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ABSTRACT 

Dry indoor air due to space heating has been identified to be one of the environmental 

issues affecting the older occupants' thermal and humidity comfort as well as their skin 

condition in winter. Yet conversely, studies on the effect of dry indoor air on older 

occupants are few. Besides, the current thermal and humidity comfort zones provided by 

the Heating, Ventilation, and Air Conditioning (HVAC) and care home design standards 

do not fit older occupants' needs in winter. 

This research aims to understand the effect of indoor thermal and humidity conditions on 

the older occupants' comfort and skin condition in winter. In this research, both physical 

and subjective measurements were carried out in parallel in four fieldworks involving 

eleven young and twenty-nine elderly participants living in their typical daily 

environment. The physical measurements recorded the temperature and humidity of the 

living environment and examined how the temperature and humidity affected two skin 

condition variables, the Transepidermal Water Loss (TEWL) and Stratum Corneum 

Hydration (SCH), at different indoor temperature and humidity levels achieved by a 

simple intervention which could humidify indoor humidity to 40%, 50% and 60% relative 

humidity (RH), respectively. The subjective measurements used a questionnaire survey 

to analyse the participants' subjective thermal and humidity comfort at different indoor 

temperature and humidity levels. The questionnaire was modified from the traditional 

thermal comfort questionnaire to allow both subjective thermal and humidity comfort to 

be assessed simultaneously. 

The results indicate that overheating and its resulting dry indoor air were common on 

three out of four research sites. The mean indoor temperature was higher than the thermal 

comfort zone, approximately more than 30% of the measured time, and the mean indoor 

RH was lower than the acceptable humidity range, more than 93.2% of the measured time 

on three of the research sites. By using a humidifier, dry indoor air was eased effectively 

at a low energy cost. The Predicted Mean Vote (PMV) method produced a neutral 

temperature that was lower than that produced by the Thermal Sensation Vote (TSV) 

method in the older (aged 60 and over) and oldest-old (aged 80 and over) group, 

suggesting the PMV method could not accurately predict the thermal comfort on older 

people. Besides, the participants in all age groups could sense the temperature changes 

but not the humidity changes. TEWL appeared not applicable to reflect the effect of 

indoor thermal and humidity conditions on the skin in a living environment, in which the 

temperature and humidity variations are unlikely to make significant changes to the water 



 

loss from the skin. SCH appears to be a good indicator to reflect the effect of indoor 

humidity on the occupants' skin condition, with a significant correlation with the absolute 

humidity (AH) in all measured age groups. Such a significant correlation established a 

relationship between the indoor humidity and skin and made it possible to produce the 

minimum humidity that can reduce the risk of suffering dry skin for the measured each 

age group. Specifically, the minimum absolute humidity levels to reduce the risk of dry 

skin are 7.952g/kg for the young group, 8.622g/kg for the older group, and 6.335g/kg for 

the oldest-old group. The significant correlation between the AH and SCH also suggests 

a feasible method to produce the minimum humidity level that can reduce the risk of 

suffering dry skin in winter. This method is applicable to older people and all other age 

groups, especially the vulnerable group who are not able to participate in climatic 

chamber studies, to solve the dry skin issue in winter. 

This study builds a relationship between the skin and its exposed environment and 

suggests a skin condition variable to indicate the effect of indoor humidity on the 

occupants' skin condition. The study is the first stage of collecting evidence-based data 

that could develop an appropriate thermal and humidity range for older occupants' 

comfort and skin health. Repeating the study with a large sample size would collect 

sufficient evidence-based data that leads to the eventual development of a specific thermal 

and humidity range for older occupants' comfort and skin health. 
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1 

Chapter 1  Introduction 

1.1 Research background 

With the ongoing advancements in medical technology and care support, people's life 

expectancy is steadily extending over the past decades. In Scotland, the life expectancy 

projection for people born in 2016-2018 was 77.0 years for males and 81.1 years for 

females, increased by 7.9 years for males and 5.8 years for females born in 1980-1982. 

For those born in 2041, the prediction would reach 81.7 years for males and 84.5 years 

for females (National Statistics, 2019a). As one of the social indicators showing desirable 

development, this increase in life expectancy also indicates an aging society. According 

to the statistical data (Figure 1-1), the population of pensionable age (over 65 for male 

and over 60 for female) was 1.03 million in 2018 and had been projecting to be 1.28 

million by mid-2043, corresponding to 19.0% and 22.9% of the whole population 

respectively in Scotland (National Statistics, 2019b). Such a considerable proportion of 

the older population occurs in the European Union (EU) as well. In 2017, the population 

of older people was 99.8 million in the EU, consisting of 19.5% of the whole population. 

Among the older population, 28.1 million are the oldest-old (aged 80 and over), consisting 

of 5.5% of the EU's whole population (Eurostat, 2019). The population of older people 

and its proportion of the whole population are still increasing in every EU country 

(Eurostat, 2019). It can be predicted that the aging of the population will be a common 

phenomenon in society in the next decades and, thus, enough concerns on older people's 

health and well-being should be made. 

Compared with other age groups, older people aged 60 and over spend most of their time 

indoors. Studies demonstrate that older people spend more than 90% of their time indoors, 

and this figure would be even higher in winter (van Hoof et al., 2017; Robinson and 

Silvers, 2000; Kelsey et al., 2010), contributing to the quality of their living environment 

would significantly affect their living and well-being. However, the design and operation 

of older people's living environment, especially the thermal and humidity environment, 

may not fit their needs due to several reasons. 
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Figure 1-1 Population of Scotland by age from 1993 to 2043 (National Statistics, 
2019b). 

 

First, the design standards' current thermal and humidity comfort zone does not meet older 

occupants' demands. On the one hand, the thermal comfort zone provided by the HVAC 

design standards, such as the American Society of Heating, Refrigerating and Air-

Conditioning Engineers (ASHRAE) Standard (ASHRAE, 2017b) and Chartered 

Institution of Building Services Engineers (CIBSE) Guide A (CIBSE, 2017), may not be 

warm enough for older occupants (van Hoof et al., 2017). The standards assume no 

difference in thermal comfort between young and older occupants and, therefore, provide 

no thermal comfort zones explicitly for older occupants. The assumption is based on 

Fanger's (1972) Predicted Mean Vote (PMV) module, which concluded no difference in 

thermal comfort between young and older adults. The conclusion was made from the 

results of climatic chamber studies involving approximately 1300 college-age students 

and a much fewer number of 128 older adults. However, in recent decades, studies have 

confirmed a difference in thermal comfort between youth and older adults, specifically 

older people generally prefer a warmer environment (van Hoof et al., 2017; van Hoof and 

Hensen, 2006). This finding challenges Fanger's conclusion, and the current thermal 

comfort zone may not warm enough for older occupants. On the other hand, the standards 

do not specify a humidity comfort zone for older occupants. The CIBSE Guide A (CIBSE, 

2017) suggests an "acceptable" humidity comfort range of 40% to 70% relative humidity 
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(RH) in winter, while the ASHRAE Guides does not specify the minimum humidity level 

should be maintained in winter. However, studies argue a minimum humidity level of 40% 

RH is not high enough for older occupants and may cause health issues, such as dry skin 

(White-Chu and Reddy, 2011; Hurlow and Bliss, 2011). In summary, both the thermal 

and humidity comfort range provided by the HVAC design standards do not fit older 

occupants’ need and should be updated. 

Second, inappropriate heating operations, together with the first reason above, often dry 

room air in winter, which is typical and associated with multiple health issues to the older 

occupants. Studies have reported that the average indoor RH was less than 30% during 

the heating seasons in many cases, and the dry indoor air has become one of the most 

common environmental issues in buildings in winter (Baird and Field, 2013; Quinn and 

Shaman, 2017; Fan et al., 2017; Kotol et al., 2014). This issue was also reported in older 

people's living environments, such as care homes and elderly nursing homes (Enomoto-

Koshimizu et al., 1997; Ohbuchi et al., 2001).  The dry indoor air was mainly caused by 

a high set-point to the hot-water radiator heating systems that are common in almost all 

residential buildings and the lack of humidification measures (Sunwoo et al., 2006). It not 

only causes discomfort but also raises the risk of suffering health issues, such as dry skin, 

dry eyes, and mucous membrane irritation, among which dry skin is the most common in 

older people. 

Dry skin, which is medically called xerosis, is one of the most frequently suffered health 

issues among older people. Its prevalence of older people is 29.5% to 45.3%, mostly 

affecting the oldest-old group (White-Chu and Reddy, 2011; Valdes-Rodriguez et al., 

2015; Yalçın et al., 2006). The cause of dry skin is complicated and has not been entirely 

understood, but dry indoor air has been identified as one of the critical factors in dry skin 

development (Cohen-Mansfield and Jensen, 2005). However, to what extent the humidity 

is supposed to prevent dry skin is not answered. One study recommends a minimum 

relative humidity (RH) of 30% to avoid dry skin in young and older adults (Sunwoo et 

al., 2006). However, the recommendation was based on the results in three constant RH 

settings (10%, 30% and, 50% RH) in a short exposure of 180 minutes in climate chambers. 

Another study recommends a minimum of 45% RH to prevent dry skin but does not 

provide evidence-based data to support the recommendation (White-Chu and Reddy, 

2011).  
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In summary, the lack of clearly specified and appropriate thermal and humidity comfort 

zones for older occupants and the dry skin caused by dry indoor air are the two issues that 

need to be solved. When combining the two problems, a research question comes out: can 

we build a bridge between the environment and skin condition and, therefore, specifies 

the comfort zone for older occupants from the skin health perspective? Just as ASHRAE 

concluded in the ASHRAE Standard 55: 

“There are no established lower humidity limits for thermal comfort; consequently, 

this standard does not specify a minimum humidity level. Non-thermal comfort 

factors, such as skin drying, irritation of mucus membranes, dryness of the eyes, and 

static electricity generation, may place limits on the acceptability of a very low 

humidity environment (ASHRAE, 2017b).” 

This PhD project focuses on the effect of indoor thermal and humidity conditions on older 

occupants' comfort and skin condition in winter. It also attempts to develop a method that 

can provide a comfortable temperature and humidity level that can reduce the risk of dry 

skin for the older occupants. 

1.2 Research aim and objectives 

As the lack of clearly specified and appropriate thermal and humidity comfort zone for 

older people and the dry skin caused by dry indoor air in winter are the two issues 

identified in the previous section, research to explore the relationship between the 

environment and skin condition is proposed. This research aims to understand the effect 

of indoor thermal and humidity conditions on the older occupants’ comfort and skin 

condition. It is a multi-disciplinary study combining building environment science and 

dermatology. Objectives of this research include: 

 Objective 1: To gather the thermal and humidity data by monitoring temperature and 

humidity in the older occupants' real living environment in winter. 

 Objective 2: To obtain the older occupants' skin condition at different indoor 

temperature and humidity levels through dermatological measures. 

 Objective 3: To obtain the older occupants' subjective thermal and humidity comfort 

at different indoor temperature and humidity levels. 

 Objective 4: To analyse the obtained data and explore the relationship between the 

environment, comfort and skin condition. 
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Objective 1 ensures a collection of the objective data, precisely the temperature and 

humidity in the occupants' real living environment. Objective 2 provides the occupants' 

objective skin condition at different indoor temperature, and humidity levels and builds a 

bridge between the environment and skin to explore how the environment affects the skin 

condition. Objective 3 gives subjective data from the occupants' responses to the 

environment by questionnaire surveys. Objective 4 analyses the obtained data and 

explores how the environment affects occupants’ skin condition and the minimum 

humidity for the occupants to avoid the risk of suffering dry skin in winter. 

Based on the objectives, four fieldworks were carried out in winter or early spring from 

2018 to 2020. Among the fieldworks, one fieldwork was carried out in two student 

dormitories at the same time, and the rest of the three fieldworks were carried out in care 

homes. The fieldwork in the student dormitories was regarded as a pilot study to test the 

research methodology and explore any underlying hazards that may affect the older 

participants in the care homes. The pilot study also investigated the young occupants' 

subjective comfort and skin condition at different temperature and humidity levels. Its 

results can be used to compare the difference between young and older people to 

understand the changes in comfort and skin condition due to aging. 

1.3 Overview of the thesis structure 

As the research is a multi-disciplinary study that combines building environment science 

and dermatology, the thesis presents the research from these two aspects in parallel. A 

brief overview of the thesis structure is summarised in Table 1-1 and detailly given below:  

Table 1-1 Structure of the thesis chapters. 

 Research Focus 

Contents Environment and Comfort Skin 

Literature Review Chapter 2 Chapter 3 

Methodology Chapter 4 

Results and Discussions Chapter 5 Chapter 6 

Conclusions Chapter 7 

 

Chapter 2 and 3 are the literature review chapters of the thesis. Chapter 2 presents the 

results of the critical review of the fundamental and pieces of literature in indoor thermal 
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and humidity environment and comfort. The contents reviewed include the definitions of 

the factors affecting comfort, the models using the defined factors to assess comfort, the 

temperature and humidity design criteria required by the design standards and guidelines, 

and the thermal and humidity conditions in the real living environment. Chapter 3 

presents the results of the critical review of the fundamental and pieces of literature in 

skin condition and its assessment. The contents reviewed include the fundamental of skin 

structures and functions, the moisture transfer principle between the skin and its 

surrounding environment, the variables to measure skin condition based on the moisture 

transfer principle, and the factors affecting skin condition. 

Chapter 4 presents the research methodology, consisting of three parts: research objects, 

data acquisition method, and research procedure. The first part introduces the information 

of the research sites and participants. The second part includes the details regarding the 

methods and equipment used in the physical measurements, the questionnaire survey 

design for the subjective measurements, and the methods used in analysing the measured 

data. The final part includes the details regarding the humidity interventions implemented 

and the research procedure. 

Chapter 5 and 6 present and discuss the results from the fieldworks, focusing respectively 

on the environment as well as the comfort and skin condition of the older and oldest-old 

participants. The results were also compared with those of the young participants to 

appreciate the uniqueness of the older and oldest-old occupants better. 

Chapter 7 concludes the research findings and discusses the limitations of the research as 

well as proposes recommendations for future studies. 

1.4 Jointly authored publications 

Part of the work presented in the thesis has been published in academic conferences 

proceedings and journals, including the following: 

 Jin, Y., Wang, F., Payne, S., Weller, R. & Dominic, T., 2018. Testing A Procedure of 

Using Transepidermal Water Loss to Measure the Effect of Dry Air on Occupant’S 

Skin Condition and Hygrothermal Comfort in the Real Living Environment. In: 

Edward, N., Fong, S. & Ren, C. (eds.) PLEA 2018. Hong Kong. (Appendix A) 

 Jin, Y., Wang, F., Carpenter, M., Weller, R., Tabor, D. & Payne, S. R., 2020. The Effect 

of Indoor Thermal and Humidity Condition on the Oldest-Old People's Comfort and 

Skin Condition in Winter. Building and Environment, 174. (Appendix B) 



 

7 

Chapter 2  Indoor environment and comfort 

2.1 Introduction 

The indoor environment interacts with the building occupants in many ways, including 

but not limited to its physical attributes such as temperature, humidity, lighting, air 

movement and quality, and noise, consequently affecting the occupants’ comfort and 

wellbeing. This chapter intends to delineate the indoor environment that older occupants 

will find comfortable and how their comfort is affected by environmental and individual 

factors. A review of the design criteria for older occupants’ living environment required 

by the design standards and guidelines and related issues is also undertaken.   

Section 2.2 gives definitions of the factors affecting comfort. Among these factors, only 

the factors that affect thermal and humidity comfort are presented, while other factors that 

do not or rarely affect thermal and humidity comforts, such as lighting and noise, are out 

of the research scope and, therefore, ignored in this section. Section 2.3 and 2.4 present 

how these defined factors are involved in achieving and assessing thermal and humidity 

comfort, according to the comfort models and the research findings from relevant studies. 

Section 2.5 is an overview of the thermal and humidity design criteria required by the 

general HVAC design standards for various types of buildings, as well as the standards 

and guidelines explicitly for elderly-care institutions. Section 2.6 reviews the thermal and 

humidity conditions in real living environments, showing whether the design criteria are 

achieved in practise. Section 2.7 concludes the findings in this chapter.  

2.2 Definitions of the factors affecting comfort 

The definitions of the factors affecting comfort referenced the CIBSE Guide A – 

Environmental Design (CIBSE, 2017), one of the most referenced guidelines in building 

environment design. According to the guide, the factors affecting thermal and humidity 

comfort include temperature, humidity, relative airspeed, clothing insulation, and the 

occupants' metabolic heat production. Definitions of each factor are given below: 

 Temperature 

The temperature of indoor air is regarded as the most important environmental factor 

affecting thermal comfort. There are three types of temperature commonly used to 

describe the thermal condition in the building environment, which are air temperature, 

mean radiant temperature, and operative temperature. The air temperature is the dry-bulb 
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air temperature in the space, and the mean radiant temperature is the uniform surface 

temperature of a radiantly black enclosure, in which an occupant would exchange the 

same amount of radiant heat as in the actual non-uniform space. The operative 

temperature is a combination of the air temperature and the mean radiant temperature to 

express their combined effect in the space and is calculated by the equation below:  

𝜃 = 𝐻𝜃 + (1 − 𝐻)𝜃 (2-1) 

Where 𝜃  is the operative temperature (°C), 𝜃  is the air temperature (°C), 𝜃  is the mean 

radiant temperature, 𝐻 is the ratio of ℎ /(ℎ + ℎ ), where the ℎ  and ℎ  are the surface 

heat transfer coefficients by convection and by radiation, respectively [W/(m2·K)]. The 

difference between the air temperature, mean radiant temperature, and the operative 

temperature is small in well-insulated rooms and away from direct radiation from the sun 

or other high-temperature radiant sources (CIBSE, 2017).  

 Humidity 

The humidity of indoor air can be expressed in an absolute or relative term. The absolute 

term can be humidity ratio (W), which describes the mass of water vapour per unit mass 

of dry air (kg/kg) and can be presented by 

𝑊 = 0.622
𝑃

𝑃 − 𝑃
(2-2) 

Where 𝑃  is the partial pressure of water vapour (Pa), 𝑃 is the total mixture pressure (Pa). 

When the air is considered a mixture of perfect independent gas, 𝑃 equals the atmospheric 

pressure. 

The relative term is relative humidity, which describes the ratio of the actual water vapour 

partial pressure in moist air (𝑃 ) to the saturation vapour pressure (𝑃 ∙ ) at the same dry 

bulb temperature and can be presented by 

𝜑 =
𝑃

𝑃 ∙
× 100% (2-3) 

 Relative airspeed 

Relative airspeed is also an essential factor affecting thermal comfort. In building 

environment studies, it is defined as the net mean airspeed in the space, specifically across 

the occupants’ body surface (m/s). The air movement indoors would cause a cooling 

effect on the body surface directly exposed to the environment. An airspeed greater than 

0.1 m/s would give rise to complaints of draught in cool or comfortable conditions. 
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 Clothing 

Clothing worn by the occupants indoor alters according to the seasons and weather, as 

well as the indoor thermal condition. The unit for thermal insulation of clothing is clo, 

where 1 clo = 0.155 m2·K/W. Clothing insulation values for typical clothing ensembles 

are comprehensively presented in the BS EN ISO 9920:2009 (ISO, 2009). According to 

the standard, a typical indoor winter ensemble of an occupant would have an insulation 

value of 0.8 to 1.0 clo, although the value may vary in different regions and building types 

(de Dear and Brager, 1998). 

 Metabolic heat production 

The unit for metabolic heat production produced by humans' physical activities is met, 

where 1 met = 58.2 W/m2. Metabolic heat production is mainly dependent on activity. 

One met is approximately the metabolic rate of a person seated at rest. Metabolic heat 

production values for humans' typical activities are comprehensively presented in the BS 

EN ISO 8996:2004 (ISO, 2004). 

2.3 Thermal comfort  

Following the definitions of the factors affecting comfort, this section presents how the 

defined factors affecting thermal comfort according to the thermal comfort models, which 

are the human thermoregulatory system and heat balance, adaptive model, and PMV/PDD 

system. Besides, the individual factors affecting thermal comfort is presented. 

2.3.1 Thermal comfort models 

2.3.1.1 Human thermoregulatory system and heat balance 

The thermoregulation system in humans is an essential aspect of physiological 

homeostasis. It attempts to maintain a deep-body temperature of about 37°C. When this 

temperature is exceeded, the body initiates a heat control mechanism, e.g. dilation of 

peripheral blood vessels and sweating. In response to cold, the body instigates 

constriction of blood peripheral vessels, changes in muscular tone and shivering. The 

thermoregulatory system can maintain the appropriate deep-body temperature in a wide 

range of combinations of activity level and environmental variables.  

The heat balance between the human body and its surrounding environment (Figure 2-1) 

is written as: 

𝑄 − 𝑄 = 𝑄 + 𝑄 + 𝑄 + 𝑄 + 𝑄 + 𝑄 + 𝑄 (2-4) 
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Where 𝑄  is the metabolic rate (W), 𝑄  is the rate of performance of external work (W), 

𝑄  is the heat exchange by convection in the respiratory tract (W), 𝑄  is the heat 

exchange by evaporation in the respiratory tract (W), 𝑄  is the heat exchange by 

conduction at the surface of the clothed body (W), 𝑄  is the heat exchange by radiation 

at the surface of the clothed body (W), 𝑄  is the heat exchange by convection at the 

surface of the clothed body (W), 𝑄  is the heat loss by evaporation from the skin (W), 

and 𝑄  is the rate of heat storage in the body (W).  

 

 

Figure 2-1 Heat balance between the human body and its surroundings (Fabbri, 2015). 

 

In a steady-state condition, the heat exchange between the body and its surrounding 

environment is balanced, and the 𝑄  would be zero. However, the balance does not 

necessarily mean a comfortable thermal state is achieved. The comfortable thermal state 

is also based on skin temperatures and sweat rates, which depend on the metabolic rate 

and should be neither too high nor too low. A steady-state condition never truly exists in 

daily life because its relation to the thermal environment dynamically interacts. Therefore, 

comfort conditions based on the steady-state in heat balance are approximate in daily life 

(Fanger, 1972; Irki, 1982). 
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2.3.1.2 Adaptive Model 

The adaptive approach (Humphreys and Nicol, 1992) to thermal comfort is another 

thermal comfort model developed from field studies of occupants in ordinary living 

environments. It is based on the observations that occupants in daily life are not just 

passively concerning the environment but also positively tend to make changes to achieve 

comfort if enough time and opportunities are given. The opportunities can be, for example, 

adaptations and changes to their clothing and activity as well as the thermal environment 

(Figure 2-2). 

 

Figure 2-2 Main pathways of adaptive regulatory actions (CIBSE, 2017). 

 

2.3.1.3 PMV/PDD System 

The PMV/PDD System is an example of a steady-state heat balance model based on the 

human body's thermal balance. It was developed by Fanger (1972) and has been widely 

adopted in standards, such as BS EN ISO 7730:2005 (ISO, 2005) and ASHRAE 

Handbook (ASHRAE, 2017a). The PMV (Predicted Mean Vote) combines the influence 

of air temperature, mean radiant temperature, air movement, and humidity with that of 

clothing and activity level into one value on a thermal sensation scale. The PMV is the 

predicted mean value of the votes on a seven scale of warmth (Table 2-1) based on a large 

group of persons exposed to the same environment with identical clothing and activity 

and the heat balance of the human body.  
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Table 2-1 The seven-point thermal scale. 

Points on the scale -3 -2 -1 0 +1 +2 +3 

Thermal sensation Cold Cool Slightly cool Neutral Slightly warm Warm Hot 

 

The following equation calculates the value of PMV: 

𝑃𝑀𝑉 = [0.303 ∙ exp(−0.036 ∙ 𝑀) + 0.028] ∙ [(𝑀 − 𝑊) − 𝐻 − 𝐸 − 𝐶 − 𝐸 ](2-5) 

Where 𝑀 is the metabolic rate (W/m2), 𝑊 is the effective mechanical power (W/m2), 𝐻 

is the sensible heat loss (W/m2), 𝐸  is the heat exchange by evaporation on the skin 

(W/m2); 𝐶  is the heat exchange by convection in breathing (W/m2), 𝐸  is the 

evaporative heat exchange in breathing (W/m2). The terms 𝐻 , 𝐸 , 𝐶  and 𝐸  

correspond to the heat exchange between the body and the surrounding environment and 

can be calculated by the following equations: 

𝐻 = 3.96 ∙ 10 ∙ 𝑓 ∙ [(𝑡 + 273) − (𝑡 + 273) ] + 𝑓 ∙ ℎ ∙ (𝑡 − 𝑡 ) (2-6) 

𝐸 = 3.05 ∙ 10 ∙ [5733 − 6.99 ∙ (𝑀 − 𝑊) − 𝑝 ] − 0.42 ∙ [(𝑀 − 𝑊) − 58.15] (2-7) 

𝐶 = 0.0014 ∙ 𝑀 ∙ (34 − 𝑡 ) (2-8) 

𝐸 = 1.7 ∙ 10 ∙ 𝑀 ∙ (5867 − 𝑃 ) (2-9) 

Among the equations, 

𝑡 = 35.7 − 0.028 ∙ (𝑀 − 𝑊) − 𝐼 ∙ 3.96 ∙ 10 ∙ 𝑓

∙ [(𝑡 + 273) − (𝑡 + 273) ] − 𝐼 ∙ 𝑓 ∙ ℎ ∙ (𝑡 − 𝑡 ) (2-10)
 

ℎ =
2.38 ∙ |𝑡 − 𝑡 | .     𝑓𝑜𝑟    2.38 ∙ |𝑡 − 𝑡 | . > 12.1 ∙ 𝑣

12.1 ∙ 𝑣     𝑓𝑜𝑟    2.38 ∙ |𝑡 − 𝑡 | . < 12.1 ∙ 𝑣
(2-11) 

𝑓 =
1.00 + 1.290 ∙ 𝐼     𝑓𝑜𝑟    𝐼 ≤ 0.078 𝑚 ∙ 𝐾 ∙ 𝑊

1.05 + 0.645 ∙ 𝐼     𝑓𝑜𝑟    𝐼 > 0.078 𝑚 ∙ 𝐾 ∙ 𝑊
(2-12) 

Where 𝐼  is the clothing insulation (m2·K/W), 𝑓  is the clothing surface area factor, 𝑡  

is the air temperature (°C), 𝑡  is the mean radiant temperature (°C), 𝑣  is the relative air 

velocity (m/s), 𝑃  is the water vapour partial pressure (Pa), ℎ  is the convective heat 

transfer coefficient [W/(m2·K)], and 𝑡  is the clothing surface temperature (°C).  

The PMV predicts the mean value of the thermal votes of a large group of people exposed 

to the same environment, but individual votes are scattered around this mean value, and 
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predicting the number of people likely to feel uncomfortably warm or cool is still useful, 

which can be determined by the Predicted Percentage Dissatisfied (PPD). The PPD is an 

index that establishes a quantitative prediction of the percentage of thermally dissatisfied 

people who feel too cool or too warm, and the rest of the group will feel thermally neutral, 

slightly warm, or slightly cool. With the PMV value determined, the PPD can be 

calculated by the following equation: 

𝑃𝑃𝐷 = 100 − 95 ∙ exp(−0.03353 ∙ 𝑃𝑀𝑉 − 0.2179 ∙ 𝑃𝑀𝑉 ) (2-13) 

Based on the PMV and PPD, three categorises of thermal comfort zones are defined by 

the rages of PMV values from -0.2 to +0.2 (A category), -0.5 to +0.5 (B Category) and -

0.7 to +0.7 (C Category), which correspond respectively to PDD values below 6%, 10% 

and 15%.   

2.3.2 Individual factors affecting thermal comfort 

2.3.2.1 Age 

Age is one of the individual factors affecting thermal comfort.  As a consequence of 

biological ageing, changes in physiological function could potentially cause older 

people’s thermal comfort different from that of young people. The underlying causes are 

concluded as 1.) reduced efficiency of and ability to detect cold and warm defence 

mechanisms, 2.) lower metabolic rate and its resulting lower metabolic heat production, 

3.) reduced vascular reactivity, 4.) decreased thermoregulatory responses, especially the 

vasoconstrictor response, 5.) different body composition, i.e., reduced muscle volume and 

increased fat percentage, 6.) reduced work capacity caused by reduced muscle strength, 

and 7.) lower cardiovascular flexibility and its resulting lower cardiac output (van Hoof 

and Hensen, 2006; Havenith, 2001; Blatteis, 2012). These causes make the thermal 

comfort of older people differ from that of young people. 

Studies also confirmed the difference in thermal comfort between young and older people. 

A summary of these studies is presented in Table 2-2. Collins et al. (1981) conducted a 

study involving 17 older adults and 13 young adults with similar body build and clothing 

insulation. The results show that the older group preferred the same mean comfort 

temperature as the young group but manipulated ambient temperature much less precisely 

than the young group when given control over their living environment. Natsume K. et 

al. (1992) compared the effects of age on thermal sensitivity and preference between the 

young and older groups. The results show that the older group was less sensitive in 
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thermal perception and indicated a more insufficient reproducibility of preference 

temperature than the young group. Hashiguchi et al. (2004) investigated the effects of 

floor heating and air conditioning systems on older adults’ thermal responses. Results 

show no significant difference in thermal sensation between the older and young subjects, 

but older subjects’ peripheral skin temperature, such as legs, significantly affected their 

thermal comfort, requiring a stable warmth to fit older people’s need in thermal comfort. 

DeGroot and Kenney (2007) investigated the responses of young and older subjects 

during mild cold stress. The results show an impaired defence of core temperature in the 

older group as they demonstrated an attenuated vasoconstrictor response and failed to 

attain core temperature. Schellen et al. (2010) investigated the effect of a moderate 

temperature on physiological responses, thermal comfort, and productivity on young and 

older adults. The results show that the older group's thermal sensation was 0.5 scale units 

lower and preferred a higher temperature in comparison with the younger group. In 

general, older people typically prefer a two-degree warmer environment than younger 

adults, and the 20-24°C comfort zone, which fits most of the age groups, failed to meet 

older people's demands (Enomoto-Koshimizu et al., 1997; van Hoof et al., 2017). 

To conclude, older people's thermal comfort differs from that of young people due to the 

physiological function changes caused by biological aging. Specifically, older people 

seem to prefer a warmer environment than young people, and the thermal comfort zone, 

which fits most of the age groups, would not be warm enough for older people. 
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Table 2-2 Summary of the reviewed studies on the difference between young and older 
people in thermal comfort. 

Authors Studies Observation 

Collins et al. (1981) 17 older adults and 13 
young adults given control 
over their living 
environment 

The older group preferred the same mean 
comfort temperature as the young group but 
manipulated ambient temperature much less 
precisely than the young group, showing 
deterioration with age in the ability to 
discriminate temperature differences. 

Natsume et al. (1992) Six male older subjects 
(71-76 yrs) and six young 
male subjects (21-30 yrs) 

the older group was less sensitive in thermal 
perception and showed a poorer reproducibility 
of preference temperature than the young group. 

Hashiguchi et al. 
(2004) 

Eight older adults and 
eight university students  

No significant difference in thermal sensation 
was observed between the older and young 
subjects, but older subjects’ peripheral skin 
temperature, such as legs, significantly affected 
their thermal comfort, requiring a stable warmth 
to fit older people’s need in thermal comfort. 

DeGroot and Kenney 
(2007) 

16 young adults (23±1 yrs) 
and 46 older adults (71 ± 1 
yrs) 

The older group demonstrated an attenuated 
vasoconstrictor response and failed to attain core 
temperature. 

Schellen et al. (2010) Eight young adults (22-25 
years old) and eight older 
adults (67-73 years old) 

The older group was generally 0.5 scale units 
lower in their thermal sensation vote and 
preferred a higher temperature in comparison 
with the young group. 

 

2.3.2.2 Gender 

Gender also plays an important role in perceiving thermal comfort. Male and females 

have a physiological difference in thermoregulation. Specifically, females have a slightly 

lower metabolic rate, skin temperature, and evaporative heat loss than males (de Dear and 

Brager, 1998). Fanger and Langkilde (1975) assume their lower skin temperature 

balances the lower metabolic heat production of females and evaporative heat loss. 

Consequently, females and males should have no difference in perceiving thermal 

comfort when they are at the same activity and clothing level. 

However, the assumption is challenged by studies that observed a difference between 

males and females in thermal comfort (Table 2-3). Nakano et al. (2002) conducted 

questionnaire surveys to investigate the differences in perceiving the environment and 

reported a significant neutral temperature difference of 3.1 °C between females and males. 

Karjalainen (2007) conducted a quantitative interview survey involving 3094 respondents 

and reported significant gender differences in thermal comfort and thermal preference. 
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Specifically, females are less satisfied with room temperatures, prefer higher room 

temperature and feel both uncomfortably cold and hot more often than males. Lan et al. 

(2008) conducted laboratory experiments to investigate the gender difference in thermal 

comfort. Results show that males and females had almost the same neutral temperature 

and thermal sensation near the neutral condition. However, the comfortable operative 

temperature of females is higher than that of males. Karjalainen (2012) reviewed the 

scientific literature on the effect of gender on thermal comfort. Results show that most 

studies found no significant difference in neutral temperature between the genders, but 

females are more sensitive than males to a deviation from an optimal temperature and 

express more dissatisfaction.  

Table 2-3 Summary of the reviewed studies on the difference between males and 
females in thermal comfort. 

Authors Studies Observation 

Nakano et al. (2002) 406 returned 

questionnaires 

A significant neutral temperature difference of 

3.1°C was observed between female and male 

groups. 

Karjalainen (2007) Quantitative interview 

survey involving 3094 

respondents 

Females are less satisfied with room 

temperatures and prefer higher room 

temperatures than males. 

Lan et al. (2008) 19 male college students 

and 19 female college 

students 

Almost no difference in thermal sensation. The 

comfortable operative temperature of females is 

higher than that of males. 

Karjalainen (2012) Review of scientific 

literature on the effect of 

gender difference in 

thermal comfort 

Most studies found no significant difference in 

neutral temperature between females and 

males, but females are more sensitive to 

thermal deviation and express more 

dissatisfaction. 

 

To conclude, males and females are different in thermal comfort perceiving, although 

males and females had no difference in neutral temperature. Generally, females are more 

sensitive than males in thermal fluctuation and are more likely to be dissatisfied, making 

females prefer a more stable thermal environment than males. 
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2.4 Humidity comfort 

Unlike thermal comfort, there is no humidity comfort model developed to describe and 

analyse the humidity perceiving of the occupants. Humidity is usually regarded as one of 

the environmental factors affecting thermal comfort, as presented in Section 2.3.1. To 

investigate the humidity as a single factor in comfort perception, ASHRAE (2017b) 

recommends non-thermal comfort factors, such as skin drying, irritation of mucus 

membranes, dryness of the eyes and static electricity generation, to place the limits on the 

acceptability of low humidity comfort environments. CIBSE (2017) presents an 

“acceptable” humidity comfort range of 40-70% RH in winter to decrease the generation 

of dust and airborne irritants and prevent static discharge from occupants. White-Chu and 

Reddy (2011) proposed a set of 45% to 60% RH humidified air output on a humidifier 

that could prevent dry skin on older adults, but how this humidity range was made is not 

reported in their paper. Sunwoo et al. (2006) suggested that higher than 30% RH must be 

maintained to avoid dryness of eyes and skin, and higher than 10% RH must be 

maintained to avoid dryness of the nasal mucous membrane for both young and older 

adults. Their suggestions were based on the results of their climatic chamber study carried 

out at 10%, 30% and 50% RH, respectively. To conclude, a specific humidity comfort 

range is blurry, and more studies should be carried out on the difference of humidity 

comfort range, especially on older occupants. 

2.5 Environment design criteria 

Following the reviews of the fundamental and pieces of literature in thermal and humidity 

comfort, this section presents how thermal and humidity comfort ranges are required to 

guide the environment design and operation in older occupants’ living environment. The 

comfort ranges presented in this section are based on the design criteria required by the 

HVAC design standards as well as standards and guidelines explicitly for elderly-care 

institutions, such as care homes and elderly nursing homes. 

2.5.1 HVAC design standards 

 CIBSE Guide A - Environmental Design 

The CIBSE Guide A – Environmental Design (CIBSE, 2017) gives guidance and 

recommendations on suitable winter and summer temperatures for a range of room and 

building types. The standard does not specify design criteria for older occupants’ living 

environment, so the design criteria for general building types and health care buildings 
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are presented in this section. As shown in Table 2-4, the operative temperature in daily 

living or public areas in winter should be at least 17-19 °C. The comfort temperature 

range for older occupants’ living environment can reference the recommended range in 

the dwelling bedrooms (17-19°C) or hospital wards (22-24°C). Besides, the standard 

gives an RH range of 40-70% as an “acceptable level” in normal circumstances in all 

building types in winter to decrease the generation of dust and airborne irritants and 

prevent static discharge from occupants. 

Table 2-4 Winter design criteria provided by the CIBSE Guide A – Environmental 
Design (CIBSE, 2017). 

  Design criteria 

Building/Room Type Temperature Humidity 

Dwellings     

-Living rooms 22-23°C 40-70% RH 

-Bedrooms 17-19°C 40-70% RH 

General building areas   

-Corridors 19-21°C 40-70% RH 

-Lobbies 19-21°C 40-70% RH 

Health care buildings   

-Wards 22-24°C 40-70% RH 

-Treatment rooms 22-24°C 40-70% RH 

-Corridors 19-21°C 40-70% RH 

 

 ASHRAE Handbook – Fundamentals 

The ASHRAE Handbook (ASHRAE, 2017a) is the most commonly used HVAC design 

standard worldwide and gives guidance and requirements for specific applications in 

different buildings and room types. The same as the CIBSE Guide A, the ASHRAE 

Handbook does not specify design criteria for older occupants’ living environment and, 

therefore, the design criteria for health care facilities (Table 2-5) are presented. The 

standard gives a temperature range of 21-24°C in health care facilities and a higher 

temperature range of 24-27°C in special-care nurseries for all year round. Besides, the 
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standard provides no lower humidity limit but recommends an upper limit of 0.012kg/kg 

AH. 

Table 2-5 Winter design criteria provided by the ASHRAE Handbook – Fundamentals 
(ASHRAE, 2017a). 

  Design criteria 

Building/Room Type Temperature  Humidity 

Health care facilities     

-Nurseries 21-24°C 
Not exceeded 
0.012kg/kg AH, 
no lower limit 

-Special-care nurseries 24-27°C 

-Inpatient areas 24°C or less 

 

2.5.2 Standards and guidelines for elderly-care institutions 

The design standards and guidelines for elderly-care institutions are issued in some 

countries and regions. Due to their availability and the language these documents 

published in, only the standards and guidelines that are full-text available in the Heriot-

Watt University Library online database, Google Scholar and ScienceDirect and are 

published in English are reviewed in this section. Table 2-6 offers a summary of these 

standards and guidelines. 

 Care Homes for Older People: National Minimum Standards – Care Homes 

Regulations (Department of Health, 2002) is a minimum standard issued for care 

home designs in the UK. It requires heating in care homes shall meet the relevant 

occupants’ health requirements, but the health requirements are not specified in the 

standard. Besides, no thermal and humidity comfort ranges are provided for the older 

occupants. 

 National Standards for Residential Care Settings for Older People in Ireland (HIQA, 

2016) specifies a minimum temperature of 18°C in the bedroom area and 21°C in day 

areas but provides no requirements for humidity. 

 National Minimum Standards for Care Homes for Older People (Active Aging, 2015) 

is also a minimum standard issued for care home design in Malta. The standard 

requires heating in care homes shall meet environmental health requirements, but the 

requirements are not specified. Besides, no thermal and humidity comfort ranges are 
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provided for the older occupants. 

 Design Guidelines for Queensland Residential Aged Care Facilities (Queensland 

Health, 1999) requires the heating system in aged care facilities to maintain the 

internal temperature at 21°C, but no requirements on humidity level are made. 

 Older People's Housing Design Guidance (PRP Architects, 2015) is regional guidance 

issued by the RBKC (Royal Borough of Kensington and Chelsea) government in 

London, UK. It requires design criteria in older residents’ housing revamped from the 

CIBSE Guide. In this guidance, the room temperature is required to be slightly higher 

than 18°C during the daytime and at least 18℃ overnight, but no requirements on 

humidity level are made. 

 DSD Design Standards for Nursing Homes (Department of Transportation and 

Infrastructure, 2015) issued in New Nouveau Brunswick, Canada requires 24℃ for 

residents and 22℃ for administration offices, staff areas, and dietary areas shall be 

maintained in nursing homes in winter. Besides, a minimum RH of 30% is required 

in nursing homes during the heating season.  

 HVAC Design Manual for Hospitals and Clinics (ASHRAE, 2013) issued in the USA 

does not specify thermal and humidity design criteria in neither hospital, clinics, nor 

care homes for older occupants. It recommends that the design criteria shall reference 

ASHRAE’s environmental health requirements. 

 HVAC Design Manual (Department of Veterans Affairs, 2008) issued in the USA 

requires a temperature range of 21-24℃ and a humidity range of 30-50% RH in all 

typical spaces all year round. However, the recommendations are made for medical 

facilities and research institutions without residential occupants, such as ambulatory 

care, outpatient clinics, animal research facilities, and laboratory buildings. 
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Table 2-6 Summary of the reviewed design standards and guidelines for elderly-care 
institutions. 

Design standard and guidelines Region Design criteria/requirements 

Care Homes for Older People: 
National Minimum Standards – 
Care Homes Regulations 
(Department of Health, 2002) 

UK Heating in care homes shall meet the relevant 
occupants’ health requirements, but the health 
requirements are not specified, no thermal and 
humidity comfort ranges are provided for the older 
occupants. 

National Standards for 
Residential Care Settings for 
Older People in Ireland (HIQA, 
2016) 

Ireland A minimum temperature of 18°C in the bedroom 
area and 21°C in day areas should be maintained, 
but no requirements on humidity are provided. 

National Minimum Standards for 
Care Homes for Older People 
(Active Aging, 2015) 

Republic of 
Malta 

Heating shall meet environment health 
requirements; No thermal and humidity comfort 
ranges are provided 

Design Guidelines for 
Queensland Residential Aged 
Care Facilities (Queensland 
Health, 1999) 

Queensland Heating shall be capable of maintaining internal 
temperatures at 21℃; no humidity ranges are 
provided 

Older People's Housing Design 
Guidance (PRP Architects, 2015) 

RBKC, UK Room temperature shall be slightly higher than 
18℃ during the daytime and at least 18℃ 
overnight; no humidity ranges are provided 

DSD Design Standards for 
Nursing Homes (Department of 
Transportation and 
Infrastructure, 2015) 

New 
Nouveau 
Brunswick, 
Canada 

24℃ for residents and 22℃ for administration 
offices, staff areas and dietary areas; relative 
humidity during the heating season to be 
maintained at 30%. 

HVAC Design Manual for 
Hospitals and Clinics (ASHRAE, 
2013) 

USA Design criteria shall reference ASHRAE Standard 
and Guidelines 

HVAC Design Manual 
(Department of Veterans Affairs, 
2008) 

USA 21-24℃ with 30-50% relative humidity for medical 
facilities and research institutions without 
residential occupants. No requirements for 
residential spaces. 

 

2.5.3 Summary of the design criteria 

In summary, on the one hand, the standards and guidelines reviewed in this section give 

a thermal comfort range of 21-24℃ in winter for both general and older occupants. The 

thermal comfort range provided does not consider the difference in thermal comfort 

between young and older people and do not meet older people’s demand who typically 

assumed to prefers a two-degree warmer environment than younger adults. Van Hoof et 

al. (2017) clarified why the standards and guidelines make thermal comfort range without 

distinction in age - the design standards and guidelines were based on studies by Fanger 
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(1972), who created the thermal comfort predictive model. The predictive model was 

based on climatic chamber studies involving approximately 1300 college-age students 

and was followed by a much smaller sample size of 128 older participants to investigate 

the influence of age and difference between the young and older adults. Based on the 

studies, conclusions were made that the neutral temperature did not differ between the 

young and older adults and, therefore, no difference in thermal preference was assumed 

between young and older adults. Thus, the thermal comfort range recommended by the 

standards and guidelines reviewed in this section may not be warm enough to fit the older 

occupants’ needs. 

On the other hand, the standards and guidelines reviewed in this section give the minimum 

humidity level of 30% or 40% RH in winter. The minimum humidity level provided by 

the standards and guidelines was lower than the minimum humidity level recommended 

by one piece of literature reviewed in Section 2.4 and may not be high enough to prevent 

dry skin. As a specific humidity comfort range is blurry, whether a minimum humidity 

level of 30% or 40% RH in winter is comfortable for older occupants is uncertain. 

2.6 Dry indoor air in winter 

As presented in the previous section, the design standards and guidelines give a minimum 

humidity level that should be maintained in winter, even though the minimum humidity 

level may not be high enough to meet older people’s needs. However, the minimum 

humidity level recommended was not achieved in many cases, and consequently, dry 

indoor air has been a common phenomenon that occurs in winter due to the using of 

heating devices.  

Baird and Field (2013) investigated the occupants’ perceptions of thermal comfort in 36 

sustainable buildings. Results indicate that occupants in 94% of the investigated buildings 

reported discomfort feelings due to dry indoor air. Quinn and Shaman (2017) monitored 

temperature and humidity in 34 apartments in New York City during winter. According 

to the results, the average room humidity was less than 30% in the monitored homes and 

did not meet design criteria. Fan et al. (2017) measured the temperature, humidity, and 

indoor pollutants in 14 households in winter. Results show that the average indoor RH 

was lower than 30%, and the average RH was 14% in the living room and 19% RH in the 

bedroom in the worst case. Kotol et al. (2014) investigated the indoor climate in 79 

households in Greenland. Results show that the temperature in bedrooms was within the 

recommended thermal comfort range 72% of the time, but the average RH was 26%, and 
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65% of the bedrooms had an average RH below 30%. As the results from the pieces of 

literature reviewed above, dry indoor air has been a common phenomenon in winter. It 

can result in discomfort and health issues, such as dry skin, dry eyes, and mucous 

membrane irritation, among which dry skin is the most common in older people (Hurlow 

and Bliss, 2011). Therefore, enough attention should be paid to the dry air and its resulting 

potential health issues on older occupants.  

Table 2-7 Summary of the reviewed studies on the indoor environment in winter. 

Authors Studies Observation 

Baird and Field (2013) Questionnaire surveys in 
36 buildings in 11 
countries 

Dry indoor air and its resulting discomfort were 
reported in 94% of the investigated buildings. 

Quinn and Shaman 
(2017) 

Temperature and humidity 
monitored in 34 
apartments during winter 

Average indoor humidity was less than 30% 
RH in the monitored homes, which did not 
meet the design criteria. 

Fan et al. (2017) Temperature and humidity 
in 14 households 
measured in Beijing 

Indoor relative humidity was often lower than 
30%. The lowest average humidity was only 
14% RH in the living room and 19% RH in the 
bedroom, respectively.  

Kotol et al. (2014) The indoor environment 
in 79 households in 
Greenland was 
investigated 

The temperature was within the comfort range 
72% of the time. The average RH was 26% and 
was below 30% RH in 65% of the measured 
rooms. 

 

2.7 Conclusions 

This chapter delineates the indoor environment that older occupants will find comfortable 

and how their comfort is affected by environmental and individual factors. According to 

the design criteria for older occupants’ living environment required by the design 

standards and guidelines, dry indoor air is identified as a common environmental issue in 

winter. The conclusions of this chapter are as follow: 

 Age is one of the individual factors affecting thermal comfort. Compared with young 

adults, older adults are generally less sensitive to thermal conditions and prefer a 2°C 

warmer environment.  

 The design standards and guidelines do not consider the difference between young 

and older people in thermal comfort. The thermal comfort range provided by them is 

not warm enough to fit older people’s needs. 

 Non-thermal comfort factors are adopted to place limits on the acceptability of low 
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humidity comfort environments. The design standards and guidelines provide a 

minimum humidity level of 30% or 40% to decrease the generation of dust and 

airborne irritants and prevent occupants' static discharge. However, the minimum 

humidity level may not high enough to prevent dry skin in older people. 

 Dry indoor air has become a common phenomenon in winter and a cause of health 

issues, among which dry skin is the most common symptom among the older 

occupants. 
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Chapter 3  Skin condition and assessment 

3.1 Introduction 

As concluded in Chapter 2, dry indoor air has been identified as one of the environmental 

issues in winter due to the use of heating devices. It causes discomfort and raises the risk 

of suffering health issues, among which dry skin is the most common happened to older 

people and generate a series of consequences. This chapter presents how the skin 

condition is affected by its surrounding thermal and humidity environment as well as 

individual factors, and how the skin condition can be assessed. 

In this chapter, Section 3.2 illustrates the skin structure and function, which are essential 

in understanding the interaction between the skin and its surrounding environment.  

Section 3.3 presents the principle of moisture transfer between the skin and its 

surroundings. Section 3.4 presents two skin variables based on the moisture transfer 

principle presented in Section 3.3 and how these variables can be used to assess skin 

condition. Section 3.5 discusses how the environmental and individual factors affecting 

skin condition, namely the association between the environmental and individual factors 

and the skin variables presented in Section 3.4. Section 3.6 concludes the findings in this 

chapter. 

3.2 Skin structure and functions 

Human skin is the largest organ covering the human body and separates the body from 

its surrounding environment. This section presents the structure and functions of the 

human skin, which are the fundamentals in understanding the interaction between the skin 

and its surrounding environment. 

Human skin is composed of three primary layers: the epidermis, the dermis, and the 

hypodermis (Figure 3-1). 
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Figure 3-1 The structure of human skin (Lawton, 2019). 

 

 Epidermis 

The epidermis is the outer layer of the skin. It contains no blood vessels and is entirely 

nourished by diffusion from the dermis through the basement membrane for nutrient and 

moisture delivery (Lawton, 2019). The primary function of the epidermis is to act as a 

physical and biological barrier to the external environment, preventing penetrations by 

irritants and allergens from the external environment and the loss of moisture from the 

skin as well as maintaining internal homeostasis.  

The outer layer of the epidermis, where it is directly exposed to the surrounding 

environment, is the stratum corneum. The stratum corneum is composed of layers of 

flattened dead cells that have lost their nucleus. The stratum corneum's primary function 

is to regulate the amount and rate of substances (e.g. moisture and medication) passing 

through it. In healthy skin in a reasonable condition, substances can only penetrate the 

stratum corneum through the tight, dry and lipid gaps between the dead cells. When the 

skin barrier is impaired due to skin disease, excoriation or erosions, the amount and rate 

of substances passing through the stratum corneum will increase (Rudy and Parham-

Vetter, 2003).  

 Dermis 

The dermis is the layer of skin beneath the epidermis between the basement membrane 

and the hypodermis. It is composed of connective tissue and contains the hair follicles, 
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sweat glands, sebaceous glands, apocrine glands, lymphatic vessels, and blood vessels. 

The blood vessels in the dermis provide nourishment and remove waste from the dermis 

cells (White and Butcher, 2005; Lawton, 2019). 

The main functions of the dermis are sustaining the epidermis, providing nourishment to 

the epidermis, and protecting the deeper structures from mechanical injury (White and 

Butcher, 2005; Lawton, 2019).  

 Hypodermis 

The hypodermis is the subcutaneous layer beneath the dermis. It consists of loose 

connective tissue, adipose tissue, elastin, and a large amount of fat, which serves as 

padding and insulation for the body. The primary function of the hypodermis is to attach 

the skin to underlying bone and muscle as well as supplying the dermis with interlaced 

blood vessels and nerves (Lawton, 2019). 

3.3 Moisture transfer between the skin and environment 

After understanding the skin's structures and functions, the moisture transfer principle 

between the skin and the environment can be explained. This section illustrates the 

moisture transfer of the skin and its surrounding environment. 

The moisture transfer between the skin and its surrounding environment happens in the 

stratum corneum (Figure 3-2), the outermost layer in the epidermis. The water content of 

the stratum corneum can be considered as a delicate balance of water between the deep 

layer of the skin and the environment (Lawton, 2019). On the one hand, the moisture in 

the stratum corneum originally comes from the moisture transported by the blood vessels 

in the dermis. The moisture transported by the blood vessels reaches the dermis, passes 

through the basement membrane, diffuses in the epidermis, and finally accumulates in the 

stratum corneum (White and Butcher, 2005; Lawton, 2019). On the other hand, the 

moisture transfers from the stratum corneum to its surrounding environment by 

transpiration, which can be presented by Fick’s diffusion law revealing the mass of 

moisture per cm2 being transported in a defined period and calculated by the formula 

(Berardesca et al., 2014): 

𝑑𝑚

𝑑𝑡
= −𝐷 ∙ 𝐴 ∙

𝑑𝑝

𝑑𝑥
(3-1) 

Where 𝐴 is the surface area measured (m2), 𝑚 is the moisture transported (g), 𝑡 is time 

(h), 𝐷  is the diffusion constant (g/m/h/mmHg), 𝑝  is the vapour pressure of the 
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atmosphere (mmHg), and 𝑥  is the distance from the skin surface to the point of the 

measurement (m). 

 

Figure 3-2 An illustration of the moisture transfer in and out of the stratum corneum. 

 

3.4 Skin condition assessment 

Based on the moisture transfer between the skin and its surrounding environment 

presented in Section 3.3, the skin condition can be assessed. This section presents the 

definition and measurement of two skin condition variables, the Transepidermal Water 

Loss (TEWL) and Stratum Corneum Hydration (SCH), which are based on the moisture 

transfer principle between the skin and its surrounding environment. This is discussed in 

detail in the following sections. 

3.4.1 Transepidermal Water Loss 

TEWL is a variable comprised of the water loss through the stratum corneum to the 

environment. As presented in Section 3.2 that the amount and rate of moisture passing 

through the stratum corneum increases when the skin barrier is impaired, the water loss 

from the stratum corneum can be used in assessing the skin barrier function which is 

relevant to the skin condition (Kottner et al., 2013). Besides, the water loss from the 
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stratum corneum is clinically relevant, and the measurement of TEWL is straightforward, 

non-invasive and economical, making the TEWL universally used for skin disease 

diagnosis (Hadgraft and Lane, 2009; Darlenski et al., 2009; Berardesca et al., 2014).  

The principle of measuring TEWL is based on Fick’s diffusion law presented in Section 

3.3, and the measurement can be performed through three methods: the open-chamber 

method, the unventilated-chamber (closed chamber) method and the ventilated-chamber 

method (Berardesca et al., 2014). The advantages and disadvantages of the three methods 

are presented in Table 3-1. 

Table 3-1 Advantages and disadvantages of the TEWL measurement methods. 

TEWL measurement methods Advantages Disadvantages 

Open-chamber method No interference with the skin 
surface; Can perform 
continuous measurement 

Disturbed by external air 
movements; Calibration 
inconsistent; 

Unventilated-chamber method Not disturbed by the external 
environment 

Moisture accumulation; Cannot 
perform continuous 
measurement 

Ventilated-chamber method Not disturbed by the external 
environment; No moisture 
accumulation; Can perform 
continuous measurement 

Affect the micro-environment 
over the skin surface 

 

 Open-chamber method 

The open-chamber method uses a measurement chamber in the form of a cylinder about 

a thimble size (Figure 3-3). The method is reliable and feasible for both single and 

continuous TEWL measurements, as the measurement chamber does not occlude the skin 

and interfere with the microclimate on the skin surface. However, this method may suffer 

the disturbance from the ambient air movements and calibration inconsistencies caused 

by the open end of the measurement chamber. 
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Figure 3-3 Schematic illustration of the measurement probe using the open-chamber 
method. 

 

 Unventilated-chamber (closed chamber) method 

The unventilated-chamber (closed chamber) method uses a measurement chamber of 

which one end is closed, and the other end has a measurement orifice that can be placed 

in contact with the skin (Figure 3-4). This method eliminates the disturbance by external 

air movements but potentially occludes the skin and its generated moisture in the chamber, 

making it incapable of performing a continuous measurement. 

 

Figure 3-4 Schematic illustration of the measurement probe using the unventilated-
chamber method. 
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 Ventilated-chamber method 

The ventilated-chamber method is developed by the unventilated-chamber method. It 

uses dry or moistened carrier gas to ventilate the measurement chamber and eliminate the 

potential moisture accumulation in the chamber. Nevertheless, the ventilation 

interferences with the micro-environment over the skin surface and affects the 

measurement’s accuracy. 

The TEWL value on healthy skin varies on different skin site and is different for young 

and older subjects (Rogiers and EEMCO Group, 2001). Kottner et al. (2013) 

systematically reviewed the TEWL value of young and aged healthy humans on different 

skin sites (Table 3-2). The TEWL values can be regarded as benchmarks for a healthy 

skin condition on various skin sites. 

Table 3-2 Summary of the TEWL values on healthy skin sites in young and older 
subjects (Kottner et al., 2013). 

Skin site Studies including 18-64 years subjects Studies including 65+ years subjects 

Sample 
size  

Mean 
age 

Mean 
TEWL  

TEWL 
range 

Sample 
size  

Mean 
age 

Mean 
TEWL  

TEWL 
range 

Forehead 644 36.4 15.8 13.5-18.0 40 72.8 7.4 7.1-7.7 

Cheek 699 35.2 14.5 12.9-16.1 10 73.6 7.1 5.1-9.1 

Upper arm 207 33.7 6.2 4.9-7.5 91 72.8 4.7 3.6-5.9 

Mid-volar left 
forearm 

348 36.9 9.6 6.8-12.5 10 73.6 2.7 1.9-3.5 

Mid-volar right 
forearm 

2206 32.9 6.6 6.3-6.9 46 73.8 3.5 2.3-4.6 

Forearm left 
dorsal 

45 29.2 6.5 4.6-8.4 15 70.5 3 2.6-3.4 

Forearm right 
dorsal 

110 38.9 5.3 4.4-6.2 46 70.7 4.4 2.5-6.3 

Distal left volar 
forearm 

141 37.7 14.9 7.2-22.6 - - - - 

Distal right 
volar forearm 

82 36.8 9.6 7.3-11.8 - - - - 

Thigh 152 33.1 6.1 4.1-8.1 30 72.5 3 2.9-3.1 

Leg medial - - - - 90 82.5 4.5 4.1-4.9 

Leg lateral 85 29.4 8.6 5.6-11.6 102 81.4 7.9 0.1-15.6 
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3.4.2 Stratum Corneum Hydration 

SCH is the moisture content in the stratum corneum. As presented in Section 3.3, some 

of the moisture transported from the dermis to the epidermis accumulates in the stratum 

corneum. The SCH is indirectly measured by electrical-based methods through a 

combined variable of skin’s electrical properties of the upper part of the skin that are 

related to the water content in the stratum corneum (Berardesca et al., 2014). When the 

skin is submitted to an alternating current of frequency, the skin's total impedance 

depends on the contribution of the resistance and the capacitance (Berardesca et al., 2014). 

The relationship between the three electrical properties follows the relation below: 

𝑍 = 𝑅 +
1

2𝜋𝐹𝐶
 (3-2) 

Where 𝐹 is the frequency of the alternating current (Hz), 𝑍 is the total impedance of the 

skin (Ω), 𝑅 is the resistance of the skin (Ω), and 𝐶 is the capacitance of the skin (F). 

Based on the relation, SCH can be assessed by measuring one of the skin's electrical 

properties (capacitance, conductance or total impedance of the skin). The SCH value 

produced by the electrical properties is in arbitrary units (a.u.) (Berardesca et al., 2014). 

The SCH value on healthy skin does not differ much on different skin sites (Berardesca 

et al., 2014). Table 3-3 summaries the SCH indicated skin conditions. The SCH value 

that is higher than 50 a.u. indicates a well-hydrated skin condition. The value of 35 to 50 

a.u. indicates a dry or insufficiently hydrated skin condition, while the value below 35 

a.u. indicates a very dry skin condition (Heinrich et al., 2003; Courage-Khazaka 

electronic GmbH, 1998). 

Table 3-3 Skin conditions indicated by the Stratum Corneum Hydration. 

SCH Value <35 a.u. 35-50 a.u. >50 a.u. 

Skin condition Very dry skin Dry skin  Well-hydrated skin 

 

3.5 Factors affecting skin condition 

As presented in Section 2.7, dry indoor air has been identified as one of the environmental 

issues affecting skin condition. However, dry indoor air or it indicated low humidity is 

not the only factor affecting skin conditions, but along with other environmental factors, 

including temperature and air movement, as well as the individual factor (e.g. the 
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difference in age, gender, ethnical groups, and sweating) (Berardesca et al., 2014; Meetze 

et al., 2002; White-Chu and Reddy, 2011). This section presents the environmental and 

individual factors affecting skin condition from the moisture transfer point of view.  

3.5.1 Environmental factors 

 Temperature 

The temperature of the skin’s exposed environment plays an essential role in SCH 

changes. The environment temperature would change the temperature on the skin by air 

convection, cause the changes of the central body thermoregulation, thereby, affecting 

the moisture transfer in the skin (Agner and Serup, 1989; Rothman, 1954). Studies 

observed a steady increase of skin capacitance as a function of temperature above 22ºC, 

which is corresponded to a higher hydration level in the stratum corneum (Rogiers et al., 

1990). Besides, SCH was observed to be linearly increased with the temperature up to a 

critical operative temperature of 32ºC when the air relative humidity is constant (Mole, 

1948), but such an increase was not observed in TEWL. Moreover, the skin condition 

does not change immediately when the temperature of its surrounding environment 

changed. Studies recommended that an adaptation time of 15-30 minutes should be made 

for the skin in an intervened environment (Fluhr, 2010). 

 Humidity  

The humidity of the skin’s exposed environment affects both the TEWL and SCH. Studies 

observed the TEWL changes with ambient air humidity, but the change is not linear 

(Öberg et al., 1981). In contrast, the SCH linearly increases with the ambient air humidity 

from 37% to 87% RH at a constant temperature of 20±2ºC (Barel and Clarys, 2006). 

Besides, a climatic chamber study reported remarkable changes in TEWL and SCH when 

the tested subjects were exposed to the environment at 10%, 30%, and 50% RH (Sunwoo 

et al., 2006). 

 Air movement 

Air movement is another environmental factor affecting skin condition. It is the primary 

disturbance resulting in fluctuations of skin measurements, particularly for the TEWL 

measurement by the open-chamber method. Air movement is commonly produced by 

disturbances in the measurement room, such as people moving around, opening doors and 

windows and air conditioners, which should be avoided as much as possible in skin 

condition measurements (Fluhr, 2010). Besides, air movement would enhance the air 
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convection on the skin surface and change the skin temperature, which works the same 

as the temperature of the surrounding environment (Agner and Serup, 1989). 

 Lighting 

Lighting conditions in the environment can also affect skin condition. Any light source 

close to the test site or direct sunlight on the test site would affect the ambient temperature, 

skin surface temperature and the measurement probe temperature, and, therefore, should 

be avoided when measuring skin condition (Jansen Van Rensburg et al., 2019; Fluhr, 

2010).  

3.5.2 Individual factors 

People of different ages, gender, and ethnic groups have differences in skin conditions. 

The TEWL is reduced in older people compared to the people in their mid-adulthood 

according to systematic reviews on 167 studies with a total sample size of 2838 subjects 

(Kottner et al., 2013). Moreover, studies reported that the prevalence of skin dryness is 

higher in Chinese and Caucasian women than in African American and Mexican women 

whose skin is darker (Diridollou et al., 2007; Leskur et al., 2019; Meetze et al., 2002). 

Therefore, studies should be designed within the same race, age range, and possibly 

gender, unless the purpose of the trial itself is to highlight these differences (Fluhr, 2010). 

Sweating, including physical and emotional, is also an individual factor affecting skin 

condition. Sweating is likely to happen when the surrounding temperature is higher than 

22ºC, and the skin temperature is higher than 30ºC (Baker and Kligman, 1967; Piérard et 

al., 1995), and could increase the TEWL and SCH (Fluhr, 2010). Therefore, sweating 

should be minimized when measuring skin conditions. 

3.6 Conclusions 

This chapter presents the basics and principles of the interaction between the skin and its 

surrounding environment. Based on the moisture transfer principle between the skin and 

its surrounding environment, two skin variables that can be used to assess skin condition 

and the methods to measure the variables are presented in the chapter. The conclusions 

of the chapter are as follow: 

 The moisture transfer between the skin and its surroundings happens in the stratum 

corneum, the outermost layer of the skin and directly exposed to the environment. 

 Two skin variables based on the moisture transfer principle between the skin and its 
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surroundings, the TEWL and SCH, are measurable and quantifiable, therefore 

commonly used to assess skin condition. Studies have suggested a range of TEWL 

and SCH values on healthy skin.  

 The room temperature and humidity have been identified as important factors 

affecting the occupant’s skin condition. Their effects on the skin condition could 

indicate whether they are comfortable for the occupants to keep skin healthy. By 

measuring the skin condition at different temperature and humidity levels, the thermal 

and humidity comfort zone that can reduce the risk of dry skin could be made.  

  Age has been identified as an individual factor affecting skin conditions. Therefore, 

there should be a difference between young and older people in skin condition at the 

same temperature and humidity levels, indicating the comfort zone can reduce the risk 

of dry skin is different between the young and older people. 

 Skin conditions appear not to change immediately when its surrounding environment 

changes. To accurately measure the skin condition in an intervened environment, 15-

30 minutes for the skin to adapt to the environment should be applied. 
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Chapter 4  Methodology 

4.1 Introduction 

This chapter presents the methodology of the research and how the methodology was 

implemented in the fieldwork.  Section 4.2 introduces the information of the research sites 

and the participants. Section 4.3 presents the method and equipment used in the physical 

measurements, consisting of the measurement of the thermal and humidity data and the 

skin condition variables.  Besides, Section 4.4 presents the design of the questionnaire 

that was used to investigate the participants' subjective thermal and humidity comfort. 

Moreover, Section 4.5 presents the method used in analysing the measured data. 

Eventually, Section 4.6 introduces the method and equipment used in the humidity 

interventions, while Section 4.7 presents the research procedure and visits to each 

fieldwork participants. 

4.2 Research sites and participants  

4.2.1 Research sites and participants grouping 

The fieldworks were carried out on four research sites in Edinburgh in winter or early 

spring from 2018 to 2020. Each fieldwork lasted approximately one month due to ethical 

and safety considerations from the care home side. The sites were provided with central 

heating 24 hours a day during the research periods. The research participants were 

residents on the research sites and were recruited through an ethically approved process 

to ensure they had no skin disease and cognitive dysfunction history. Moreover, an 

information sheet including the research background, aim and procedure was provided to 

every participant. Consent forms were signed and returned by all the participants before 

they were recruited. The participants in the student dormitories who were 24.4±3.1 years 

old were regarded as the young group. Participants in the Morlich House who were 

88.8±4.0 years old were regarded as the oldest-old group. It is worth mentioning that the 

participants in the Morlich House are all females because this care home is for female 

residents only. The participants in the Cathay Court and Lyle Court, who were 76.8±7.2 

and 78-98 years old, respectively, were regarded as the older group. Table 4-1 gives a 

summary of the research sites and the participant's grouping.   
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Table 4-1 Summary of the research sites and participant's grouping. 

Research sites Year  Research period Number of participants Age Grouping 

Student 
Dormitories 

2018 Feb. 20–Mar. 16 11 (3 males and 8 females) 24.4±3.1 Young group 

Morlich House 2019 Jan. 25–Feb. 21 11 (all females) 88.8±4.0 Oldest-old 
group 

Cathay Court 2019 Apr. 9–Apr 30 11 (4 males and 7 females) 76.8±7.2 Older group 

Lyle Court 2020 Jan. 27–Feb. 28 7 (2 males and 5 females) 78 – 98 Older group 

 

 The student dormitories 

Two student dormitories located on the Heriot-Watt University campus in Edinburgh 

were selected for the fieldwork. The two student dormitories offer the same singly 

occupied room, which is approximately 12 m2 in size. The room (Figure 4-1) consists of 

a study and bedding area and an en-suite bathroom, in which a delay-extract fan provides 

necessary ventilation to the room and prevents the smell and moisture from going out of 

the bathroom when it is in use. A wall-mounted radiator under the window centrally 

heated the rooms 24 hours a day during the fieldwork. 

Eleven college-age young students (three males and eight females) who lived in the 

student dormitories voluntarily participated in the research from February 20 to March 

16 in 2018 and were regarded as the young group. The young participant aged 20 to 31 

(average ± SD: 24.4±3.1) years old and had no cognitive dysfunction or skin disease 

histories before participating in the research. 
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Figure 4-1 Floor plan of the studied rooms in the student dormitories. 

 

 Morlich House 

Morlich House is a care home located in the centre of Edinburgh City. It provides full-

time catering and residence for older females only. It is a two-story building consists of a 

Georgian house to the South (including a dining room, a glass conservatory, a lounge, 

offices and maintenance rooms) and an extension to the north containing 23 en-suite 

bedrooms. Each floor is connected by two lifts, a primary stair unit in the Georgian house 

and a minor stair in the north extension. Each room in the care home (Figure 4-2), 

including the en-suite bathrooms, was centrally heated 24 hours a day during the research 

(Wang et al., 2017). 

Eleven residents in the care home voluntarily participated in the research from January 

25 to February 21 in 2019 and were regarded as the oldest-old group. The participants are 

white females, ageing from 83 to 94 (average ± SD: 88.8±4.0) years old, with no cognitive 

dysfunction and skin disease histories. Due to their old age, most of the participants have 

varying degrees of difficulty in hearing, speaking, reading, and writing. 
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Figure 4-2 Floor plan of a typical flat in the Morlich House. 

 

 Cathay Court 

Cathay Court is a retirement housing located in the city centre of Edinburgh. The 

retirement housing also provides caring and nursing services to the residents, so this 

research site is also considered as a care home type building in this research. The care 

home is a three-story building consist of 33 self-contained apartment flats. Each flat 

(Figure 4-3) consists of a living room, a bedroom, a bathroom, and a kitchen. Wall-

mounted radiators centrally heated the rooms 24 hours a day during the fieldwork. 

Eleven residents in the care home (four males and seven females) voluntarily participated 

in the research from April 9 to April 30 in 2019 and were regarded as part of the older 

group. The participants aged from 67 to 88 (average ± SD: 76.8±7.2) years old with no 

cognitive dysfunction and skin disease histories. The participants lived alone in their flats, 

excluding a female participant who had difficulty in living because of his very old age 

and lived with his partner. The living room in the participants’ flats, which is 

approximately 14-16 m2 in size, was selected for data collection because the participants 

usually spent most of their time there during the daytime. Figure 4-3 gives the floor plan 

of a typical flat in the Cathay Court. 
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Figure 4-3 Floor plan of a typical flat in the Cathay Court. 

 

 Lyle Court 

Lyle Court is a care home located in the Northwest of Edinburgh City. It is a three-stories 

building that offers full-time caring and catering to the residents and consists of self-

contained apartment flats. Each flat contains a living room, a bedroom, a bathroom, and 

a kitchen. The rooms are centrally heated 24 hours a day during the research. The floor 

plan of a typical flat in Lyle Court is specifically depicted in Figure 4-4. 

 

Figure 4-4 Floor plan of a typical flat in the Lyle Court. 
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Seven residents in the care home (two males and five females) voluntarily participated in 

the research from January 27 to February 28 in 2020 and were regarded as another part 

of the older group. The participants aged from 78 to 98 years old (the specific age of each 

participant was not available) and had no cognitive dysfunction and skin disease histories. 

The participants lived alone in their flat. Their living room, which is approximately 14-

16 m2 in size and where the participants spent most of the time, was selected for data 

collection. 

To conclude, on the one hand, the room layout in the student dormitories and Molich 

House is similar, in which the living and bedding area are not separated. The metric space 

is directly connected to a bathroom, in which the moisture may diffuse to the measured 

places. On the other hand, the room layout in the Cathay Court and Lyle Court is similar, 

in which the living and bedding are separated. The measured space is directly connected 

to a kitchen, in which the moisture generated from cooking may diffuse to the measured 

places. Hence, the bathroom and kitchen doors are supposed to be appropriately closed 

during the research to avoid the moisture generated in these two rooms affecting the 

measured spaces humidity condition. 

4.2.2 Participants’ daily routine and clothing 

The participants in all age groups followed a constant daily routine during the fieldwork. 

The young group would typically leave the dormitories in the morning and afternoon to 

attend classes, exercise or socialize, and rest or study when they were in their rooms. The 

older group would leave their flat for shopping, catering, or socializing in the morning 

and mealtime and would usually sit at rest when they were back to their flats. In contrast, 

the oldest-old group seldomly left the care home and usually stayed in their rooms or the 

public area and remained sedentary. In summary, all the participants had light activities 

in their living environment, which corresponds to a metabolic rate of 1.0 met. 

A difference in indoor clothing worn by the participants was observed between the young 

and older/oldest-old group. The young group participants usually wore a light winter 

indoor ensemble indoors, which corresponds to an insulation value of 0.8 to 1.0 clo. 

(average 0.9 clo). In contrast, the older and oldest-old group participants were usually in 

a light winter indoor ensemble with an extra layer of outdoor clothing, which corresponds 

to a total insulation value of 1.55 to 1.70 clo (average 1.6 clo). 
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4.3 Physical measurements 

The physical measurements consist of the measurements on the environmental variables, 

including the temperature and humidity outdoors and indoors, and the skin condition 

variables presented in Section 3.4, which are the TEWL and SCH. This section presents 

how these variables were measured in the fieldwork. 

4.3.1 Environmental variables 

The hourly outdoor temperature and humidity data were recorded at the Pleasance Youth 

Hostel weather station in the City of Edinburgh and were downloaded from the Met 

Office Website (Met Office, 2020). The indoor temperature and RH data were recorded 

by the Tinytag Ultra 2 TUG-4500 Internal Temperature/Relative Humidity Data Logger 

(Figure 4-5). To get the most accurate readings of the occupants’ exposed environment 

and to avoid annoyance, the logger was placed on the desk (approximately 0.7m height 

above the floor) in the student dormitories and on the tea table or next to the sofa (0.4 - 

0.5m height above the floor) in the Morlich House, Cathay Court and Lyle Court (Figure 

4-6). The loggers were set to log data every ten minutes, and the measured data were 

converted to hourly readings by averaging the six 10-minutely readings every hour. It is 

worth mentioning that the logger measures the air temperature, which is regarded as the 

operative temperature in the research due to the small difference between the two 

temperatures in the measured environment. 

 

Figure 4-5 Tinytag Ultra 2 TUG-4500 Internal Temperature/Relative Humidity Data 
Logger, and its setup in the measured rooms. 
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The indoor AH was calculated by the measured temperature and RH, using the equation 

below: 

𝐴𝐻 =
𝑃 ∙ 𝑒 ∙ 𝑀

𝑅𝑇
∙

𝑅𝐻

100
(4-1) 

Where 𝑃  is the partial vapour pressure at infinite temperature (1.002×1011 Pa), 𝐻 is the 

water evaporation enthalpy (42809 J/mol), 𝑅 is the gas constant (8.3145 J/K/mol), 𝑀  

is the molecular water mass (0.0180153 kg), 𝑇 is the temperature in Kelvin (K), and 𝑅𝐻 

is the relative humidity in percentage (%).  

4.3.2 Skin condition variables 

The skin variables were measured by the Courage-Khazaka MPA-5 Central Multi-probe 

Unit with the Tewameter TM 300 probe measuring the TEWL and the Corneometer CM 

825 probe measuring the SCH (Figure 4-6). The measurements are non-invasive and take 

less than one minute, minimizing the uneasiness of contacting the participants’ skin. The 

measurements were conducted on the participants’ distal right volar forearm as this skin 

site was directly exposed to the environment and easy to access.  

 

Figure 4-6 Courage-Khazaka MPA-5 Central Multi-probe Unit with the Corneometer 
CM 825 (left) and the Tewameter TM 300 (right). 

 

Additionally, air velocity near the measured skin site was measured and checked before 

every skin measurement, as direct airflow on the measured skin site would affect the skin 

measurement accuracy (Berardesca et al., 2014). Testo 405 Thermo-Anemometer 

measured the air velocity, and all skin measurements were conducted at air velocity less 

than 0.05m/s. 
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4.3.3 Specifications of the measurement equipment 

Specifications of the equipment for the environment and skin condition measurements 

are presented in Table 4-2. 

Table 4-2 Specifications of the measurement equipment. 

Device Measurement range Resolution Accuracy Uncertainty 

Tinytag Ultra 2 
TUG-4500 

-25 ~ 85°C 0.01°C 0.4°C - 

0 ~ 95 % RH < 0.3% RH ± 3% RH - 

Tewameter TM 300 0 ~ 70 g/h/m² 0.1 g/h/m² - ±0.5 g/h/m² 

Corneometer CM 
825 

- 0.1 a.u. - ± 3% 

Testo 405 Thermo-
Anemometer 

0 ~ 10 m/s 0.01 m/s ± (0.1 m/s + 5% of mv) - 

 

4.4 Subjective measurements 

4.4.1 Predicted Mean Vote 

PMV of the participants was investigated to assist in understanding their subjective 

thermal comfort. The PMV value was calculated by the CBE Thermal Comfort Tool 

(Tartarini, Schiavon, Cheung and Hoyt, 2020). Data input includes the air temperature 

(°C), mean radiant temperature (°C), relative humidity (%), air velocity (m/s), metabolic 

rate (met) and clothing insulation (clo). Among the data inputted, the mean radiant 

temperature was assumed to be equivalent to the air temperature. The difference between 

the two temperatures is small in well-insulated rooms and away from direct radiation from 

the sun or other high-temperature radiant sources (CIBSE, 2017). The air velocity was set 

to 0.05 m/s because the air velocity was too low to be accurately measured by the 

anemometer. The metabolic rate of all participants was set to 1.0 met. According to the 

observation on the participants' daily wearing, the clothing insulation level was set to 0.9 

clo in the young group and 1.6 clo in the older and oldest-old group. 

4.4.2 Questionnaire survey 

In addition to the PMV, a questionnaire survey was designed and conducted to investigate 

the participants’ subjective responses to the indoor thermal and humidity conditions. The 

questionnaire (Appendix C) consists of six questions on the participants’ thermal and 
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humidity sensation, satisfaction, and preference. This section presents the design and use 

of the questionnaire. 

4.4.2.1 Scale construction 

 Thermal comfort scales 

The thermal comfort scales' construction is based on the BS EN ISO 10551:2001 (ISO, 

2001). The ISO standard claims the scale construction principle is to know not how the 

occupants judge the local climate but how they feel themselves (ISO, 2001). Thus, the 

thermal comfort scales' construction retains the occupants' judgments on their thermal 

state, which distinguishes between sensation, satisfaction, and preference. 

 Perceptual scale – thermal sensation vote (TSV) 

 

 

 Evaluative scale – thermal satisfaction vote 

 

 

 Preferential scale – thermal preference vote 

 

 

 Humidity comfort scales 

The humidity comfort scales' construction references that of the thermal comfort scales 

by using similar wordings that can express the same intensity of subjective sensations and 

preference. The scales of humidity comfort also retain the occupants’ judgements on their 

humidity state, which distinguishes between sensation, satisfaction, and preference. 

 Perceptual scale – humidity sensation vote 
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 Evaluative scale – humidity satisfaction vote 

 

 

 Preferential scale – humidity preference vote 

 

 

4.4.2.2 Using of the judgement scales 

The three judgement scales are applied in the following order: perceptual scale, evaluative 

scale, preferential scale. The respondent can only reply to one of the provided answers.  

The introductory sentences below are verbally posed before applying each scale: 

 Before applying the perceptual scale: "how are you feeling about the 

temperature/humidity at this precise moment?" (followed by the replies from the 

scale). 

 After the response given on the perceptual scale, and immediately before applying the 

evaluative scale: "do you find the room temperature/humidity…?" (followed by the 

replies from the scale). 

 After the response given on the evaluative scale, and immediately before applying the 

preferential scale: "please state how you would prefer the room temperature/humidity 

to be now" (followed by the replies from the scale). 

4.4.2.3 Condition of use 

The ISO 10551:2001 (ISO, 2001) recommends the subjective thermal comfort 

judgements based on the thermal state of the body in the case of steady climatic conditions 

with occupants: 

 Posture & activity: in sedentary (60 W/m2< Met< 70 W/m2); 

 Clothing: clothed in a normal manner [(0.5±0.2) clo< Icl< (1.0±0.2) clo]; 

 The time required for thermal sensation: after a stay of at least 30 minutes. 

Among the condition of use above, an indoor winter ensemble's clothing level would be 

at 0.8 to 1.0 clo (CIBSE, 2017). However, as presented in Section 4.2.2, the older and 

oldest-old occupants prefer wearing outdoor clothing indoors, which would bring an 
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additional insulation value of 0.55 to 0.70 clo and make the total clothing insulation 

higher than the required range (de Dear and Brager, 1998).  

4.5 Statistical analyses 

The statistical analyses reference a similar climatic chamber study on the older and young 

adults’ responses to a low humidity environment (Sunwoo et al., 2006). The paired T-test 

analysed data for comparing the difference between the young and older groups. The 

measured physical data and subjective responses were analysed by repeated measure 

analysis of variance (ANOVA) without replication through the IBM Statistical Package 

for the Social Sciences (SPSS) Statistics 22 software. The significance level was set to 

0.05 (P<0.05). Results are expressed as means ± SD.  

The environment data from the physical measurements, including the indoor and outdoor 

temperature and humidity, is analysed based on each research site to compare the 

environment as well as assess the effectiveness of the humidity interventions in the 

measured rooms. The participants’ skin condition from the physical measurements and 

their thermal and humidity comfort from the subjective measurements are analysed based 

on the grouping listed in Table 4-1 to compare the differences between the age groups 

and understand better the uniqueness of the older and oldest-old participants. 

4.6 Humidity intervention 

Interventions to the room humidity in the participants’ rooms were implemented in the 

fieldworks, to cover a broader range of humidity that is likely to be found in a typical 

living environment in winter. The humidity intervention was implemented by the Prem-

I-Air Sonico (Figure 4-7), a domestic ultrasonic air humidifier that uses a ceramic 

diaphragm vibrating at an ultrasonic frequency to release water droplets in the form of 

mist to humidify the room. The output of the humidifier can be set from 30% to 70% 

RHA humidity sensor is integrated into the humidifier and automatically switches off the 

humidifier when the room humidity reaches the target level. The humidifiers were placed 

close to the radiator where the warm upward air can help the moisture distribution or the 

occupants during the intervention processes. 
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Figure 4-7 Prem-I-Air Sonico, the ultrasonic air humidifier used for humidity 
intervention, and its setup in the intervened rooms. 

 

4.7 Research procedure 

The fieldworks in the student dormitories, Morlich House and Lyle Court started in 

January or February when the outdoor temperature was lowest during the year. The 

fieldwork in the Cathay Court began in the early spring due to the research participants' 

availability. Each fieldwork lasted approximately one month and was divided into four 

periods at different humidity settings. For example, the fieldworks in the student 

dormitories were from February 20 to March 16 in 2018. In the first period from February 

20 to February 26, no environmental intervention was applied in the measured rooms. In 

the second period from February 27 to March 8, humidity in all measured rooms was 

intervened to 40% RH by the humidifiers. In the third period from March 9 to March 12, 

the intervention stopped. In the final period from March 13 to March 16, humidity in all 

measured rooms were intervened to 60% RH by the humidifiers. The duration and 

humidity settings of each period in each fieldwork are summarized in Table 4-3. 
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Table 4-3 Summary of each period with different humidity settings in each fieldwork. 

Fieldworks Periods with different humidity settings 

Non-intervened Humidified to 
40% RH 

Non-intervened Humidified to 
50% RH (60% in 
the dormitories) 

Student dormitories Feb 20 to Feb 26 Feb 27 to Mar 8 Mar 9 to Mar 12 Mar13 to Mar 16 

Morlich House Jan 25 to Feb 4 Feb 5 to Feb 12 Feb 13 to Feb 15 Feb 16 to Feb 21 

Cathay Court Apr 9 to Apr 15 Apr 16 to Apr 22 N/A Apr 23 to Apr 30 

Lyle Court Jan 28 to Feb 4 Feb 5 to Feb 11 Feb 12 to Feb 18 Feb 19 to Feb 21 

 

In the first period, the room humidity was not intervened, and the measured room 

temperature and humidity are regarded as the baseline. In the second period, the room 

humidity was intervened by the humidifier, which was set at the target humidification 

level of 40% RH. In the third period, the humidity intervention was stopped. In the fourth 

period, the room humidity was intervened again by setting the humidifier at a higher target 

humidification level, precisely 60% RH in the student dormitories and 50% in the care 

home fieldwork. The different humidity settings in this period were because the fieldwork 

in the student dormitories was regarded as a pilot study, in which the young participants 

reported the 60% RH was too high and caused discomfort and severe condensation on the 

window. Therefore, a lower RH setting of 50% was applied in the care home fieldwork. 

Besides, the third period was not implemented in the Cathay Court due to the participants' 

availability. 

During each period, two visits were taken to each participant for the skin measurement 

and questionnaire survey. Each visit was repeated after a three- or four-days interval. The 

hours of visiting young participants varied from morning to late afternoon, and due to the 

limited time available, visits to nursing homes were usually made in the morning. Besides, 

based on the time required for skin adaptation presented in Section 3.6, all participants 

were required to quietly stay in the measured rooms for at least two hours before the visit, 

which was informed in the information sheet and communicated by appointments in 

advance, to ensure their bodies have entirely adapted to the exposed environment. 

In the visits to the oldest-old participants, the questionnaire survey was given and 

answered orally due to the participants all had different degrees of difficulty in reading 

and answering the questionnaire by themselves. To assist their comprehension, carefully 
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selected images accompanied most questions (Figure 4-8): a “snowflake” presenting 

“cold” and a “burning sun” presenting “hot” in the thermal perception question; a “cactus 

in the desert” presenting “very dry” and several “water drops” presenting “very moist” in 

the humidity perception question; a “smiling face” presenting “comfortable” and an 

“angry face” presenting “extremely uncomfortable” in the thermal and humidity 

preference questions. Also, a staff in the care home joined the questionnaire survey to 

help communication between the research team and the participants. 

 

Figure 4-8 Images selected to assist in answering the questions. 
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Chapter 5  The environment and comfort assessment 

5.1 Introduction 

This section presents the results of the thermal and humidity condition and the participants’ 

subjective responses to the environment from the fieldworks. Section 5.2 presents the 

outdoor thermal and humidity condition during the fieldworks. Section 5.3 analyses the 

thermal and humidity condition in the measured rooms during the fieldworks, and its 

relationship to the outdoor condition. Section 5.4 analyses the effectiveness of humidity 

interventions implemented in the humidity intervened periods in the fieldworks. Section 

5.5 presents the results of the participants’ subjective responses to the thermal and 

humidity environment and compares the difference between the three age groups. Section 

5.6 concludes the research findings and discusses the findings with the results from 

relevant studies. Section 5.7 summaries the research findings and conclusions in this 

chapter. 

Among the results presented in the chapter, the results of the environment are presented 

based on each research site, and the results of the participants’ subjective comfort are 

presented based on each age group. 

5.2 Outdoor thermal and humidity condition 

The outdoor environment plays an essential role in affecting indoor thermal and humidity 

condition. Due to the availability of the research sites and participants, the fieldworks in 

the research project were carried out in different months and years, during which the 

outdoor environment varied. This section presents the outdoor thermal and humidity 

condition during the fieldworks.  

5.2.1 Outdoor thermal condition 

Figure 5-1 shows the outdoor temperature during the fieldworks on each research site. 

During the fieldwork in the student dormitories, the mean outdoor temperature was 

2.7±3.0ºC and was the lowest among that during the fieldworks in the care homes. The 

mean outdoor temperature during the fieldworks in the Morlich House and Lyle Court 

were 5.4±4.4ºC and 5.4±2.8ºC, respectively. The mean outdoor temperature during the 

fieldwork in the Cathay Court, which was carried out in the early spring instead of winter, 

was 9.1±4.6ºC and was approximately 6.4ºC higher than that during the fieldwork in the 
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student dormitories and 3.7ºC higher than that during the fieldworks in the Morlich House 

and Lyle Court.  

  

Figure 5-1 Outdoor temperature during the fieldworks on each research site. 

 

5.2.2 Outdoor humidity condition 

Figure 5-2 shows the outdoor RH during the fieldworks on each research site. During the 

fieldworks in the student dormitories, Morlich House and Lyle Court, the outdoor mean 

RH was 83.9±11.4%, 82.6±9.7% and 83.2±9.0%, respectively. The outdoor mean RH 

during the fieldwork in the Cathay Court was 77.0±16.8% and was lower than that during 

the fieldworks on the other three research sites. Such a lower outdoor mean RH was likely 

to be caused by the higher outdoor temperature during the fieldwork. 
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Figure 5-2 Outdoor RH during the fieldworks on each research site. 

 

To eliminate the effect of temperature on the humidity analyse, the outdoor AH, which is 

a single variable to describe the absolute moisture content in the air and is not affected by 

temperature, was also investigated (Figure 5-3). The outdoor mean AH during the 

fieldworks in the student dormitories, Morlich House, Cathay Court and Lyle Court were 

4.53±0.61g/kg, 5.08±0.86g/kg, 5.52±1.00g/kg and 4.91±0.71g/kg, respectively. The 

outdoor mean AH during the fieldworks on the four research sites were similar, even 

though they were recorded in different months and years. 



 

54 

 

Figure 5-3 Outdoor AH during the fieldworks on each research site. 

 

5.3 Indoor thermal and humidity condition 

This section presents the measured indoor temperature and humidity in the measured 

rooms during the fieldworks on each research site and the distributions of the measured 

temperature and humidity in and out of the thermal and humidity comfort zone 

recommended by CIBSE (CIBSE, 2017). This section also analyses the relationship 

between the indoor and outdoor environment to see whether the outdoor environment 

gave a significant effect on the indoor environment. 

5.3.1 Indoor thermal condition 

Figure 5-4 shows the mean indoor temperature during the fieldworks on each research 

site. The mean indoor temperature during the fieldworks in the student dormitories and 

Cathay Court were 22.8±0.5ºC and 22.9±0.8ºC, respectively. In contrast, the mean indoor 

temperature during the fieldwork in the Morlich House was slightly higher and more 

fluctuating, which was 23.6±1.4ºC. The mean indoor temperature during the fieldwork in 

the Lyle Court was 20.7±0.5ºC and was the lowest among those during the fieldworks on 

the other three research sites. The mean indoor temperature on the four research sites was 

in the 17-23ºC thermal comfort range recommended by CIBSE most of the time, and the 

temperature variations were small, which were lower than 2ºC and may not be sensible 
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to the occupants. Moreover, no remarkable correlation was observed between the indoor 

and outdoor temperature during the fieldworks in the student dormitories (P=0.26), 

Morlich House (P=0.17), Cathay Court (P=0.28) and Lyle Court (P=0.10). 

 

Figure 5-4 Mean indoor temperature during the fieldworks on each research site. 

 

Figure 5-5 shows the distributions of the room temperature in and out of the 17-23ºC 

comfort zone during the fieldworks on each research site. In the Morlich House, more 

than 75% of the measured temperature was higher than the comfort zone, showing the 

overheating occurred during the fieldwork. In the Cathay Court and the student 

dormitories, overheating occurred in approximately 30% and 40% of the measured time 

in the measured rooms, respectively. In the Lyle Court, no overheating was recorded, and 

all measured temperature was in the thermal comfort zone during the fieldwork. 

Overheating was common on three out of four research sites. 
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Figure 5-5 Distributions of the room temperature in and out of the 17-23ºC comfort 
zone during the fieldworks on each research site. 

 

5.3.2 Indoor humidity condition 

Figure 5-6 shows the mean indoor RH during the humidity non-intervened period in the 

fieldworks on each research site. The duration of the non-intervened period varies from 

seven days to eleven days as presented in Table 4-3. The mean indoor RH in the student 

dormitories was 35.3±4.5%. The mean indoor RH in the Morlich House and Cathay Court 

were 31.9±2.8% and 31.5±3.1%, respectively. The mean indoor RH in the Lyle Court 

was 43.0±3.9%, which was the highest among that during the fieldworks on the other 

three research sites and reached the minimum acceptable humidity level recommended 

by the CIBSE (CIBSE, 2017). Besides, the indoor RH shows no remarkable correlation 

with the outdoor RH (P=0.42) and AH (P=0.35), which suggests the indoor humidity was 

mainly affected by indoor moisture sources. Moreover, the mean indoor RH in the student 

dormitories from day 6 to day 10 was comparably lower than that in the rest of the days. 

The lower mean indoor RH was very likely caused by heavy snow weather during these 

days that decreased the outdoor humidity levels and further affected the indoor humidity. 
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Figure 5-6 Mean indoor RH during the humidity non-intervened period in the 
fieldworks. 

 

Figure 5-7 shows the humidity distributions in and out of the acceptable humidity level 

during the humidity non-intervened period in the fieldworks on each research site. In the 

student dormitories, Morlich House and Cathay Court, more than 90% of the measured 

RH were lower than the acceptable humidity range recommended by the CIBSE. On the 

contrary, 80.7% of the measured RH was in the acceptable humidity range during the 

fieldwork in the Lyle Court. The results show the dry indoor air was common on three of 

the research sites. 
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Figure 5-7 Distributions of the humidity in and out of the 40-70% RH acceptable range 
during the humidity non-intervened period in the fieldworks. 

 

5.4 Humidity intervention 

As presented in Section 4.6, humidity interventions were implemented in the measured 

rooms during the fieldworks to cover a broader range of humidity that is likely to be found 

in a typical living environment in winter. This section assesses the effectiveness of the 

humidity intervention during each period in the fieldworks. 

Figure 5-8 shows the humidity distributions in and out of the acceptable humidity range 

during the fieldwork in the student dormitories. In the first period when the room humidity 

was not intervened, the average indoor RH was 35.3% and 93.2% of the recorded RH 

lower than the acceptable humidity range. In the next period when the room humidity was 

intervened to 40% RH, the average indoor RH increased to 41.9% and the percentage of 

occurrence when room humidity lower than 40% RH decreased to 27.2%. In the third 

period when the humidity intervention stopped, the average room humidity was 41.3% 

RH and did not decrease to the baseline. In the final period when the room humidity was 

intervened to 60% RH, the average indoor humidity increased to 45.3% RH, but the 

percentage of occurrence when room humidity lower than 40% RH slightly increased to 

31.1%. During this period, several participants reported serious water condensations on 

the window panels and occasionally felt uncomfortable about the high humidity. 

Therefore, in the following fieldworks in the care homes, the target humidification level 

was set to 50% RH during the final period. 
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Figure 5-8 Distributions of the humidity in and out of the 40-70% RH acceptable range 
during each period of the fieldwork in the student dormitories. 

 

Figure 5-9 shows the humidity distributions during each period in the care homes 

fieldworks. In the humidity non-intervened period, the average indoor humidity was 31.9% 

and 31.5% RH in the Morlich House and Cathay Court respectively, and all recorded RH 

was lower than 40%, the lower limit of the acceptable humidity range. The average indoor 

humidity in this period in Lyle Court was 43% RH, and more than 80% of the measured 

RH were in the acceptable humidity range. In the second period when the room was 

intervened to 40% RH, the average room humidity increased to 34.4% and 39.0% RH in 

the Morlich House and Cathay Court, respectively. All the recorded RH was still lower 

than 40% in Morlich House, while the percentage of occurrence when room RH in the 

acceptable humidity range increased to 48.1% in Cathay Court. In the Lyle Court, the 

average room humidity was 38.2% RH with 13.6% of the recorded RH in the acceptable 

level. In the next period when the humidity interventions were stopped, the average room 

humidity did not significantly drop and the percentage of occurrence when the room RH 

in the acceptable humidity range remained almost the same in Morlich House and Lyle 

Court. In the final period when the room humidity was intervened to 50% RH, the average 

room RH in the three research sites increased to 39.4% to 41.4% RH and just reached the 

acceptable level. The percentage of occurrence when the RH in the acceptable humidity 

range increased to approximately 40% in the Morlich House and Lyle Court and 83.3% 

in the Cathay Court.  
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Figure 5-9 Distributions of the humidity in and out of the 40-70% RH acceptable range 
during each period in the care home fieldworks. 

 

5.5 Subjective thermal and humidity comfort 

This section presents the participants’ subjective thermal and humidity comfort measured 

by the questionnaire survey during the fieldworks. It is worth mentioning that the oldest-

old participants were not able to answer the full questionnaire in the first visit to them due 

to their very old age and some ethical considerations. To reduce the interruption to them, 

only the questions on their thermal and humidity sensations were applied to the oldest-

old group. Therefore, only the thermal and humidity satisfaction and preference in the 

young and older group are presented in this section. 

5.5.1 Thermal comfort 

5.5.1.1 Thermal sensation 

To assess the participants’ thermal sensations, two methods were applied in the data 

analyse, the predicted mean vote (PMV) method and the thermal sensation vote (TSV) 

method. The PMV method is a calculational analysing method recommended by ISO, 

while the TSV method is a questionnaire-based method commonly used to investigate the 

building occupant’s thermal sensation.  
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Figure 5-10 shows the PMV and TSV of the young participants as a function of the room 

temperature. The PMV was significantly correlated with the room temperature (r=0.99, 

P<0.001), as the temperature is a major parameter in calculating the PMV. The TSV was 

significantly correlated with the temperature (r=0.38, P=0.01), showing the young 

participants could sense the temperature change and express their feeling about the 

temperature in the range of 18ºC to 26ºC. According to the regression lines of PMV and 

TSV with the measured temperature, the neutral temperature at which the young 

participants were thermally neutral can be produced, which was 21.5ºC by the PMV 

method and 22.6ºC predicted by the TSV method, respectively. The difference of the 

neutral temperature predicted by the two methods is small, showing the PMV method 

could objectively predict the thermal comfort close to the young participants’ subjective 

responses. 

 

Figure 5-10 The relationship between the PMV and TSV as a function of the room 
temperature in the young group. 

 

Figure 5-11 shows the TSV of the older and oldest-old participants as a function of the 

room temperature. The TSV of the older and oldest-old participants were significantly 

correlated with the room temperature (r=0.33, P<0.001; r=0.36, P=0.01). According to 

the regression lines, the neutral temperature at which the participants were thermally 

neutral can be produced, which was 20.7ºC for the older group and 21.4ºC for the oldest-

old group. The neutral temperature predicted by the TSV method was higher in the oldest-

old group, showing the oldest-old group appears to be thermally neutral at a slightly 

higher temperature than the older group. 

y = 0.209x - 4.5015

y = 0.2163x - 4.8819

-3

-2

-1

0

1

2

3

-3

-2

-1

0

1

2

3

16 18 20 22 24 26 28 30

P
M

V

T
SV

Temperature (°C)
TSV PMV Regression line (TSV) Regression line (PMV)



 

62 

 

Figure 5-11 The relationship between the TSV of the older and oldest-old group as a 
function of the room temperature. 

 

Figure 5-12 shows the PMV of the older and oldest-old participants as a function of the 

room temperature. The PMV of the older and oldest-old participants were significantly 

correlated with the room temperature (r=0.99, P<0.001). According to the regression lines, 

the neutral temperature produced by the PMV method was 19.4ºC in the older group and 

19.3ºC in the oldest-old group. Comparing this neutral temperature with that produced by 

the TSV method, the neutral temperature produced by the PMV method was 1.4ºC and 

2.1ºC lower than that produced by the TSV method in the older and oldest-old group, 

respectively.  
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Figure 5-12 The relationship between the PMV of the older and oldest-old group as a 
function of the room temperature. 

 

5.5.1.2 Thermal satisfaction 

Figure 5-13 shows the thermal satisfaction presented in the young and older group. The 

young group presented “Comfortable” in 59.5% of their answers at an average 

temperature of 23.3±1.7ºC, “Slightly uncomfortable” in 35.7% of their answers at an 

average temperature of 22.4±2.4ºC, and “Uncomfortable” in 4.8% of their answers at an 

average temperature of 22.4±3.3ºC. The older group presented “Comfortable” in 90.9% 

of their answers at an average temperature of 22.5±2.1ºC, “Slightly uncomfortable” in 

35.7% of their answers at an average temperature of 24.9±3.5ºC, and “Very 

uncomfortable” in 4.8% of their answers at the temperature of 24.3ºC. 
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Figure 5-13 Proportion of the answers on the thermal satisfaction scales. 

 

5.5.1.3 Thermal preference 

Figure 5-14 shows the relationship between thermal preference and room temperature in 

the young and older group. The thermal preferences of the young and older group were 

significantly correlated with the room temperature (r=-0.33, P=0.04; r=-0.28, P=0.04). 

According to the regression lines, the preferred temperature in the two groups can be 

produced, which was 23.5ºC for the young group and 23.4ºC for the older group. The 

preference temperature in the young and older group is close, showing their thermal 

preference appears to be the same. 

 

Figure 5-14 The relationship between thermal preference and room temperature in the 
young and older group. 
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5.5.2 Humidity comfort 

5.5.2.1 Humidity sensation 

Figure 5-15 shows the relationship between the humidity sensation and the measured RH 

in the young group. No significant correlation was found between the humidity sensation 

and RH (P=0.10), showing the young participants could not sense the humidity change 

and express their humidity sensation in the questionnaire survey.  

 

Figure 5-15 The relationship between the humidity sensation and room RH in the young 
group. 

 

Figure 5-16 shows the relationship between the humidity sensation and the measured RH 

in the older and oldest-old group. The humidity sensation in the older group shows no 

significant correlation with the RH (P=0.08). The humidity sensation in the oldest-old 

group was significantly correlated with the RH (r=-0.29, P=0.01), but the correlation was 

negative, the result means that the oldest-old participants felt dryer when the room RH 

increased. It also suggests that the oldest-old group could not sense the humidity change 

correctly. 
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Figure 5-16 The relationship between the humidity sensation and room RH in the older 
and oldest-old group. 

 

5.5.2.2 Humidity satisfaction 

Figure 5-17 shows the humidity satisfaction presented in the young and older group. The 

young group presented “Comfortable” in 57.1% of their answers at an average RH of 

41.7±8.2%, “Slightly uncomfortable” in 35.7% of their answers at an average RH of 

42.4±11.2%, and “Uncomfortable” in 7.1% of their answers at an average RH of 

48.7±20.5%. The older group presented “Comfortable” in 87.3% of their answers at an 

average RH of 39.1±7.4%, “Slightly uncomfortable” in 10.9% of their answers at an 

average RH of 44.1±10.2%, and “Very uncomfortable” in 1.8% of their answers at the 

RH of 36.4%. 
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Figure 5-17 Proportion of the answers on the humidity satisfaction scales. 

 

5.5.2.3 Humidity preference 

Figure 5-18 shows the relationship between the humidity preference and room RH in the 

young and older group. On the one hand, the RH preference of the young group was 

significantly correlated with the room RH (r=-0.44, P=0.01). According to the regression 

line, the preference RH of 50.7% can be produced for the young group. On the other hand, 

the RH preference of the older group was not significantly correlated with the RH 

(P=0.55). The older group appears to be not able to present their preference RH. 

 

Figure 5-18 The relationship between thermal preference and room temperature in the 
young and older group. 
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5.6 Discussions and conclusions 

5.6.1 The indoor and outdoor environment 

The mean indoor temperature during the fieldworks on the four research sites was 

maintained in the thermal comfort range recommended by CIBSE, even though the 

fieldworks were carried out in different months and years when the outdoor temperature 

varied. The temperature variations in the measured rooms were small, as the standard 

deviations of the room temperature were 0.5ºC to 1.4ºC during the fieldworks. The results 

suggest that the thermal environment on the four research sites were well operated 

according to the design criteria required by the design standards. 

However, overheating was observed on three of the research sites when investigating the 

distribution of the measured temperature in the measured rooms. As presented in Figure 

5-5, overheating occurred in more than 75.3% of the measured time in the Morlich House 

and approximately 30% and 40% of the measured time in the Cathay Court and the 

student dormitories, respectively. Such an overheated environment in winter was also 

reported by other studies, especially in the studies on older people’s living environment 

(White-Chu and Reddy, 2011; Wang et al., 2017). 

In addition to the overheating, its resulting dry indoor air was also an issue observed on 

the research sites. As presented in Figure 5-6 and 5-7, the mean indoor RH in the Morlich 

House and Cathay Court was just above 30% RH with no measured RH in the acceptable 

humidity level recommended by CIBSE. The results are consistent with the 

understandings from the studies that are reviewed in Section 2.6 and presented the dry 

indoor air is common in winter. 

To conclude, the dry indoor air caused by overheating was a common environmental issue 

observed on three out of four research sites, which almost agrees that was stated in Section 

1.1 and 2.6. 

5.6.2 Humidity intervention 

The humidity intervention implemented in the fieldworks suggests a simple and effective 

way to ease the dry indoor air issue. According to the results presented in Section 5.4, 

using a humidifier can effectively increase the room humidity to an acceptable level. 

Besides, the energy cost and water consumption of using a humidifier in the research was 

low, as each humidifier consumed approximately 2kWh of electricity and 3L of water a 

day. However, the using of humidifier is not common. One study on the using of 
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humidifiers in South Korea reported that only 37.2% of the interviewed people used 

humidifier during the heating seasons, and this figure would drop to 3.2% in the age group 

over 60 years old (Jeon and Park, 2012). As using a humidifier is a simple and effective 

way to ease dry indoor air, it should be encouraged and promoted. 

When using humidifiers, attentions should be made to avoid high indoor humidity and 

resulting issues. As presented in Section 5.4, some of the young participants reported 

serious water condensations on the window panels and occasionally felt uncomfortable 

about the high humidity. In addition to the water condensation and uncomfortable feelings, 

high indoor humidity could also result in the growth of mould spores, dust mites and other 

bacteria, leading to a higher risk of suffering onset asthma, asthma exacerbations and 

other respiratory illnesses, such as cough wheeze and rhinitis (CIBSE, 2017). To avoid 

these issues, CIBSE (CIBSE, 2017) and ASHRAE (ASHRAE, 2017b) require the indoor 

humidity should not exceed 70% RH or 0.012kg/kg AH when using a humidifier in winter. 

5.6.3 Subjective thermal and humidity comfort 

The thermal sensation measured in the three age groups suggests the PMV cannot 

accurately predict older people’s thermal comfort. As presented in Section 5.3.1.1, the 

PMV method produces a neutral temperature close to that produced by the TSV method 

in the young group (Figure 5-10), but 1.4ºC and 2.1ºC lower than that produced by the 

TSV method in the older and oldest-old group respectively (Figure 5-11). Such a lower 

temperature may be sensible to the occupants and result in a 0.5 point lower on the thermal 

sensation scale (ASHRAE, 2017b). The result suggests the PMV method would predict a 

neutral temperature slightly cool for the older people and should be updated to enhance 

its accuracy and impact when applying to older people. 

The preferred temperature of the young and older group is close to each other, which 

differs from the understanding mentioned in Section 2.3.2 that older people typically 

prefer a warmer environment than young people. Based on the results presented in Figure 

5-14, the preferred temperature is produced, which are 23.5ºC for the young group and 

23.4ºC for the older group. The result is inconsistent with the understanding presented in 

Section 2.3.2.1 that older people typically prefer a two-degree warmer environment than 

younger adults (Enomoto-Koshimizu et al., 1997; van Hoof et al., 2017). The 

inconsistency is probably caused by the difference in clothing insulation between the 

young and older group. As presented in Section 4.2.2, the older occupants prefer wearing 

outdoor clothing indoors which brings an additional insulation value of 0.55 to 0.70 clo 
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(de Dear and Brager, 1998). The habit of wearing outdoor clothes indoors was observed 

on almost all the older and oldest-old participants during the fieldworks. The additional 

insulation value of 0.55 to 0.70 clo from wearing outdoor clothes would give a rise of 

approximately 1.5ºC to 2.0ºC in neutral temperature according to the PMV model 

presented in Section 2.3.1.3 and, therefore, counteract the older group’s physiological 

preference of a warmer environment. 

Moreover, the participants in all groups did feel the temperature changes but did not detect 

the humidity changes. As presented in Section 5.5.2.1, no significant correlation was 

observed between the humidity sensation and the room RH in the young and older group. 

The humidity sensation in the oldest-old group was significantly correlated with the room 

RH. However, the correlation is negative, which means the oldest-old group even felt 

dryer when room RH increased. The result shows all the participants were not sensitive 

to humidity changes, making them not able to respond to a low humidity environment 

and, therefore, likely to suffer the potential health issues caused by the dry indoor air. The 

result also suggests that exploring a way to help people sense the humidity change or 

evaluate the effect of low humidity on their body is necessary for achieving humidity 

comfort. 

Finally, the results and conclusions presented above are not representative of all young 

and older population due to the small sample size (11 young and 29 older participants). 

The study should be continued to extend the sample size and build better confidence to 

make general recommendations in practise for the young and older population. 
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Chapter 6  The skin condition assessment 

6.1 Introduction 

As presented in the previous chapter, dry indoor air was common in the measured rooms, 

but the occupants were not sensitive to the low humidity, making them at the risk of 

suffering the health issues caused by the dry air. As the largest organ of the human body 

directly exposed to the environment, whether the skin condition could express the effect 

of the indoor environment on the occupants is worth exploring. This chapter presents and 

discusses the results from the skin measurement in the fieldworks. 

6.2 Relationship between the TEWL and environment 

Figure 6-1 shows the relationship between the TEWL and room temperature in the three 

age groups. No significant correlation was observed between the TEWL and room 

temperature in the young (P=0.82), older (P=0.95) and oldest-old (P=0.98) group. 

 

Figure 6-1 Relationship between the TEWL and room temperature in all age groups. 

 

Figure 6-2 shows the relationship between the TEWL and room RH in the three age 

groups. A significant correlation was observed between the TEWL and RH in the oldest-

old group (r=0.32, P=0.01) in the temperature range of 23.4±1.9°C, but no correlation 

was observed in the young (P=0.22) and older group (P=0.48). 
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Figure 6-2 Relationship between the TEWL and room RH in all age groups. 

 

Figure 6-3 shows the relationship between the TEWL and room AH in the three age 

groups. A significant correlation was observed between the TEWL and AH in the oldest-

old group (r=0.28, P=0.01) in the temperature range of 23.4±1.9°C, but no correlation 

was observed in the young (P=0.15) and older group (P=0.57). 

 

Figure 6-3 Relationship between the TEWL and room AH in all age groups. 
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6.3 Relationship between the SCH and environment 

Figure 6-4 shows the relationship between the SCH and room temperature in the three 

age groups. No significant correlation was observed between the SCH and room 

temperature in the young (P=0.13), older (P=0.09) and oldest-old (P=0.13) group. 

 

Figure 6-4 Relationship between the SCH and room temperature in all age groups. 

 

Figure 6-5 shows the relationship between the SCH and room RH in the three age groups. 

A significant correlation was observed between the SCH and room RH in the young group 

(r=0.31, P=0.01) in the temperature range of 22.6±2.2°C, while no significant correlation 

was observed in the older (P=0.48) and oldest-old group (P=0.07). 
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Figure 6-5 Relationship between the SCH and room RH in all age groups. 

 

Figure 6-6 shows the relationship between the SCH and room AH in the three age groups.  

Significant correlations were observed between the SCH and AH in the young group 

(r=0.38, P<0.001) in the temperature range of 22.6±2.2°C, in the older group (r=0.36, 

P=0.01) in the temperature range of 23.4±1.9°C, and in the oldest-old group (r=0.32, 

P=0.01) in the temperature range of 22.7±2.2°C.  

 

Figure 6-6 Relationship between the SCH and room AH in all age groups. 
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6.4 Discussions and conclusions 

6.4.1 Transepidermal Water Loss 

As presented in Section 6.2, the measured TEWL show no significant correlation with 

the room temperature and humidity in the young and older group. The result differs from 

the understanding in Section 3.5.1 that temperature and humidity would influence the 

TEWL (Berardesca et al., 2014). Besides, significant correlations were observed between 

the TEWL and room humidity in the older group (Figure 6-2 and 6-3). However, the 

correlations were positive, which means higher room humidity leads to a higher TEWL 

and a poorer skin barrier function. The result is inconsistent with the validated conclusion 

that a higher humidity in the surrounding environment contributes to a better skin 

condition and could ease dry skin (White-Chu and Reddy, 2011; Cohen-Mansfield and 

Jensen, 2005; Berardesca et al., 2014). 

One possible explanation for the results presented above is that the room temperature and 

humidity condition were unlikely to cause an impaired skin barrier function and, therefore, 

did not give remarkable changes in the water loss from the skin. As presented in Section 

3.4.1, TEWL is to assess the rate of moisture passing through the stratum corneum, which 

would significantly increase when the skin barrier is impaired. However, an impaired skin 

barrier is unlikely to happen in the participants’ living environment. Therefore, no 

remarkable correlation between the TEWL and the environment was observed in the 

study.   

To conclude, TEWL is not applicable to measure the effect of the thermal and humidity 

condition on the occupants’ skin condition in a real living environment setting. 

6.4.2 Stratum Corneum Hydration 

As presented in Section 6.3, the SCH showed no significant correlation with the measured 

temperature in all age groups and showed no significant correlation with the RH in the 

older and oldest-old group. The result differs from the understandings from the climatic 

chamber studies presented in Section 3.5.1 that the SCH shows a steady increase in 

function of the temperature above 22°C at a constant humidity level (Rogiers et al., 1990) 

and follows a linear relation (r=0.98, P<0.001) as a function of an increase in RH from 

37% to 87% at a constant temperature of 18-22°C (Barel and Clarys, 2006). Therefore, 

the effect of the environment temperature and RH on skin condition assessed by the SCH 

was not recognized in the study. 
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The SCH show significant correlations with the room AH in the young group (r=0.38, 

P<0.001) in the temperature range of 22.6±2.2°C, in the older group (r=0.36, P=0.01) in 

the temperature range of 23.4±1.9°C, and in the oldest-old group (r=0.32, P=0.01) in the 

temperature range of 22.7±2.2°C. The weak but significant correlations are just expected 

in a multifactorial system, directly indicating that the effect of room humidity on the SCH 

is recognizable at varied temperature and humidity levels in a real living environment. 

The reason why the effect of AH on SCH is recognizable can be explained by Fick’s 

diffusion law presented in Section 3.3, which describes the moisture diffusion between 

the stratum corneum and the surrounding environment. When the AH increases in the 

surrounding environment, the vapour pressure of the atmosphere (𝑝) increases, and the 

difference between the vapour pressure in the atmosphere and skin decreases. Such a 

decrease in the pressure difference between the atmosphere and skin results in a lower 

moisture transfer from the skin to its surrounding environment (𝑑𝑚) and, therefore, more 

moisture accumulates in the stratum corneum. 

However, Fick’s diffusion law cannot explain the understanding from Rogiers et al. (1990) 

that the SCH showed a steady increase in function of the temperature above 22 °C at a 

constant humidity level. As presented in Fick’s diffusion law, vapour pressure is the only 

variable that affects moisture diffusion so any changes in temperature and relative 

humidity in the surrounding environment would not affect the diffusion process and the 

SCH. However, the statement is inconsistent with the understandings from Rogiers et al. 

(1990), which states the SCH steadily increased as a function of temperature at a constant 

humidity level. One possible explanation for the inconsistency is the increase in SCH 

observed by them was caused by sweating, which is likely to happen if the surrounding 

temperature is higher than 22ºC, and the skin peripheral temperature is higher than 30ºC 

(Baker and Kligman, 1967; Piérard et al., 1995).  In the fieldworks, sweating was not 

observed on the measured skin sites of the participants, which can be indirectly proved 

by the measured TEWL, which did not remarkably increase with the room temperature. 

Therefore, Fick’s diffusion law can explain the relationship between the SCH and the 

surrounding thermal and humidity environment. 

According to the correlations between the SCH and the AH in the surrounding 

environment, a mathematical relationship can be produced. Specifically, measuring the 

SCH at different AH levels and establishing the correlation between the SCH and AH. 

According to the correlation equation, calculating the AH level at 50 a.u. SCH, the 
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minimum level of a well-hydrated skin condition, and this AH level is the minimum 

humidity level that could reduce the risk of suffering dry skin.  Based on the relationship 

and the benchmark of the SCH on well-hydrated skin condition presented in Table 3-3, a 

minimum humidity level that can reduce the risk of dry skin can be produced, which was 

7.952g/kg for the young group, 8.622g/kg for the older group and 6.335g/kg for the 

oldest-old group, corresponding to 45.1% RH for the young group, 48.9% RH for the 

older group and 35.9% RH for the oldest-old group at the room temperature of 23ºC. The 

relationship between the SCH and AH gives a method that can predict the minimum 

humidity level to prevent dry skin in winter.  This method is applicable to not only older 

people but also all other age groups, especially those who are not able to participate in 

climatic chamber studies, to solve the dry skin issue in winter. 
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Chapter 7  Conclusions and research limitations 

7.1 Conclusions of the research 

With the ongoing advances in medical technology and care support, people’s life 

expectancy has extended in the past decades, and the population of older people is 

increasing in Scotland as well in every EU member country.  Compared with other age 

groups, older people spend most of their time indoors, making their living environment 

an essential role in their well-being. However, the current thermal and humidity comfort 

zones required by the standards do not fit older occupants' needs, making their living 

environment uncomfortable, normally over-heated and dry, and cause health issues. 

Among the health issues, dry skin is one of the most frequently suffered health issues 

among older occupants in winter and is associated with the dry indoor air caused by using 

heating devices in winter. 

To understand the effect of indoor thermal and humidity conditions on thermal and 

humidity comfort and skin conditions of elderly residents, four field surveys were 

conducted in student dormitories and three care homes in Edinburgh. In the fieldwork, 

both physical and subjective measurements were carried out in parallel. The physical 

measurements recorded the temperature and humidity in the participants' living 

environment and examined how the temperature and humidity affected two skin condition 

variables, the TEWL and SCH. The subjective measurements used a modified 

questionnaire survey to analyse the participants’ subjective thermal and humidity comfort 

at different indoor temperature and humidity levels. Based on the measurement results, 

conclusions of the research are made: 

 The mean indoor temperature was maintained in the range of 21-23ºC during the 

fieldworks, fairly stable within the thermal comfort zone recommended by CIBSE 

even though the fieldworks were carried out in different months and years. 

 Dry indoor air caused by overheating was a common environmental issue observed 

on the research sites, which is consistent with the understandings that dry indoor air 

is common in older people’s living environment in winter presented in Section 1.1 

and 2.6. 

 Using a humidifier effectively increased the room humidity and eased the dry indoor 

air at a low cost in the measured rooms. However, according to a relevant study, the 

using of humidifiers in winter is not common and should be encouraged. 

 The PMV method produced a neutral temperature close to that produced by the TSV 
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method in the young group, but 1.4ºC and 2.1ºC lower than that produced by the TSV 

method in the older and oldest-old group, respectively. The result suggests that the 

PMV method cannot accurately predict older occupants’ thermal comfort and should 

be updated to enhance its accuracy and impact when applying to older people. 

 The preference temperature produced in the young and older group is close to each 

other, which differs from the understanding that older people typically prefer a 

warmer environment than young people. The result is probably caused by the 

difference in clothing insulation between the young and older participants, as the older 

participants prefer wearing outdoor clothing indoors which gives an additional 

insulation value of 0.55 to 0.70 clo and counteracts the older group’s physiological 

preference of a warmer environment. 

 The participants in all groups did feel the temperature changes but did not detect the 

humidity changes. The result shows that participants were not sensitive to humidity 

changes and suggests a method should be proposed to help people sense the humidity 

change or evaluate the effect of low humidity on themselves to achieve humidity 

comfort. 

 The effect of indoor thermal and humidity conditions on the TEWL of the research 

participants was not recognized in the study. This is because the changes in room 

temperature and humidity in the participants’ living environment is unlikely to cause 

impaired skin barrier function on the occupants’ skin and, therefore, give no 

significant changes in the water loss from the skin. 

 The SCH in all age groups showed no significant correlation with the temperature but 

significantly correlated with the AH. The result can be explained by Fick’s diffusion 

law that moisture diffusion will decrease when the vapour pressure in the surrounding 

environment increases. As a result, more moisture is accumulated in the stratum 

corneum and the SCH increases. The diffusion law also explains the temperature does 

not affect the moisture diffusion according to the moisture transfer principle and, 

thereby, will not affect the moisture accumulated in the stratum corneum. 

 According to the correlation between the SCH and AH, the minimum humidity level 

that can reduce the risk of dry skin was 7.952g/kg for the young group, 8.622g/kg for 

the older group and 6.335g/kg for the oldest-old group, corresponding to 45.1% RH 

for the young group, 48.9% RH for the older group and 35.9% RH for the oldest-old 

group at the room temperature of 23ºC. 

 The SCH appears to be a good indicator to reflect the effect of the environment on 
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skin condition. By measuring the SCH at different humidity levels, a minimum 

humidity level that can prevent dry skin can be predicted.  

 The relationship between the SCH and AH gives a method that can predict the 

minimum humidity level to prevent dry skin in winter. This method is applicable to 

not only older people but also all other age groups, especially those who are not able 

to participate in climatic chamber studies, to solve the dry skin issue in winter. 

Finally, this study builds a relationship between the skin and its exposed environment and 

suggests a skin condition variable to indicate the effect of indoor humidity on the 

occupants’ skin condition. The study is the first stage of collecting evidence-based data 

that could develop an appropriate thermal and humidity range for older occupants’ 

comfort and skin health. The study should be continued to extend the sample size to build 

better confidence and eventually establish specific standards for this particular age group. 

As a result, the standards can guide the design and service providers to offer better 

comfort and well-being for the older occupants in their final stage of life. 

7.2 Research limitations and future works 

This research laid a foundation for future work that ultimately aims to develop an 

appropriate thermal and humidity range for older occupants’ comfort and skin health as 

well as guide the design and operation of older occupants’ living environment. Based on 

the aim, limitations of the research and recommendations for the future works are 

presented in this section. 

7.2.1 Sample size 

As presented in Section 5.6.3, the research sample size is too small to give general 

recommendations for all older people. The results and research findings from the 40 

participants (11 young and 29 older people) are not generally representative of the young 

and older population. Therefore, this research is just in an early stage and should be 

continued to extend the sample size and, thus, build better confidence in practice. By 

doing so, the research findings can establish the comfort zones for older occupants in 

general practice, guiding the design and operation of their living environment. 

7.2.2 The difference between older males and females  

Gender is a factor affecting thermal comfort but overlooked in this study. As presented 

in Section 2.3.2.2, females are more sensitive to a deviation from an optimal temperature 
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and express more dissatisfaction than males. However, due to the participants' availability, 

12 males (3 young males) and 31 females (8 young females) were recruited in the study. 

Therefore, no comparison was made between the males and females in subjective comfort 

as well as the skin condition.  

In future work, a study involving the same number of male and female subjects would 

investigate the underlying difference in subjective comfort and skin condition between 

them. 

7.2.3 Peripheral skin temperature 

As presented in Section 3.3 and 3.5, peripheral skin temperature is a factor that is 

associated with sweating on the skin surface and, thereby, will affect the moisture transfer 

between the skin and its surrounding environment. The peripheral temperature is 

overlooked in the study due to the availability of the measurement device. 

Unlike measuring the skin condition, an infrared thermometer or thermal camera can 

measure the peripheral skin temperature. The measurement is straightforward and fast 

without physical contact with the skin surface. When a relationship can be established 

between the peripheral skin temperature and the occupants' subjective comfort, this 

method would be ideal for monitoring occupants' thermal comfort in a smart controlled 

care environment with a personalized comfort setting. 
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Testing a procedure of using Transepidermal Water Loss to measure the effect of 

dry air on occupant’s skin condition and hygrothermal comfort in the real living  
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1Schoold of Energy, Geoscience, Infrastructure and Society, Heriot-Watt University, Edinburgh, UK 

2Edinburgh Medical School, University of Edinburgh, Edinburgh, UK 

3NHS Lothian, Edinburgh, UK  

ABSTRACT: As a part of three years project, this study was the test of a research 

procedure that will be applied on older occupants in care homes in the future research. It 

aims to investigate the feasibility of using Transepidermal Water Loss (TEWL) to 

measure the effect of dry air on occupant’s skin condition and hygrothermal comfort in a 

real living environment. 9 young adults participated in the 4-week study. Domestic 

humidifiers were used in each room to alter room humidity under a sequence of 

interventions. Data was collected under the circumstance of no interferences to occupants’ 

daily life. The collected data includes room temperature, relative humidity (RH) and 

TEWL on front arm. Results show that the measured TEWL was not significantly 

correlated to room RH due to inappropriate research procedure. Room humidity was 

effectively altered to 40% RH through the domestic humidifier used. 

KEYWORDS: Indoor humidity, Skin condition, Transepidermal Water Loss (TEWL), 

Real living environment. 

1. INTRODUCTION  

Dry indoor air has become a common phenomenon due to inappropriate indoor heating 

and the lack of humidity conditioning measures in winter, which has leaded to 59-85% 

old occupants suffering dry air issues and affected their wellbeing in their living 

environment [1,2]. In our previous study [3], we measured indoor temperature and RH 

for 2016-2017 winter season in a care home in Edinburgh, UK. Results show that 53% of 

the recorded room temperature were higher than 24°C, the upper band of the 

recommended thermal comfort zone [4]. Only 3% of the recorded room humidity were 

within the recommended humidity comfort zone for older occupants (45-70% RH [5]). 

The dry air environment combined with overheating was serious in the tested care home. 

Beyond the environment issue, we also noticed some participants were suffering skin 

issues caused by dry indoor air. Although some studies have investigated the effect of 
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humidity on skin condition in theory [6] and in experimental environment [7,8], there was 

no study that investigated the effect in a real living environment. In response to the 

problems identified in our previous study, a future study to test the feasibility of using an 

indicator of skin condition (TEWL), to measure the effects of indoor dry air on older 

occupants’ skin condition and hygrothermal comfort is proposed.  

This study is a preliminary study and aims to test the procedure that measures TEWL 

under a sequence of interventions to alter room humidity through domestic humidifiers 

in student dormitories. TEWL is comprised of insensible perspiration which is based on 

the diffusion of body water through stratum corneum and is clinically relevant to skin 

condition. By measuring the TEWL, the effect of dry air on occupants can be assessed. 

Besides, indoor temperature and RH were recorded to evaluate the effectiveness of using 

domestic humidifier to alter room RH to the target levels. 

2. METHODOLOGY 

2.1 Participants and tested rooms  

9 participants aging from 20 to 31 years old participated in the study in February 2018 in 

Edinburgh, UK. All participants were living in single student dormitories. Participants 

were required to follow their daily routines and habits without any interference. 

Measurements were conducted in real living environment under a sequence of humidity 

interventions. 3 out of 9 participants were living in the rooms with a water basin while 

the rest participants were living in the rooms with an individual bathroom. 

2.2 Research procedure 

The 4-week study consisted of four stages. In the first and third stage, room humidity was 

not intervened. In the second and fourth stage, humidifiers in each room were turned on 

at the target setpoint of 40% and 60% RH respectively. Participants were required to keep 

the humidifier always on no matter their room was occupied or not.  

During the four stages, indoor temperature and RH were hourly recorded through data 

loggers which were installed at about 1.5m height near the study desk where participants 

spent most of their time in their room. TEWL on participant’s front arm was measured 

through everyday visits. Participants were required to stay in their rooms at least 2 hours 

for humidity adaptation before the TEWL measurement. 
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3. Result and discussion 

3.1 TEWL measurement 

Because a two-hour humidity adaption time was required to reflect the effect of humidity 

change on skin condition [7,8], the measured TEWL was compared with the average RH 

in two hours before the measurement. The measured TEWL on all participants did not 

correlate with room RH. TEWL remained almost the same when average RH increased. 

Theoretically, TEWL is comprised of insensible perspiration and evaporation through 

stratum corneum and will be affected by room humidity [6]. Moreover, laboratory studies 

have found a marked decrease in TEWL when RH increased from 10% to 50% [7,8]. The 

possible explanations to the uncorrelated result are: firstly, the intensity of RH 

intervention in the tested rooms was not able to significantly affect TEWL and, therefore, 

made TEWL change unmeasurable; secondly, the measurement site (front upper arm) did 

not entirely expose to the environment for enough time due to participants’ wearing; 

thirdly, indoor air movement could lead to serious errors [6], making TEWL difficult to 

be accurately measured in real living environment. 

3.2 Humidity intervention 

Fig. 1 shows the frequency of occurrence in different RH ranges in non-humidified and 

humidified stages in the tested rooms. In the non-humidified stage, room RH was lower 

than 40% in all tested rooms most of the time. When rooms were humidified to 40% RH, 

room RH was significantly increased and reached the target level most of the time in two 

tested rooms. However, in other tested rooms, RH seldomly increased. As RH in two 

rooms were successfully humidified to the target level, this result was probably due to the 

non-cooperative behaviours of participants (did not follow research instruction to keep 

the humidifier always on and refill the water tank when it was empty).  When rooms were 

humidified to 60% RH, room RH increased but did not reach the 60% RH target level, 

which means humidification ability of the humidifier is not enough to make room RH 

reach that high humidity level. 
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Fig. 1: Frequency of occurrence at different humidity ranges in each tested room. 
 

4. CONCLUSION 

This study tested a procedure of using TEWL to measure the effect of indoor dry air on 

occupant’s hygrothermal comfort and skin condition in a real living environment. As it is 

a preliminary study to test the procedure that will be applied in a care home study, it 

exposes some problems and weaknesses in the research procedure. 

Results show no significant correlation between the TEWL and RH, unlike the results 

from laboratory tests. The reasons for the indifference are insufficient intensity of 

humidity interventions, inappropriate measurement site and objective measurement errors 

caused by measurement environment. 

Domestic humidifier used in this study effectively intervened room RH. A target humidity 

level of 40% RH can be reached under the circumstances of humidifier works all the time 

and its water tank is regularly refilled. A target humidity level of 60% RH was too high 

to be achieved by this type of humidifier used. Therefore, a lower RH setpoint in the 

second intervention period will be considered in the care home study. 
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Appendix B - Jointly authored publication 2 

The effect of indoor thermal and humidity condition on the oldest-old people’s  

comfort and skin condition in winter 

Yi Jin a, Fan Wang a*, Megan Carpenter a, Sarah Payne a, Richard Weller b, Dominic Tabor c,  

a School of Energy, Geoscience, Infrastructure and Society, Heriot-Watt University, Edinburgh, UK 

b Centre for Inflammation Research, The University of Edinburgh, Edinburgh, UK 

c Department of Dermatology, Lauriston Building, Edinburgh, UK 

Abstract: 

In winter, dry indoor air is a common phenomenon which is considered to be the cause 

for dry skin. A field study was carried out to investigate the thermal and humidity 

environment and its effect on the oldest-old people (80+ years old) residents’ thermal and 

humidity comfort and skin condition in a Scottish care home in winter. Eleven oldest-old 

residents participated voluntarily in the research. The room temperature and humidity 

were measured together with two skin parameters: Transepidermal Water Loss (TEWL) 

and Stratum Corneum Hydration (SCH). The participants’ personal thermal and humidity 

comfort was studied by a questionnaire survey and short interviews. 

The monitoring results show that the average relative humidity (RH) in the bedrooms was 

lower than 40%, the minimum RH level in winter recommended by the CIBSE Guide A. 

The SCH appeared to be a good indicator for humidity comfort as it was significantly 

correlated with the room absolute humidity. The correlation makes it possible to predict 

the minimum humidity to prevent dry skin. The questionnaire results show the 

participants perceived a change in the room temperature but did not perceive the humidity 

changes. These research findings provide evidence-based data that could help to develop 

the indoor environment standard for these special occupants group of elderly people in 

care homes. 

Keywords: oldest-old people, thermal comfort, humidity comfort, Transepidermal 

Water Loss, Stratum Corneum Hydration, care home 

1. Introduction 

With ongoing advances in medical technology, care support and living style, people are 

generally living longer than they have in previous decades. This, however, also presents 

a problem: ageing of the population which is prominent in developed countries and some 
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developing countries. In 2017, the share of the population aged 65 and over reached 19.5% 

while the share of the oldest-old people (80+ years old) population reached 5.5% in the 

EU. These proportions are still increasing in every EU country [1]. Therefore, research 

on the elderly population is important. Compared to other age groups, older people tend 

to spend most of their time indoors with more than 90% of their time spent indoors. This 

figure would be even higher in winter [2-4]. Since most of their time is spent indoors, the 

elderly people’s living and well-being can greatly be affected by the quality of the indoor 

environment. 

However, there is a lack of clear guidance for design and services provision, nor standards 

explicitly developed for this special group of occupants. Their physical and mental health 

conditions are very different from the subjects who participated in the studies which lead 

to the establishment of the indoor environmental standards which guide the design and 

manage the indoor thermal and humidity conditions. The thermal comfort range 

recommended by popular HVAC design standards, such as the ASHRAE Standard 55 

and CIBSE Guide A, was based on Fanger’s study [5]. This involved more than 1000 

young subjects and only 128 older subjects but concluded no difference in thermal 

comfort between younger and older people. However, the conclusion has been proved to 

be untenable by the fact that older people prefer a warmer environment than younger 

people [6] and the 20-24°C thermal comfort zone recommended by HVAC design 

standards is not warm enough for older people [2]. Furthermore, although few effects of 

low humidity were observed on thermal comfort, the prevalence of sick building 

syndrome (SBS) or sensation of dryness [7, 8], the minimum humidity level in winter 

recommended by HVAC design standards does not fit older people’s health demands. For 

example, a minimum humidity level of 30% in winter, which is recommended by 

ASHRAE, is not high enough and may cause dry skin on older people [9]. Therefore, the 

HVAC design standards should be developed and updated for the older occupants’ special 

demands. 

Oldest-old people’s living environment is often not as good as it is expected. Due to space 

heating and low moisture content in the outdoor air, the average RH indoors has been 

found to be around 30% in heated residential buildings in winter [10-12]. The dry indoor 

air situation is even worse in older people’s living environment because of their aged 

physiological condition [13]. Older people are less sensitive to low humidity and 

normally prefer a 2°C warmer environment in winter compared to younger age groups [6, 

14]. This makes the room RH lower than the typical indoor spaces and the environment 
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drier for the older occupants. Dry indoor air has become a common wellbeing problem in 

older people’s living environments, especially in care homes and nursing institutions for 

the elderly [9, 13]. 

Dry indoor air not only causes discomfort feelings but raises the prevalence of dry skin 

(xerosis) which is one of the most frequently suffered health issues among older people. 

It can result in a series of skin symptoms, such as itchiness, pruritus and cracks [9]. Its 

prevalence for older people is 29.5% to 45.3%, mostly affecting the oldest-old people 

amongst other age groups [9, 15]. Although the exact aetiology of dry skin on older people 

is not entirely understood, air humidity has been considered as an important factor in the 

condition’s development [16]. Several studies reported that the prevalence of dry skin for 

older people in care homes was higher during the heating seasons and was directly 

associated with the dry indoor air due to space heating [17, 18]. As older people are less 

sensitive to low humidity and their skin condition is affected by the environment [14], the 

condition could indirectly reflect the effect of dry air and help them to sense the humidity. 

Unfortunately, very few studies can be found focusing on the effect of dry indoor air on 

the skin. A study, carried out in a climatic chamber comparing the date in three different 

RH settings (10%, 30% and 50%) for a 180-minute exposure, proposes a minimum RH 

of 30% to avoid dry skin on older adults [14]. Another study recommends 45% RH as the 

minimum level, with no data to support the statement [9]. Thus, there is a need to 

investigate the impact of dry indoor air on skin condition, especially on the elderly. 

The skin condition can be assessed by two dermatological variables: Transepidermal 

Water Loss (TEWL) and Stratum Corneum Hydration (SCH). TEWL is universally used 

for skin assessment as its measurement is straightforward, non-invasive and economical 

[19, 20]. It is defined as the flux density of water diffusing from the dermis and epidermis 

through the stratum corneum to the skin surface [21] and shows the capacity of the skin’s 

barrier function, which is clinically relevant to skin diseases [19, 20, 22]. TEWL has been 

proved to be affected by the skin exposed environment, including the ambient air 

temperature, humidity and velocity [20]. This varies in different skin areas and age groups 

[23]. Kottner et al. [23] synthesized the TEWL of younger and older people on about 50 

skin areas in 167 studies which can be used as a guideline for assessing skin condition by 

TEWL. According to the study, the average TEWL on the distal right volar forearm of 

the research subjects ageing from 18-64 years old is 7.3-11.8 g·m-2·h-1. An increase in 

the TEWL indicates an impaired skin barrier function and unhealthy skin condition[22]. 

Another parameter to assess the skin condition is SCH which is the moisture content in 
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the outermost layer of skin. It is indirectly measured through a combined variable of 

skin’s electrical properties that are relevant to the moisture content in the horny layer. 

When the skin is submitted to an alternating current, the total impedance of the skin can 

present the skin hydration status [22]. The SCH is presented in arbitrary units (a.u.). 

Values below 35 a.u. denote for very dry skin, between 35-50 a.u. represent dry skin and 

over 50 a.u signify a sufficiently moisturized condition [24]. 

The aim of this study is to investigate and quantify the indoor thermal and humidity 

condition in a care home and explore its impact on oldest-old people’s skin condition in 

their living environment. Through a specific survey procedure, both environmental 

objective data and personal subjective data are collected and analyzed. This procedure 

allows the data to be collected in a normal live setting that minimizes the possibility of 

uneasiness for the occupants taking part in the survey. Consequently, the results drawn 

from the data should reflect the true situations in care homes and the associated occupants’ 

responses. 

2. Methodology 

2.1 The care home 

The care home is located in the city centre of Edinburgh, Scotland, UK, where the annual 

heating degree days of 2850 in the past 5 years to base temperature of 15.5°C. The care 

home provides space heating all year round by a central heating system and offers full-

time catering and residence for older females only. It is a two-story building that consists 

of a Georgian house to the South (including a dining room, glass conservatory, lounge, 

offices and maintenance rooms) and an extension to the north for 23 en-suite bedrooms. 

Each floor is connected by a lift and a major stair unit in the Georgian house and a minor 

stair in the north extension 

The living rooms, conservatory, dining room (where the occupants spent most of their 

time in the care home) and the participants’ bedrooms were selected for data collection. 

Each room is heated by wall-mounted radiators with thermostatic controlling the room 

temperature and is ventilated by a delay-extract fan (delay off in approximately 10 

minutes) in the en-suite preventing odour and moisture going into the bedroom when it is 

in use.  

2.2 Research participants 
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Eleven participants voluntarily participated in this research through an ethically approved 

recruitment process. The participants are all white females, ageing from 83 to 94 (mean 

 STD: 88.813.97) years old with no skin disease or cognitive dysfunction. Due to their 

very old age, they have various degrees of difficulty in hearing, reading and writing. 

In the recruitment, a simple information sheet that introduces the research background, 

aim and objectives, was provided to all the residents in the care home. A consent form 

was signed and returned by eight of the participants. The rest of the participants, who 

have difficulty in signing their name, orally accepted the consent form and authorized 

their family to sign and return the consent form.  

During the research, participants spent most of their time in their bedroom or in the living 

area and seldom left the care home due to safety reasons and the cold weather. The 

participants were required to stay in the places where the temperature and RH were 

recorded for at least one hour before our visits to ensure their body have adapted to the 

environment. All participants were sitting at ease (metabolic rate 60-70W/m2 [25]) and 

were in normal winter ensemble with light outdoor clothing (clothing insulation 1.35clo 

to 1.55clo [25]) in our visits. 

It was noted that the skin condition is affected by multiple factors, including those of 

health, nutrition and medical history [22, 26]. Therefore, only recruited, with the support 

of the manager, were the healthy occupants with no skin disease history and other medical 

factors were not considered due to the ethic restriction and also the scope of this study. 

2.3 Physical measurements 

The room temperature and RH were measured by the Tinytag Ultra 2 TUG-4500 Internal 

Temperature/Relative Humidity Data Logger. Each logger was installed at approximately 

1.5m to 2.0m height in each of the measured rooms and set to log data every 10 minutes. 

The loggers were placed close to the chair or sofa where the occupant spends most of 

their time in the room. The room absolute humidity (AH) was calculated by the measured 

room temperature and RH. TEWL and SCH were measured on the participants’ distal 

right volar forearm by the Courage-Khazaka MPA-5 Central Multi-probe Unit with the 

Tewameter TM 300 (measuring TEWL) and the Corneometer CM 825 (measuring SCH). 

The skin measurements are non-invasive and did not cause any damage or discomfort to 

the skin. The measurement itself takes less than two minutes normally and hence causes 

minimal disruption to the subjects. 
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Device 
Measurement 

range 
Resolution 

Accurac

y 

Uncertaint

y 

Tinytag Ultra 2 TUG-

4500 

-25 ~ 85°C 0.01°C 0.4°C - 

0 ~ 95 % RH < 0.3% 

RH 

± 3% 

RH 

- 

Tewameter TM 300 0 ~ 70 g/h/m² 0.1 g/h/m² - ±0.5 

g/h/m² 

Corneometer CM 825 - 0.1 a.u. - ± 3% 

Table 1 Specifications of the measurement devices. 

 

 

2.4 Questionnaire survey 

To understand the participants’ responses to the environment, a questionnaire survey was 

designed and carried out in parallel with the skin measurements. The questionnaire 

consisted of the questions on both thermal and humidity comfort. The questions on 

thermal comfort were based on the BS EN ISO10551-2002 [27] and ASHRAE Standard 

55-2017 [25] and the questions on humidity comfort were based on relevant studies [28]. 

Due to the facts found in an early trial, the time to concentrate on a task for the participant 

group was short. The standard questionnaire (Table 2) was modified using a graphic based 

IOS Application on a tablet with an individual interview. 

The questions consisted of subjective thermal and humidity comfort in perception, 

satisfaction and preference (Table 1). To assist comprehension, carefully selected images 

accompanied most questions: a “snowflake” presenting “cold” and a “burning sun” 

presenting “hot” in the thermal perception question; a “cactus in the desert” presenting 

“very dry” and several “water drops” presenting “very moist” in the humidity perception 

question; a “smiling face” presenting “comfortable” and an “angry face” presenting 

“extremely uncomfortable” in the thermal and humidity preference questions. A 

validation work was conducted to confirm that the images used were correctly associated 

with the thermal and humidity conditions they are designed to represent. 

Each questionnaire was completed for one participant at a time in one location during one 

visit and all questions and answers were given orally. In addition, the questionnaire survey 

was associated with a short interview afterwards. The interview allowed the participants 
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to comment on the environment in the living areas and/or in their bedrooms. Each 

participant could provide more than one comment. 

 

 

 

 

 

 

 

 

Points 
Thermal Humidity 

Perception Satisfaction Preference Perception Satisfaction Preference 

-3 Cold 
Very 

Uncomfortable 

Much 

Cooler 

Very 

Dry 

Very 

Uncomfortable 

Much 

Dryer 

-2 Cool Uncomfortable Cooler Dry Uncomfortable Dryer 

-1 
Slightly 

Cool 

Slightly 

Uncomfortable 

Slightly 

Cooler 

Slightly 

Dry 

Slightly 

Uncomfortable 

Slightly 

Dryer 

0 Neutral Comfortable 
Without 

Change 
Neutral Comfortable 

Without 

Change 

1 
Slightly 

Warm 
- 

Slightly 

Warmer 

Slightly 

Moist 
- 

Slightly 

Moister 

2 Warm - Warmer Moist - Moister 

3 Hot - 
Much 

Warmer 
Humid - 

Much 

Moister 

Table 2 Scale of subjective judgments. 

2.5 Research procedure 

The research was carried out in four periods in order to cover a range of humidity levels 

that are likely to be found in a typical room and an intervention measure can be 

implemented. In the first period from January 25th to February 4th, no environmental 

interventions were applied to the measured bedrooms. In the second period from February 

5th to February 12th, a humidity intervention was applied: all measured bedrooms were 
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humidified by Prem-I-Air Sonico, a domestic ultrasonic air humidifier, to the target 

humidification setpoint of 40% RH. The humidifiers were placed close to the radiators 

where the upward warm air can help moisture distribution. In the third period from 

February 13th to February 15th, the intervention was stopped in all measured bedrooms. 

In the fourth period from February 16th to February 21st, the intervention was applied 

again in all the rooms and the target humidification was set to 50% RH. The living areas 

were also occupied by the occupants who did not participate in the research, therefore the 

intervention measure was not applied in the living rooms, dining room and conservatory 

during the whole research period. 

Two visits were taken in each period for each participant for the skin measurements and 

questionnaire survey. Per visit, the skin measurements and questionnaire survey were 

carried out by two researchers respectively, with assistance from the care home staff. As 

the skin measurements would be affected by the room temperature, RH and air velocity 

[22], the environmental parameters were checked before the skin measurements. All the 

skin measurements were carried out under the condition of air velocity less than 0.05m/s. 

2.6 Statistical analysis 

Data for comparing the intervened and non-intervened room condition were analyzed by 

the paired T-test. Results of the objective and subjective data were analyzed by repeated 

measure analysis of variance (ANOVA) without replication through the IBM Statistical 

Package for the Social Sciences (SPSS) Statistics 22 software. The significance level was 

set to be 0.05 (P<0.05). Data were expressed as means ± SD. 

3. Results 

3.1 Environment measurements 

Figure 1 shows the indoor and outdoor hourly temperature and RH during the research 

period. The outdoor average temperature and RH were 4.8°C and 84.7%, while the indoor 

average temperature and RH were 22.9 °C and 35.1%. The indoor temperature and RH 

fluctuations were much smaller than that outdoors which shows a good performance of 

thermal and moisture insulation of the building. 
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Figure 1 Indoor and outdoor hourly temperature and relative humidity. 

 

Figure 2 shows the hourly temperature and RH in the bedrooms and living areas during 

the research periods. The average temperature in the bedrooms and the living areas were 

stably kept around 23.9°C and 21.5°C respectively. The temperature in the bedrooms was 

normally around 2°C higher than that in the living areas. In the first period when the 

humidity was not intervened, the average RH in the bedrooms was 30.8%, which did not 

meet the minimum RH level recommended by the CIBSE standard [29]. In the second 

period, when the target humidification was set to 40% in the bedrooms the average room 

RH increased to 34.4%. In the third period when the humidification was stopped, the 

average room RH continuously increased to 35.6%, which did not drop as expected. In 

the final period when the humidification was applied again in the bedrooms and the target 

humidification was set to 50% RH, the average room RH increased to 39.4%. As for the 

humidity in the living areas, the average RH in the conservatory was 46.5%, which was 

much higher than that in the dining room and living room where the average RH were 

38.2% and 34.3% respectively. The higher average RH in the conservatory was very 

likely due to the air leakage through the window panels, which is common in glazed 

conservatories. In summary, humidity in the bedrooms was intervened by the humidifier 

but did not reach the target setpoint. Humidity in the living areas was normally about 5-

10% higher than that in the bedrooms when they were not humidified.  
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Figure 2 Hourly temperature and RH in the bedrooms and the living areas. 

 

Figure 3 shows the temperature distribution inside and outside the thermal comfort range 

for average occupants in winter (17-23°C [29]) in the measured rooms. In nine out of 

eleven bedrooms, the temperature was higher than the upper level of the thermal comfort 

range most of the time, which aligns with the fact that elderly people prefer a warmer 

indoor environment [2]. It is worth mentioning that room cleaning services were operated 

weekly in the morning. During the service, windows and doors in the bedroom were kept 

partly open for approximately 15-20 minutes for ventilation, which may bring down the 

room temperature and humidity. The temperature in the living areas was higher than the 

upper level of the thermal comfort range most of the time, excluding in the conservatory. 

The average temperature in the conservatory was 18.20°C, which is approximately 5°C 

lower than that in the dining room and the living room. Such a low room temperature was 

due to the high U-value of the glass structure in the conservatory and the high air 

infiltration through the glazing panels.  
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Figure 3 Percentage of occurrence in and out of the thermal comfort range in each 
measured room (comfort range for average occupants: 17-23°C). 

 

Figure 4 shows the humidity distribution in and outside of the recommended humidity 

comfort range (40-70% RH [29]) in all measured rooms. In the first period when no 

humidity intervention was applied and all the rooms were measured under their original 

conditions, the humidity in all the measured bedrooms was lower than the comfort range 

for the majority of the period. In the second period, when humidification was set to 40% 

RH, the humidity increased in four out of eleven bedrooms. Humidity in Room 10 and 23 

was within the comfort range for more than half of the period. In the remaining nine 

rooms, the humidity increased by various degrees, but generally, the percentage 

occurrence of the humidity reaching the comfort range was not significant. In the third 

period when the humidity intervention stopped, the humidity in seven rooms did not drop 

as expected but remained more or less unchanged. This could be because ventilation in 

these bedrooms was not enough to remove the moisture introduced in the previous period. 

Moreover, in the remaining four bedrooms, the percentage of occurrence in the comfort 

range increased instead of decreasing or remaining unchanged. The humidity distribution 

in the living areas did not change significantly in the dining room and living rooms. 

However, humidity in the conservatory was higher than 40% since the second period but 

did not exceed 70% RH, the upper band of the comfort range. 
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Figure 4 Percentage of occurrence in and out of the humidity comfort range in 
each measured room in each period (comfort range for average occupants: 40-70% 

RH). 

 

3.2 Skin measurements 

Most of the skin measurements were carried out in the living rooms and the conservatory, 

in order to minimize the disruption to the participants’ normal routine. The TEWL was 

not significantly correlated with the room temperature (P>0.05) but significantly 

correlated with the room RH (r=0.32, P<0.01). A significant correlation was also found 

between the TEWL and the room AH (r=0.28, P<0.01, Figure 5), a variable that was 

derived from the room temperature and RH. 
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Figure 5 TEWL as a function of the room AH at the moment of the skin 
measurement. 

 

For the SCH, neither room temperature nor RH was found to be significantly correlated 

with the SCH (P>0.05). A significant correlation was found between the SCH and the 

room AH (r=0.32, P<0.01, Figure 6). As the correlation is positive, higher room humidity 

contributed to a more moisturized skin condition. According to the minimum SCH of the 

well-moisturized skin condition (50 a.u. [24]), a minimum level of 41% RH could avoid 

dry skin which can be predicted if the room temperature is maintained at 21°C. In addition, 

35.44% of the measured SCH levels were less than 50 a.u., showing the skin was not 

sufficiently hydrated. Among them, 5.1% of the measured SCH values were less than 35 

a.u., showing the skin was very dry. 
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Figure 6 SCH as a function of the room AH at the moment of the skin 
measurement. 

 

3.3 Subjective responses 

3.3.1 Thermal comfort 

We proposed to use the designed six-question questionnaire to investigate the participants’ 

subjective thermal and humidity comfort in perception, satisfaction and preference. 

However, at the beginning of our first visit, the first two participants expressed huge 

impatience to the questionnaire and complained the six questions were too long. 

Additionally, each participant spent 15-20 minutes in answering the questions due to their 

difficulty in reading and hearing which was time-consuming and thus an interference to 

participants. Therefore, after these two participants, we used a simplified questionnaire 

to ask their temperature and humidity perception and a short interview to acquire their 

comments and complaints to the indoor environment instead of the full six-question 

questionnaire. 

Figure 7 shows the mean temperature measured for each thermal sensation vote (TSV) 

and the standard deviation. The participants voted “neutral” in 51.14% of the answers. 

The TSV was significantly correlated with room temperature (r=0.77, P<0.05). As the 

correlation was positive, the participants’ thermal perception increased with the room 

temperature, which shows the participants could sense the temperature change and 

express their perception. According to the linear regression line, a neutral temperature of 

22.7°C can be predicted. 

0

10

20

30

40

50

60

70

80

4 5 6 7 8 9 10

S
C

 h
yd

ra
ti

on
 (

a.
u.

)

Absolute humidity (g/kg)



 

108 

 

 

Figure 7 Relationship between thermal sensation vote and the measured 
temperature. 

 

Figure 8 compares the TSV and the predictive mean vote (PMV) at different temperature. 

Each PMV point is positive which means predicts the participants should sense thermally 

neutral or warm in the recorded temperature range. However, the prediction differs from 

the TSV which shows the participants felt at least “slightly cool” when the temperature 

was below 22.8°C. Moreover, a significant correlation is observed between the PMV and 

temperature (r=0.99, P<0.001). According to its linear regression line, a neutral 

temperature of 20.0°C can be predicted, which is 2.7°C lower than the neutral temperature 

predicted by the TSV method (Figure 7). 
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Figure 8 Linear relationship between TSV and PMV at the average temperature 
recorded for each thermal sensation vote. 

3.3.2 Humidity comfort 

Figure 9 shows the mean RH measured for each humidity sensation vote and the standard 

deviation. The participants’ humidity sensation was significantly negatively correlated 

with room RH (r=-0.79, P<0.05), which means the participants felt even dryer when room 

humidity increased. In addition, no significant correlation was found between humidity 

perception and room AH (P>0.05). This may be because the participants were not able to 

sense the humidity change and/or the room RH was not the major factor affecting their 

humidity sensation. Many early studies have well established the fact that human beings 

are much less sensitive to the change of the humidity than the temperature in their normal 

range of comfort [30]. This could explain the difficulty in judging the humidity comfort 

with the small change of the room humidity, especially within a normal range of 30%-

50% RH. 

 

Figure 9 Relationship between humidity sensation vote and the measured RH. 

 

3.3.3 participants’ comments and complaints 

87 comments or complaints on the indoor environment were obtained from the 73 

interviews after the questionnaire survey (Figure 10). In 26 interviews, the participants 

unequivocally expressed “comfortable” with the environment. However, because all the 

interviews were carried out under the supervision of the care home staff, some 

participants may not wish to complain in their presence and always expressed 
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“comfortable” in the interview. In addition to this, in six interviews, the participants 

expressed they did not like to complain, which may also be because of the presence of 

the care home staff. Moreover, in ten interviews, the participants unequivocally expressed 

they were unable to sense or did not notice the humidity in the room. 

 

Figure 10 Comments and complaints on the indoor environment. 

 

4. Discussion 

4.1 Indoor environment and comfort 

In this study, the measured temperature in bedrooms was higher than the thermal comfort 

range but most of the older participants were satisfied with the temperature, which shows 

the older participants preferred a warmer environment and the thermal comfort range 

recommended by HVAC design standards is not warm enough for them. This 

phenomenon has been reported and discussed by van Hoof [2], who pointed out weakness 

of the thermal comfort range recommended by the popular HVAC design standards, such 

as ASHRAE Standard 55 and CIBSE Guide A. Their recommended thermal comfort 

range was based on Fanger’s studies [5], who concluded no difference in thermal 

preference was assumed between younger and older people through climate chamber 

studies involving approximately 1300 college-age students and much smaller sample size 

of 128 older subjects. However, studies within the past decades show the assumption is 

untenable. Several studies show that older adults were thermally neutral at 23°C in 

contrast to 21°C for young adults, showing that older adults physiologically prefer a 2°C 

warmer environment than younger adults and the recommended thermal comfort range is 

0% 5% 10% 15% 20% 25% 30% 35% 40%

Hot overnight

Prefer dryer

Poor ventilation

Prefer warmer

Good ventilation

Suffering dry mouth/hands

Prefer moister

Cannot remember the study

Does not like to complain

Prefer cooler

Prefer no change on current environment

Unable to sense /didn't notice the humidity

Comfortable

Percentage of answers (n=87)
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not warm enough for older adults[6, 31]. The same phenomenon was observed in our 

study that the neutral temperature predicted by the TSV method is 2.7°C higher than that 

predicted by the PMV method (Figure 8). Therefore, the current thermal comfort range is 

not warm enough for older occupants and should be updated to fit their needs. 

Humidity in the bedrooms was constantly lower than the recommended level when no 

humidity intervention was applied and should be increased at least closer to the lower end 

of the recommended range. The average RH in the bedrooms in this period was 30.8%, 

which was much lower than 40% RH, the recommended minimum RH in winter [29]. 

Unlike the temperature, indoor humidity is mainly affected by the occupant’s activities 

such as washing amongst others, making it possible for the occupants to adjust the indoor 

humidity by adapting behaviours. For example, drying a wet towel or spraying water in 

normal circumstances, however, due to the participants’ very old age and safety 

considerations, they are typically unable to actively adjust but passively bear the 

environment. To help ease the problem, using a humidifier could be a simple and effective 

solution. As shown in Figure 4, the percentage of time when the humidity is in the comfort 

range significantly improved when the humidifiers were used. However, the use of 

humidifiers is not common in winter. Research on the frequency of humidifier usage in 

South Korea shows that only 37.2% of the interviewed people used humidifier from 

December to February, and this figure dropped to 3.2% in the age group over 60 years 

old [32]. Therefore, promoting the using of humidifiers can effectively improve the 

humidity comfort in winter heated care homes, especially in the bedrooms. 

Moreover, poor ventilation is another issue in the bedrooms in the care home. In this 

research, room humidity could be seen as an indicator of ventilation efficiency. In the 

third period when the humidification stopped, the RH in most of the bedrooms did not 

decrease as it was expected to (Figure 4), which means the ventilation in the bedrooms 

was not sufficient to exhaust the moisture generated in the previous period. If the moisture 

generated cannot be exhausted and the humidification continues without control, the 

accumulated moisture could result in high room humidity and increase the emission of 

VOCs (volatile organic compounds). Researches show that increasing RH could 

considerably contribute to the emission of VOCs from building materials [33, 34] and the 

VOCs could create health problems [35]. Thus, the humidification process in residential 

buildings should accompany with sufficient ventilation. 

4.2 Skin condition measurements 



 

112 

The measured TEWL was significantly positively correlated with the room RH (r=0.32, 

P<0.01) and the room AH (r=0.28, P<0.01) respectively, which means higher room 

humidity leads to a higher TEWL. However, as a higher TEWL indicates a poorer skin 

barrier function, this result is opposite to a validated conclusion that higher skin exposed 

humidity contributes to a better skin condition and could ease the dry skin [9, 16, 22]. 

One possible explanation to the result is both the skin’s TEWL and the measurement 

accuracy were affected when the room environmental condition changed. The TEWL is 

recommended to be measured at a constant room condition with temperature 18-21°C and 

RH of 40-60% [20]. However, such a recommended condition was not met in this study 

and the TEWL measurements were carried out at different room temperature and RH. In 

addition to this, the measurement device is likely to be affected by the environment. The 

measurement device Tewameter TM 300 uses an open-chamber method whose 

measurement sensors are exposed to the ambient environment, making it very likely to 

be affected by the ambient temperature and humidity change and air movement. One 

study that was carried out in an inconstant environment also reports an increase of TEWL 

when skin exposed RH increased from 10% to 50% [14]. Therefore, measuring the TEWL 

in an inconstant environment is infeasible and the measured TEWL in this study is not 

suitable for reflecting the effect of indoor humidity on skin condition. 

For the measured SCH, it was not significantly correlated with either the room 

temperature or the RH (P>0.05). This result is different from the climatic chamber studies 

that reported the SCH shows a steady increase in function of the temperature above 22°C 

at constant humidity [36] and follows a linear relation (r=0.98) in function of an increase 

in RH from 37% to 87% at constant temperature of 18-22°C [37]. However, a significant 

correlation was found between the SCH and AH (r=0.32, P<0.01). The weak but 

significant correlation between AH and stratum corneum hydration is just what we would 

expect in a multifactorial system. This result shows the room humidity affected the skin 

hydration more than the room temperature did and, more importantly, this effect is 

measurable at varied temperature and humidity levels in a real living environment. The 

stratum corneum is the major component of the epidermis which is directly exposed to 

the ambient environment. Low humidity in the ambient environment may result in a 

decrease of the hydration state in the stratum corneum, which may attribute to changes in 

the keratinization process. This is a balance between keratinocytes’ flattening after they 

migrate from the basal layer to the stratum corneum and desquamating when the cells die 

off. Any imbalance in the keratinization process will result in flaking and dry skin [9]. By 
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measuring the SCH at different room humidity levels, a numerical relationship between 

the room thermal and humidity condition and skin condition can be established and the 

minimum humidity level that could prevent dry skin can be predicted. In this research, a 

minimum level of 40.6% that could make the skin in a well-hydrated condition can be 

predicted if the room temperature is maintained at 21°C. This method is applicative to 

not only oldest-old people but also all other age groups, especially those who are not able 

to participate in climatic chamber studies, to solve the dry skin issue in winter. 

4.3 The questionnaire survey 

We also noticed that the seven-scale and the questions in the standard CIBSE 

questionnaire were not appropriate to be used for the oldest-old special subjects in this 

study. Firstly, the seven-scale provided too many options as almost all of the subjects 

found it was difficult to differentiate between two neighbouring scales. Hence a simpler 

way should be applied. The scale of five, or even three could be enough for this group of 

subjects. Secondly, the questions were too long for the oldest-old participants, who had 

difficulty in reading, hearing and writing due to their very old age, and therefore trying 

to understand and answer may cause them stress. To solve this problem, the questions 

were displayed by a tablet as well as asked verbally and a short interview was arranged 

with each subject to acquire their subjective responses, comments and complaints. By 

doing this, the participants were more willing to communicate with us and provided more 

information in a pleasant way. Thirdly, the participants often gave irrelevant answers to 

our questions. For example, when we were answering “how do you feel about the 

temperature at this moment?’ and presented the seven-point answers on the scale from 

“cold” to “hot”, most of them would answer “I feel comfortable” or “I am fine”. To solve 

this problem, some images, for example using smiling and angry faces to present 

satisfaction and dissatisfaction, were selected to help them give the relevant answer and 

make the communication efficient. Finally, the presence of the care home staff may 

interfere with the results of the questionnaire survey. Due to the ethical and safety 

considerations, this study was carried out with the assistance and under the supervision 

of the care home staff. Sometimes the care home staff would help us to ask the questions 

to the participants. However, some participants seemed unwilling to complain and more 

selective to the “comfortable” and “neutral” answers in front of the care home staffs, 

although they had been informed the questionnaire survey was the part of academic 

research and their answers would not give any negative impact on the care home or 

themselves. Because of this, we communicated with some participants in private, but they 
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all denied that they refused to tell true feelings because of the presence of the care home 

staffs. These findings could help and give innovations to research concerning oldest-old 

people. 

4.4 Research limitation 

Due to the availability of care home, the research participants were all females and 

therefore gender difference is not considered in the research. However, studies show that 

the thermal preference of older people in males and females are different. A study in the 

UK reported that older females felt warmer than younger adults at the same room 

temperature but no age-dependent difference was found among males [38]. Another study 

investigated 61 females and 59 males aged from 14 to 80 in Harbin, China and reported 

the neutral operative temperature for females is 1°C higher than that for males and 

females were more sensitive to temperature changes, although the females had a higher 

clothing level than males [39]. Therefore, the gender difference is a factor should be 

considered but ignored in our study due to the availability of the research site. 

It was noted that the sample size was not large enough to allow us to derive a generic 

conclusion. This is because no previous similar studies could be found to estimate the 

sample sizes that allow us to obtain significant results and this study pragmatically 

recruited as many patients as could be found. The findings of a significant correlation 

between AH and SCH suggest that our sample size was large enough. 

5. Conclusion 

Overall, the subjective assessment using questionnaire surveys shows that the participants 

were generally satisfied with the thermal and humidity condition in the care home. 

However, the thermal neutral temperature predicted by the PMV method is 2.7°C lower 

than that predicted by the TSV method, indicating thermal comfort range recommended 

by the popular HVAC design standards should be updated to fit older people’s needs. 

Besides, the objective measurement shows that the humidity in the bedrooms was low 

and did not meet the HVAC design criteria. By using a humidifier, the room humidity 

could significantly improve the room humidity, but sufficient ventilation should be 

provided to prevent over humidification and the extra VOCs emitted due to high humidity.  

The TEWL is not suitable for measuring the effect of indoor humidity on the skin 

condition in the real living environment due to the inconstant measurement environment 

and the uncertainty of the measurement method and device used in this study. The SCH 

showed a significant correlation with the room AH. Based on its correlation with the room 
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AH, a minimum humidity of 41% RH that could avoid dry skin which can be predicted 

if the room temperature is maintained at 21°C. By measuring the SCH in various humidity 

levels, the relationship between indoor environment and skin hydration can be established, 

making it possible to predict the minimum humidity level that could avoid dry skin in 

winter. 

The traditional seven scales in the thermal and humidity comfort questionnaire were too 

many when applying to oldest-old people because of difficulty to distinguish the subtle 

difference between any two neighbouring scales. As they also have difficulty in reading 

and writing, the questionnaire survey should be conducted by one to one communication, 

which demands extra time, patience and cooperation from the participants. To address 

this issue, the future questionnaire surveys on the older people should have a revised short 

version and be associated with a short interview to allow the interviewees complaining or 

commenting on the environment instead of just answering questions. In addition, using 

appropriate graphics could aid oldest-old people in understanding the questions. 

Moreover, as the research was carried out under the supervision of the care home staffs 

due to ethical and safety considerations, the presence of the staff may have affected the 

participants’ feedback. Measures should be considered to avoid the interference on the 

participants’ answers from the irrelevant personnel in future studies.  

Finally, the study was the first stage of the attempt to collect evidence-based data that 

would show a feasible way to develop an appropriate thermal and humidity range for 

older occupants’ comfort and skin health. The study should be continued to cover more 

subjects and gather more data to build better confidence, and eventually lead to the 

establishment of specific standards of this very special group of elderly occupants. By 

doing so, it can guide the design and service providers to offer better comfort and 

wellbeing for the final stage of their lives in care homes. 
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Appendix C - Thermal and Humidity Comfort Questionnaire 

No.：_____ Date：__________ 

The aim of this questionnaire is to measure your feelings on thermal and 
humidity condition in your room AT THIS PRECISE MOMENT. Please check 
one box for each question. 
 
1. How do you feel about the temperature at this precise moment? I feel… 

cold  cool 
slightly 

cool 

neither 
hot nor 

cold 

slightly 
warm 

warm hot 

-3 -2 -1 0 1 2 3 
□ □ □ □ □ □ □ 

 
2. Do you find the room temperature …? 

comfortable 
slightly 

uncomfortable 
uncomfortable 

very 
uncomfortable 

0 -1 -2 -3 
□ □ □ □ 

 

3. At this moment, would you prefer to be …? 
much 
cooler 

cooler 
slightly 
cooler 

without 
change 

slightly 
warmer 

warmer 
much 

warmer 
-3 -2 -1 0 1 2 3 
□ □ □ □ □ □ □ 

 

4. How do you feel about the humidity at this precise moment? (mark 
appropriate box). I feel… 

very dry dry 
slightly 

dry 

neither 
moist nor 

dry 

slightly 
moist 

moist 
very 
moist 

-3 -2 -1 0 1 2 3 
□ □ □ □ □ □ □ 

 

5. Do you find the room humidity …? 

comfortable 
slightly 

uncomfortable 
uncomfortable 

very 
uncomfortable 

0 -1 -2 -3 
□ □ □ □ 

 

6. At this moment, would you prefer to be …? 
much 
dryer 

dryer 
slightly 
dryer 

without 
change 

slightly 
moister 

moister 
much 

moister 
-3 -2 -1 0 1 2 3 
□ □ □ □ □ □ □ 

Please check you have answered EVERY question. Thank you! 


