/s did not exceed the suggested comfort criterion. Supply velocities of 2.5 and
3.0m/s will cause draught risk at the ankle level of a sitting patient. Another study also
shows the ability of downward plane jets to reduce exposure to a high momentum cough
jet (discharge velocities of 12.0-16.0m/s) [110]. Considering the protection benefits of
the POV system, it can be utilized in isolation wards, where there is a very high risk of
airborne infection and where movement between the infected and protected zones is
restricted or prohibited [111]. However, these studies have not quantified the impact of
different distances between the occupant’s position and the supply diffuser regarding
draught risk [112].

Fig.8: Protected occupied zone ventilation (POV) system, a) POV with floor level
exhaust[109], b) POV with sidewall level exhaust [112]
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Most healthcare ventilation system studies focus on specialized areas such as
wards, operating rooms, and isolation rooms. A study focused on the regular
consultation and simple medical check-up process when the healthcare workers and the
infected persons may not be aware of the infection [7]. Among personalized exhaust
(PE) devices, Top-PE and Shoulder-PE are likely to perform better [113]. Therefore,
the novel combined personalized ventilation (PV) and Top-PE system and the combined
PV and Shoulder-PE system are further explored (Shown in Figure 9). The results
showed that the Shoulder-PE performs a little better than Top-PE in increasing PV air
in inhaled air. Meanwhile, the lowest intake fraction was achieved with the combined

PV-PE system for the healthy person (HP). Using the PE system for an infected person



alone shows much better performance than using the PV system for the HP alone [7].

Figure 9: A novel PV-PE system[7]

a. Round portable panel PV air terminal device; b. Top- PE; c. shoulder-PE

3.3.3 Other measures

Low carbon adaptive/refurbishment measures can help to improve thermal
comfort in hospital buildings [114, 115]. Light-touch low-carbon strategies, including
reducing internal gains, horizontal shading above the windows, and user-controlled fans,
could positively impact indoor comfort conditions in hospital wards in the UK
Midlands [116]. Similar light-touch measures were proposed for Nightingale wards in
Bradford [115].

An innovative low-exergy (LowEx) system was designed and tested for the
integral control of physical hazards. The LowEx system creates optimal conditions for
burn patients by enabling individual control of thermal comfort parameters to meet the
needs of individual users in the same room. For the LowEx system, the measured energy
use was 11-27% lower for heating and 32-73% lower for cooling than for a conventional

system [8].

Self-protection and high-quality healthcare delivery are very necessary for
hospital staff. A new optimized working gown for dentists was proposed. The new
design was highly appreciated through fitting tests [117]. The appropriate personal
protective equipment should be chosen to mitigate infectious germs from patients’
saliva and blood. Encouraging a culture of noise reduction as an integral part of

high- quality healthcare delivery is very important [118]. The nurse-led



interventions were found to improve the patient experience and outcomes [119].

3.4 Energy saving based on thermal comfort

Hospital buildings are highly energy-intensive because of the required level of
hygiene control, high air change rate, and the strict set points currently required for
temperature and relative humidity. At the same time, from a legislation standpoint,
national authorities struggle to impose high requirements for these special units of
hospitals through national regulations and standards regarding asepsis, air purity,
thermal comfort, etc. These special requirements lead to the HVAC systems dedicated
to operating rooms using particularly large air volumes, which can consume over 35%

of the total energy used by an entire hospital building [120].

According to the EIA [121], healthcare buildings are the second largest energy
users per unit floor area of all building types because of their continuous (24-hour)
operation and a large number of users (employees, patients, and visitors), while most
of the energy is used by the HVAC systems for the special units (ORs, intensive care,
neonatal, isolation, etc.) [122, 123]. Indeed, extremely energy-intensive airflow systems
are used in these spaces, with air change rates usually 20-40 times higher than in typical
building spaces [124]. Meanwhile, all modern healthcare facilities have the utilities
needed to provide the good IEQ required by standards, while the older ones need to
update their buildings with systems required to obtain this. Due to these needs, the
energy demand is continually growing. The capacity of the HVAC system must be
consistent with the occupancy level of the facility. It not only guarantees smooth
operation but also ensures occupants' health and comfort to the maximum extent [125].
Once HVAC systems are appropriately chosen and operated, energy savings of up to
30% might be obtained whilst still maintaining an acceptable level of thermal comfort
[126].

Today’s clean energy challenges, as well as the emergent awareness concerning
environmental issues, can be a burden for those states required to reduce their
greenhouse gas emissions by at least 40% while achieving at least 27% improvement
in energy efficiency by 2030 [127]. This leads to a real dilemma for the engineers of

special building systems and services, including healthcare facilities, who are faced



with keeping up with indoor environmental standards and reducing energy consumption.
In addition, many energy-intensive activities occur in these buildings: laundry, medical
and lab equipment use, sterilization, catering services, refrigeration, etc. A recent study
published by the World Bank Group estimates that the health sector alone generates 5%
of global CO; emissions [128].

Energy-efficient hospitals often result in deteriorated indoor environmental quality
and adverse comfort outcomes. The major issue for energy and comfort management
in hospital automation is to balance the conflict between the users’ comfort and the total
energy consumption [129]. It has been suggested that there is a relationship between
achieving energy efficiency in buildings and IEQ performance. IEQ performance in
buildings, which have thermal comfort and lighting comfort as part of their assessment
parameters, contributes to greater building energy consumption [130]. An advanced
approach to designing a hospital environment based on a stimulative healing paradigm
has been proposed to achieve healthy and comfortable conditions. The interventions
presented are guidelines for future extensive hospital renovations and construction

[131].

3.4.1 Energy consumption

Considering the energy consumption, hospitals have a high demand for heating
and electricity. They require a large amount of energy for transport, lighting, ventilation,
air conditioning, and electric/electronic equipment. The literature indicates high
differences in energy consumption of healthcare facilities, depending on different
factors, like occupancy scenarios, imposed indoor parameters, heating/cooling needs,
or thermal preferences. Indeed, more than 43% of the energy use in hospitals is
dedicated to heating load [132]. Giving this heterogeneity of energy use, no matter the
country, there is an important potential for energy efficiency improvements while at the
same time meeting the required IEQ standards. However, there is a significant lack of
energy consumption data analysis and benchmarking for different types of healthcare
units, correlated or not with IEQ requirements. It is difficult to identify the energy

efficiency potential of facilities in this critical type of building.

The reduction of hospital energy consumption may be obtained at different
building levels, such as ward/room and a complete hospital building [132]. Thus, local
ventilation strategies relying on transport principles or local thermal comfort solutions

like active or passive warming techniques (e.g., warming blankets) could lead to



significant reductions in energy consumption.

For a hospital patient ward, an approach of combining thermodynamics,
computational fluid dynamics, and thermal comfort level models have been developed
to effectively analyze and compare the thermal comfort impact of alternative low-
energy building retrofit concepts. Using this method, passive solutions to ventilation
were used effectively for a patient ward in a tropical warm climate hospital [133]. An
innovative retrofitting strategy for the methodological approach based on a parametric
evaluation was also explored. It started from the typical unit room and scaled to the
whole building, reducing the time and resources required to support the decision-
making and design phases [134]. New services and equipment combined with roof
insulation, facade insulation, and window replacement have been used in a typical
hospital room and found to reduce the energy performance index by 75% [134]. It is
evident that savings in energy need to be cross-referenced with equivalent performance

in delivering adequate airflow rates and acceptable thermal comfort [135].

Energy consumption in ORs is much higher than in other rooms due to the high
air cleanliness requirements. The air exchange rate may vary from 18 changes per hour
(ACH™) to 300ACH™!, making ORs the most energy-intensive hospital units [136]. A
recent study by Fan ef al. shows that the energy consumption in ORs may reach
3.96kWh/m?/day (mixing ventilation) and 7.17kWh/m?/day (laminar airflow). The
microclimate design in ORs or other unit types is a complex task mainly due to the
requirements for stable air temperature, relative humidity, pressure scheme mean
velocities, and air quality [137]. The challenge is mainly caused on the one hand by the
complex indoor airflow, clean airflow distribution, and the interaction with the thermal
plumes from occupants and the medical equipment, and on the other hand, the thermal
comfort requirements. Due to the 24hour function and the high IEQ requirements, ORs
are the most energy-consuming units in healthcare facilities, requiring both energy
efficiency and compliance with strict IEQ requirements. However, the energy-saving
potential is great by varying the ventilation strategies, especially during inactive periods.
Considering this situation, it is necessary to develop a dynamic energy model of a
surgical suite to simulate its yearly energy performance under different ventilation
scenarios. Results indicated that the maximum savings obtained are around 70% of the
energy demand without compromising the safety and health of patients and medical
staff during off-use hours [138]. One study presented an original and straightforward

methodology for the energy optimization of an OR. The methodology proposed is fast



and useful, and its applicability is broad as it can be transferred entirely to any other
cleanroom in the hospital. Energy savings could be up to 51% through reducing

ventilation by 50% while complying with airborne particulate standards [139].

Considering the air distribution strategies, there are only a few studies on new
ventilation solutions in operating rooms to reduce patients' exposure to various airborne
pollutants while maintaining high staff comfort levels. Moreover, studies showed that
when increasing the number of air changes per hour (ACH), the most energy-
consuming processes for an HVAC system will be heating (re-heating), air circulation
(fans), and cooling [140], and the increase of energy consumption is directly correlated
with the increase of ACH. Also, there is a lack of studies regarding the time needed for
the ORs to become functional when using specific ventilation systems, which is an
important real-world issue for the end-users (patients and medical staff). Moreover, no

study has simultaneously addressed both energy efficiency and better I[EQ.

Moreover, the air distribution system also needs to comply with the requirements
for thermal comfort of the surgical team and for the patient in order to prevent
hypothermia. Considering all these, the strict healthcare IEQ requirements should meet
the demanding energy efficiency constraints for the benefit of all involved actors:

patients, medical staff, visitors, engineers, healthcare facility administrators, etc.

3.4.2 Energy efficiency

A significant amount of energy usage is due to the inefficiencies of the building
envelope and the HVAC system [141]. According to [142], technologies embracing the
development of insulation materials and maintaining the envelope system are demand-

side energy efficiency technologies.

The refurbishment of the building envelope requires consideration of multiple
points of view such as energy savings, improved indoor microclimates, reduction of
polluting emissions, and technical and economic feasibility. With reference to primary
energy demand for air-conditioning, a building envelope refurbishment is frequently a
good idea since energy requests can be reduced by 16%~50% through different
refurbishment solutions [143]. Some results show that using a thermal insulation
envelope in hospitals was one of the solutions that allowed a reduction in the energy

consumption for cooling and heating while increasing the thermal comfort within the



hospital [144]. With the use of a passive design strategy, the annual mean thermal
performance of hospitals is predicted to increase to 184% by 2060, while 40% of the
cost of cooling energy will be saved. Another investigation highlighted that the adoption
of wider windows with appropriate glazing and a daylight-linked, lighting-dimming
control strategy might lower the primary energy demand by up to 17% [145]. According
to the quality-price balance, the "Smart Windows" solution incorporating a "deep-
coating" deposition technique is the most suitable solution for the comfort problems in
hospitals [146].

4 Future perspectives

Many factors, some of which are correlated, influence thermal comfort and indoor
environmental quality in hospital buildings. Further clarification of the correlations is
important for the design and operation of premises within hospitals. In addition to the
known factors, some other factors also affect thermal comfort and indoor environmental
quality, such as the overcrowding in Chinese hospitals. Future research can add some
other influencing factors, such as lighting factors. The lighting factors and indoor air
quality can be considered variables to study the influence of these additional factors on

patient satisfaction [25].

In thermal comfort surveys, it is found that different types of employees and
functional areas have different thermal comfort requirements. Most of the attention is
focused on ward rooms and ORs, and further studies in other functional areas are
urgently needed. Strategic decisions during the design, operation, and maintenance may
need to be tailored to the workforce’s needs and priorities. Individual differences in
thermal comfort widely exist and should be carefully considered in the design and
operation of built environments. Gender and age are considered as two primary sources
for individual differences [147]. Limited attention is still paid to specific conditions
such as differences in gender, age range, and health status that may alter the
conventional perception of comfort [34, 148]. Larger samples and longer periods of
investigation are required to study the effect of these various factors on thermal comfort

in the future.

In the hospital environment, the type of personnel is also a factor to consider. In
addressing individual differences, a Personal Comfort System (PCS) can be a good

solution. There are some studies about PCS, such as innovative low exergy (LowEXx)



systems and novel PV-PE systems [7, 8]. Further research in this area needs to be
considered. Met values for different populations also need to be considered when
considering their comfort level. For pregnant women in a typical sedentary state when
hosted in the inpatient room, the met value corresponds to 2.17. Further consideration
needs to be made for specific populations, such as children, the elderly, etc. [34]. It is
necessary to define standards for these patients for different types of environments
[149].

PMV is the most widely used indicator, which is suitable for a well-controlled
environment. The OR is a special place where different people have different thermal
sensations whilst their thermal adaptation is constrained, which makes PMV a better
index for the evaluation of thermal comfort. It is necessary for surgeons and nurses
alike to have adequate clothing insulation, which provides them with a neutral thermal
sensation zone according to their met values [51]. However, it has been found that PMV
is not an appropriate indicator for evaluation in some practical situations where there
can be a deviation between PMV and actual thermal sensation. Due to adaptation,
hospital staff in Malaysia prefer a warmer indoor environment, and an adaptive model
has been established [37]. The thermal sensations and preferences for older and younger
subjects were different in some conditions [148]. One study revealed that patients’
physical strength significantly affected their thermal requirements [150]. It is worth
investigating whether it is possible to provide different hospital environment designs

adapted to individual differences.

With the development of new treatments for diseases, the survival period of very
ill patients is much longer than before. At the same time, they also require prolonged
hospitalization. Some studies have pointed out that hospitalization represents a period
of significant psychological duress and physiological stress that may present unique
risks for patients [151, 152]. Due to living in the hospital for an extended period, they
have some adaptations to the hospital environment. People use various adaptive
mechanisms to regulate their thermal environment, which supports the adaptive model
in residential buildings [153]. Whether human adaptations can exist in hospital
buildings as well as in residential buildings is worth considering. Whether the PMV
model or adaptive model that has been proposed is appropriate or not for long-stay
patients also deserves careful consideration, as is the need to improve the existing

models based on psychological and health status or some other considerations.



There are many new technologies and measures to improve thermal comfort. The
measures for perioperative hypothermia and the use of ventilation systems are the two
main aspects. Unfortunately, the influence on the thermal comfort of the staff caused
by using heating systems for preventing hypothermia was not analyzed. Future research
should be done to evaluate this influence [154]. Some other measures can be used to
improve thermal comfort, including integral control of physical hazards [8], new
optimized working gowns [117], and high-quality healthcare delivery by hospital staff
[118].

Hospitals account for approximately 6% of total energy consumption in the tertiary
buildings sector [155], and the high energy-intensive healthcare sector will come under
increasing pressure to adopt lower-carbon solutions. For example, the electrical energy
consumption per bed varies from 5.1MWh (Italy) to 28.1MWh (Australia), with an
average consumption of 16.1MWh [156, 157]. Thermal energy consumption is more
homogenous, fluctuating between 23.3MWh (Italy) and 42.8MWh (Canada), with an
average of 33.9MWh. What is most visible is the large variation in electricity
consumption. Australian hospitals consume about six times more electricity than
hospitals in Italy [158]. In Europe, the energy efficiency constraints are usually set out
in national regulations, with values almost two to three times higher than those imposed
on residential buildings [156, 159].

Energy consumption needs to consider indoor environmental quality for all
involved actors, both staff and patients. This problem can be viewed in terms of
reducing energy consumption and increasing energy efficiency. The measures currently
mentioned to minimize energy consumption mainly focus on improving the

performance of the envelope structure and establishing a useful model.

However, there is a lack of energy consumption data analysis and benchmarking
for different healthcare unit types, correlated or not with IEQ requirements, and it is
difficult to identify the energy efficiency potential of these critical types of facility in
the building sector with strict regulations for temperature, humidity, quality, and

cleanliness. This increases the need for proper heating, cooling, and fresh air intake.

Further detailed research is needed in the future on how to optimize the physical
environment for different employee characteristics and work types. Many studies in this
literature review were undertaken in a single hospital for each case study and generally

for one occupant type. For making general conclusions, the results achieved from just



one case study are considered insufficient. Further field investigations at different
hospitals are needed to make the results more widely applicable and improve standards

and guidelines.

5 Conclusions

This literature review summarizes the factors that affect thermal comfort and
indoor environmental quality based on the comprehensive analysis of the existing
studies on the topic of hospital thermal comfort and the improvement measures for
thermal comfort and energy consumption. Based on the overview of reviewed

publications, the findings, and the future research direction are as follows:

(1) It is important to identify the factors that affect thermal comfort inside and
outside the buildings. The layout of the various functional areas, including the
hospital street, contributes to the overall thermal comfort in hospital buildings.
A properly designed layout can improve a hospital’s operational efficiency and
staff and patient satisfaction. Gender, age, health conditions, and other related
factors may have an impact on thermal comfort. In the future, larger samples
and longer investigation periods are required to study the effect of these factors

on thermal comfort.

(2) Thermal comfort, as one of the important components of IEQ, is often
influenced by other related IEQ factors. A comprehensive assessment
considering the interactive impact of factors such as the thermal, lighting, and

acoustic environments in a hospital is encouraged.

(3) PMV and TSV are the two most commonly used indices in field studies. There
are significant (or slight) discrepancies between PMV and TSV. Using PMV
for hospital rooms cannot give a reasonable reflection of patients’ diverse
requirements. The accurate evaluation of the thermal comfort of the patients
and surgical staff will be an important requirement. Individualized thermal
comfort provision for different types of personnel is also important. Classifying
patients by illness and giving proper temperature set-points is needed. Zonal
indoor environment solutions and personalized microenvironment control with
personalized IEQ control may be a future research direction. New research

focusing on an individual’s thermal sensation in different function areas, like



different zones in ORs, should be encouraged.

(4) The self-warming blankets, prototype thermal compression devices, and in-line
intravenous fluid warming are effective measures to provide satisfactory body

temperature control and reduce discomfort for perioperative patients.

(5) A proper ventilation system can improve indoor air quality and potentially
increase occupant satisfaction. A personalized ventilation system could deliver
fresh air to multiple patients and minimize airborne contaminants. However,
the improvement of thermal comfort must also be accompanied by energy

considerations.

(6) Energy-efficient design, especially for operation rooms, is an important
research topic. The retrofitting of windows and walls and the adjustment of
ventilation strategies are significant for the energy efficiency of hospital
buildings. Beyond the thermal comfort topic, the elimination of infection

transmission is paramount.
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