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ARTICLE INFO ABSTRACT

Of the six fundamental parameters in the classic heat balance model of human thermal comfort, metabolic rate is
probably the most important and yet it is the most crudely assessed in both research and practice. Most studies in
thermal comfort domain to date have relied on simple activity diaries to estimate metabolic rate. To better
understand the pros and cons of this convenient approach, a literature review of cognate disciplines was con-
ducted with the aim of transferring developments in human metabolic science to the built environmental con-
text. This review leads to the conclusion that the dairy methods prevalent in thermal comfort research and
practice are probably not accurate enough to sustain common thermal comfort modeling with any semblance of
precision. Additional research effort is needed to develop better metabolic rate estimation methods for building
occupants, especially accommodating individual differences in BMI, sex, age, pregnancy and menopause status,
and non-steady state scenarios. In particular, three avenues of future research topics hold promise for improving
practical metabolic estimation and thermal comfort in buildings were discussed:1) development and validation
of new metabolic rate instrumentation, 2) field measurement of human metabolic rate characteristics, 3) de-
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termine comfort zones for buildings with specific metabolic rate features.

1. Introduction

Human thermal comfort in the built environment is directly relevant
to major contemporary issues of anthropogenic climate change and
rising standards of living in developing countries [1,2]. Considering the
scale of energy applied to HVAC services in developed countries such as
in the United States [3], Europe [4], and in the recently developing
countries such as China [5], it is timely to review building occupants'
thermal comfort requirements for indoor space conditioning and to
better understand the physiological and perceptual processes under-
pinning those requirements.

Among the factors affecting human thermal comfort, metabolic rate,
which represents the heat generated within the body, stands out as the
most basic comfort determinant. Fanger's classic “comfort equation”
posited metabolic rate as one of the six key factors in determining
human body's steady-state heat balance as early as in 1970s [6]. To date
PMV as a building environment evaluation index has been adopted by
standards such as ISO 7730 [7], ASHRAE Standard 55 [8], CEN 15251
[9] and GB/T 50785 [10]. Generally, it can be expressed as the
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following function,
PMV = f(M, I, T, T,, RH, v) @

where M is metabolic rate (met, 1met equals to 58 W/mz), I is clothing
insulation (clo, 1 clo equals to 0.155 (m?K)/W), T, is air temperature
(°C), T, is radiant temperature (°C), RH is relative humidity (%), and v is
air velocity (m/s). To see the significance of metabolic rate in thermal
comfort prediction, Fig. 1 presents how PMV was affected by metabolic
rate given that clothing level equals to 1clo. Changing metabolic rate
from 0.9met to 1.5met could result in an over 3.2K variance in ther-
mally neutral temperature (temperatures when PMV equals to 0) or
approximately 1.5 unit scale of PMV difference. Not surprisingly, ac-
curate description of human metabolic rate is a basis for thermal
comfort study.

The current dairy method prevalent in thermal comfort research
and practice rarely considers the influence of gender, age, weight, and
real-time activity changes, which would affect the accuracy of thermal
comfort modeling. Additional research effort is needed to develop
methods which would estimate metabolic rates of building occupants
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Fig. 1. Effects of metabolic rate change on PMV error [11].

better, particularly considering individual differences in BMI, sex, age,
pregnancy and menopause status, and non-steady state scenarios. By
comparison, human metabolic rate has been studied for many decades
in human physiology research domain, including body's energy ex-
penditures, oxygen consumption, and CO, generation, as well as the
individual factors that affect these rates. To better understand the
current metabolic rate estimation methods, a review of cognate dis-
ciplines is needed to transfer the developments in human physiological
science to the built environmental context.

For this purpose, this paper aims to summarize the cutting-edge
state of metabolic rate research in thermal comfort domain. Firstly, the
paper begins with a literature review on metabolic rate and thermal
comfort study in building environment, including topics like the impact
of metabolic rate on thermal comfort, current estimation method of
metabolic rate in practice and research, and the characteristics of
building occupants' metabolic rate. Then, the following section presents
three future research topics holding promise for improving practical
metabolic estimation in buildings.

2. Research overview
2.1. Review method

For the literature review, the database Web of Knowledge was
chosen to do the search. The keywords for the search were as follows,
“thermal comfort and metabolic rate”, “thermal comfort and human
heat production”, “thermal comfort and energy expenditure”, “thermal
comfort and metabolism”, “thermal comfort and activity levels”,
“thermal comfort, and exercise”. Additional in-depth search was per-
formed by combing above-mentioned keywords with items such as
“thermal environment”, “age”, “gender”, “body weight”, and so forth.
Some critical standards or handbooks were also searched in order to
review the general information of the concept, calculation, and mea-
suring method of metabolic rate. Additionally, the references of the
papers gathered above were also used to find additional relevant pub-
lications. Google Scholar was used as an alternative way to search these
relevant publications.

Through this method, 634 published articles were collected as the
literature database. From that database, articles had a direct relation to
human metabolic rate and thermal comfort were sorted out based on
the title, abstract and conclusions. For more extensive review scope,
some important papers studying human energy expenditure but not
fully relevant to human thermal comfort were also included. After all
these examinations, the most relevant 76 papers were selected for
analysis.

2.2. Historical change and geographical distribution

Fig. 2 and Fig. 3 illustrate the final 76 papers from the aspect of
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Fig. 2. Annual number of published articles on human metabolic rate and building
thermal comfort topics.

historical trend and geographical distribution respectively. Research on
metabolic rate and human thermal comfort in buildings were gained
attention until the 1960s. As the early thermal comfort studies mainly
focused on resting state [12], the thermal comfort under higher activity
levels was regarded as “general state of unsolved problem” until 1967
[13]. After that, thermal comfort and its relation to activity levels
gained increasing interest to U.S. and European researchers like McNall
[14,15], Gagge [16] and Fanger [17] in the late 1960s and 1970s. Then,
Japanese and Australian researchers began to take notice of this topic in
the 1980s and 1990s. After the 2000s, a rapid growth of publications
can be observed, especially with the newly emerged force from devel-
oping countries like China.

Based on the objectives and the results of the selected literature,
three topics were classified. First topic is the effects of metabolic rate on
human thermal comfort perception. It can be interpreted into three
aspects: 1) effects on human body thermoregulation, 2) effects on
subjective perception, and 3) effects on thermal comfort prediction.
Second topic is about current estimation methods for metabolic rate. It
can be categorized into two groups: 1) how do current thermal comfort
studies and standards determine human metabolic rate, 2) how to
measure metabolic rate. The third topic is about the characteristics of
metabolic rate in buildings. It can also be classified into two topics: 1)
individual characteristics, which include the impact of race, gender,
age, weight etc., 2) dynamic changes, which mean how does human
metabolic rate change with activity levels and ambient environmental
conditions.

2.3. Effects of metabolic rate on human thermal comfort

2.3.1. Effects on human body thermoregulation

Metabolic activities of the human body can be partitioned into ex-
ternal mechanical WORK and net HEAT production. While the WORK
part is greatly dependent on task types, the net HEAT production must
be continuously dissipated and regulated to maintain normal body
temperatures. Normally, an adult produces about 100 W of heat in a
rest state. As most of the heat is dissipated to the environment through
the skin, for convenience, the metabolic activity is often characterized
in terms of heat production per unit of skin area. A resting person with
58 W/m? metabolic rate is called 1 met. Higher metabolic rates are
often expressed in times of the resting rate. For example, a person
walking at metabolic rate three times the resting rate would have a
metabolic rate of 3 met. Body heat balance was determined by meta-
bolic rate and the external heat load collectively. It took about 20 min
for human body to re-establish the heat balance by matching heat
dissipation with heat production [18]. Insufficient heat loss leads to
overheating and excessive heat loss results in body cooling. For an
average male, a 335 kJ of heat storage is equivalents to about a 1.4°C
rise in core temperature [19].
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Fig. 3. Regional distribution of research on human metabolic rate and building thermal comfort. (Note, the article sources were based on first author's institute, the background map was

Robinson projection world map without Antarctica).

Metabolic rate changes can bring about a number of thermo-
regulatory responses. One example is the equilibrium body temperature
[20]. Usually, the skin temperature associated with comfort at seden-
tary activities is typically 33-34°C [21,22], but the situation will
change when the metabolic rate changes. According to Fanger's [6], the
comfortable (neutral) skin temperature decreases with increasing ac-
tivity, while the internal temperatures of body rise with activity. A
recent work also confirmed this generalization [23]. Another important
thermoregulatory response when metabolic rate changed is sweating
regulation [24]. Bakkevig and Nielsen [25] tested eight healthy male
college students' sweat accumulation under 10°C and 85% relative
humidity with their 30% and 40% of maximum Vg,. The results showed
the total sweat production was 285g and 564 g for 30% and 40% of
maximum Vo, respectively. Gerrett et al. [26] measured local skin
wetness and skin conductance in four body segments during different
exercise in 10 males and found both skin wittedness and conductance
were significantly higher during running state than walking state. More
information about thermoregulatory responses under high activity le-
vels can also be found in review works like [27,28].

2.3.2. Effects on subjective perception

Human subjective perceptions like thermal sensation and thermal
comfort are products of information from more than one kind of sensing
signals. Many studies investigated the correlations between subjective
perception and physiological parameters, particularly those important
studies conducted by Gagge and Nishi at Pierce Laboratory in the
1960s-80s [12,19]. Among them, Gagge et al. [16] found that the
sensation of warmth or cold was strongly affected by skin temperature,
which is in turn related to ambient temperature for wide range of
continuous exercise levels. Fanger [6] produced experimental evidence
to support the generalization that the comfortable rate of sweat eva-
poration increases as activity increases. Gonzalez [29] found subjects'
preferred ambient temperature drops with increasing activity level. The
optima occurred at 26.1 °C for sedentary subjects, 21.8°C for 25%
VO2,ax exercise intensity, and 20.7 °C for 40% VO2nax exercise in-
tensity. A recent study [30] tested 21 male and 19 female subjects'
thermal comfort perception under three activities, two temperature,
and different airflow exposures. Their results also indicated that me-
tabolic rate had a more pronounced effect on thermal comfort than the
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air temperature in transient and high metabolic rate conditions.

2.3.3. Effects on thermal comfort prediction

The impact of metabolic rate on thermal comfort prediction is sig-
nificant. For example, Humphreys and Nicol [31] once found that PMV
was only applicable to the real situations with less than 1.4 met heat
production, and when the activity was 1.8 met, it caused errors up to 1
unit scale. Generally, this can be attributed to two reasons. First, me-
tabolic rate changes may cause faults in some basic assumptions of
thermal comfort models. For example, PMV assumes human comfor-
table state should have the lowest sweating level [6] but this assump-
tion is not applicable to high activity levels. Second, the uncertainty in
metabolic rate description can also bring about prediction error. Most
thermal comfort models use a single set of metabolic rate data to re-
present average human body production without considering the in-
dividual difference among people and without considering the meta-
bolic real-time changes in daily routine. Alfano et al. [32] analyzed the
role of measurement accuracy in PMV calculation. It was found that an
error within + 10% of the nominal value of metabolic rate could result
in [—0.16; 0.14] unit scale PMV variation. A similar study was con-
ducted by Ekici [33] but he only considered the uncertainty budget of
physical parameters. Yang et al. [34] found occupants' metabolic rate
should be limited to a certain range if they want to maintain thermal
comfort state.

2.4. Prevalent metabolic rate estimation method

2.4.1. Methods in thermal comfort studies and standards

Although metabolic rate is probably the most important parameter
in thermal comfort research and practice, the prevalent estimation
method of metabolic rate in thermal comfort research domain to date
has been simply matching metabolic rate value with activity levels
according to the ISO 8996 standard [35], which can be referred as
‘activity diary’, ‘tabulate’, or ‘table looking up method’. Taking the
method in ASHRAE Standard 55 for example, it firstly asks one's ac-
tivity (e.g. sedentary, standing or walking) through questionnaire, and
then refers to a table to get the corresponding metabolic rate value
[36]. This ‘activity diary’ method is straightforward and convenient for
implementing. It, therefore, has been widely applied in thermal comfort
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Fig. 4. PMV errors caused by uncertainties of input parameters.

studies, including all the field studies in a global thermal comfort da-
tabases underpinned the adaptive thermal comfort model [37-39].
Fanger and Toftum [40] thought one weakness of the adaptive model is
that it does not include human clothing or activity, and does not include
all four classical thermal parameters that have well-known impacts on
human heat balance and therefore on thermal sensation. Hoof [41] in
his review paper stated that uncertainties in activity level and clothing
insulation are two main weakness of the adaptive model. But one
should note that metabolic rate uncertainty will not only affect the
database of adaptive comfort model, it affects the PMV calculations as
well. For example, Chamra et al. [42] reported that the measurement
uncertainty of the metabolic rate, as well as the clothing insulation,
constitute the two major sources of the uncertainty of PMV calculation.
Havenith et al. [43] showed that the accuracy of current metabolic rate
determination method is not sufficient to ensure an accuracy of 0.3
PMV unit scale. Actually, according to ISO 8996 standard, the tabulate
(or activity diary) method belongs to the “observation” category that
may have errors as high as 20%. Fig. 4 quantitatively compares PMV
calculation errors caused by the uncertainty of the six input parameters
according to current available measuring precision. It can be seen that
metabolic rate is one of the top error sources based on current mea-
surement accuracy.

2.4.2. Measuring technologies of metabolic rate

The ‘activity diary’ method described in current comfort standards
is for engineering purpose of building design and air conditioning op-
eration. It does not provide metabolic rate for each individual minute
by minute. Instead, typical met levels are averaged across a group of
people and across a pried of time, representing sample activities in the
space being designed or operated. But, this method may not meet the
precision requirement for thermal comfort research. That is why many
researchers tried to introduce recently emerged wearable or portable
metabolic devices into thermal comfort studies. For example, Broday
et al. [44] improved PMV's accuracy by integrating two metabolic rate
estimating methods - Newton's calculation and metabolic analyzer, a
measurement device. They found that the Newton's calculation and the
measured result were 178.63 and 145.46 W/m? respectively, while the
suggested value by ISO 8996 table was 75-125 W/m>. By applying the
Newton's calculation and metabolic analyzer, they built a better cor-
relation between actual thermal sensation and PMV although they did
not consider the unsteady-state of metabolic rate. Gilani et al. [45]
improved the thermal prediction level of PMV by using mean blood
pressure as a bio-marker to modify occupants' metabolic heat produc-
tion in field thermal comfort studies. Choi et al. [46] investigated the
possibility of using heart rate as a human factor for thermal sensation
predicting model. Experiments with 14 college-aged subjects were
performed in cool chamber (18-20 °C) and warm chamber (25-27 °C) at
four activity levels. The results indicated that heart rate is a good me-
tabolic rate indicator. The measured heart rate increased 22%-43%
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depending on thermal conditions when the metabolic rate increased
from lying (0.8 met) posture to cycling (2.5 met). But the correlation
between heart rate and metabolic rate built in this study may not sui-
table for other scenarios. Revel et al. [47] presented thermal comfort
monitoring tool with low-cost heart rate sensors to measure human
metabolic rate. This solution was reported to regulate real-time meta-
bolic rate uncertainties within 7% in a range of 0.7-3.4 met, ensuring
the PMV error within + 0.05 unit scale. Although this study was based
on the assumption that the metabolic rate could be accurately predicted
by heart rate, it made an advance in looking into the real-time meta-
bolic rate changes. A similar study by Hasan et al. [48] provided an-
other real-time metabolic rate monitoring approach. They used a built-
in accelerometer in a wearable band to infer the wearer's activity level
and then convert it into metabolic rate. However, the accuracy of this
solution depends largely on algorism of activity and metabolism con-
verting.

In addition to the recently emerged new ideas and portable instru-
ments about metabolic rate measurement for thermal comfort studies,
human energy expenditure research field has been paying continuous
efforts on human metabolism measurement. Many literature reviews
like [49] can be easily searched in this field, here we do not go that
deep. Table 1 lists some typical market-ready metabolic rate measuring
devices and their features, which could be used in buildings. Among
them, wearable motion detector and heart rate meter are the most
convenient and easy choices for real-time human body metabolism
recording. Due to its convenience and low cost, these two technologies
are widely used in people's daily life for health and safety reasons. But
the algorithm behind this method should be carefully validated before
applying it to different activity scenarios, otherwise it might not be that
accurate. From the view of accuracy, the doubly labeled water method
and human respiratory chamber, which is based on indirect calorimetry
that measures oxygen uptake and carbon dioxide production, are re-
garded as the gold-standard references of human metabolism mea-
surement. But these two methods are expensive and require specialized
skills to operate so that they are not suitable for wide applications.
Different from human respiratory chamber, other indirect calorimetry
devices like Viax Encore metabolic cart and Cosmed K5 portable me-
tabolic analyzer have been well developed. The smaller size and por-
table function make them much more convenient. However, the
60-80K USD costs are too expensive to be applied in thermal comfort
research, especially in large-scale field studies. Finally yet importantly a
relatively cheap method called Douglas [50,51] bag is worth men-
tioning. It takes advantage of indirect calorimetry calculation principle,
but it is hard to take continuously metabolism recording minute by
minute because it is not easy to measure the air volume in the bag.

2.5. Metabolic rate features in buildings

Although the metabolic rate is crucial for thermal comfort studies, it
is probably the most inaccurate one of the six fundamental parameters
in the classic heat balance modeling of human body. For example, Rowe
[61] did a field survey with 1627 respondents in Sydney and reported
that the actual metabolic rate ranged from 1.0 met to 1.9 met with a
standard deviation of 0.22 met. A Tunisian thermal comfort study
conducted by Bouden and Ghrab [62] showed people there had dif-
ferent daily routine thus resulting in metabolic rate variance during the
course of a day. Haldi and Robinson [63] conducted a similar field
study in Switzerland buildings but observed small variations in occu-
pants' activity (82.7% of answers indicated sedentary activity). This
may because their investigation mainly focused on the “right here right
now” questions with only 6 activity choices, instead of asking re-
spondents how they changed their activities during the day. Even with
those restrictions, there remained 17.3% of answers different from the
dominated sedentary activity. With the impact factors like gender, age,
nature of the job and environmental conditions, it is reasonable to see
some metabolic rate variation in real buildings. Here, we group these
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Typical device Basic principle Examples

Price (USD) Advantages Disadvantages Application

scenarios

Wearable motion
detectors [52,53]

Match metabolic rate with body
motion

Match metabolic rate with heart
rate

Heart rate meter [54]

Double-labeled water
[55,56]

Human respiratory
chamber [57]

Isotope tracer

Indirect calorimetry calculation
by CO,, oxynitride production
and O, consumption

Vmax Encore Cart [58] Indirect calorimetry calculation
by CO, production and O,

consumption

COSMED K5 portable
metabolic device
[59,60]

Indirect calorimetry calculation
by CO, production and O,
consumption

Douglas Bag [50,51] Indirect calorimetry calculation

by CO, production

$20 and up  Convenient, real-time

activity records

Low accuracy Chamber experiment

or field study

$20 and up  Convenient, real-time

heart rate records

Chamber experiment
or field study

Low accuracy

- High accuracy Inconvenient, Chamber experiment

expensive
> $100K Real-time records, Inconvenient, very Chamber experiment
high accuracy expensive,
~$60K Real-time records, Expensive Chamber experiment
high accuracy
~$80K Real-time records, Expensive Chamber experiment

high accuracy or field study

- Low cost, high No real-time records

accuracy

Chamber experiment
or field study

factors into two categories - individual difference and real-time
changes.

2.5.1. Individual difference

The individual difference means metabolic rate variance caused by
personal factors like race, gender, age, weight, etc. A typical example of
individual difference analysis is the one by Kingma and Marken
Lichtenbelt [64], reporting there indeed existed metabolic difference
between sexes — men had higher metabolic rate, claiming the over-
cooling of buildings worldwide was to keep men comfortable at the
expense of women’ comfort. Zhang and Arens [65] analyzed the data
from the US army and found that females usually had 10-30% lower
metabolic rate than males when they had the same heart rate. Also,
Havenith [66] did direct metabolic measurements on kids in class
rooms and found that children's metabolic values were lower than adult
data for similar activities. A recent paper from Haddad et al. [67] dis-
cussed schoolchildren's thermal comfort. It confirmed that children's
thermal neutrality was a few degrees lower than adults under identical
thermal conditions were. They also attributed this to children's smaller
surface area so their metabolic rates in terms of W/m? were actually
higher than adults were. Regarding the race factor, Qi et al. [68]
compared the respiratory CO, productions between Chinese and Wes-
tern, reported that respiratory CO, production in 44 Chinese subjects
was 15% lower than the values obtained by empirical formula for
western populations. All these studies offered some evidence relevant to
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the metabolic individual differences from various angles. But as there
were many confounding factors, these studies failed to offer a sys-
tematical description. The alternative approaches needed to elaborate
the underlying principle of metabolic individual differences are yet to
be produced.

In fact, human heat production has been recognized as an important
topic for decades in human metabolism research field [69]. It defines
body energy requirement as “the amount of food energy needed to
balance energy expenditure in order to maintain body size, body
composition and a level of necessary physical activity consistent with
long-term good health.” A key point in this field is that human energy
requirement or heat production can be regarded as several components.
One of them is called Basal Metabolic Rate (BMR), which represents the
energy essential for life, for example, to maintain the body temperature
and cardiac and respiratory functions. BMR is typically measured under
conditions of being awake in a supine position after 10-12h of fasting
and 8h of physical rest in an environment. BMR typically constitutes
45%-70% of daily energy expenditure and is primarily a function of
age, sex, body size, and body composition. Based on the body mass data
collected from the EPA Exposure Factors Handbook [70], BMR values
can be calculated by Schofield method [71,72]. Fig. 5 shows BMR
variance caused by factors like age, body mass, and sex.

In addition to basal metabolism, the second largest component of
daily energy expenditure is associated with physical activity. According
to the report by the Food and Agriculture Organization of the United
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Nations (FAO) [72], the rate of energy use of an individual or a group of
individuals engaged in a specific activity can be estimated by multi-
plying the BMR value by a factor that characterizes the specific activity.
And this factor can be referred as the physical activity ratio (PAR) [69].
In this way, the influence of age, body mass, gender, and activity levels
can be taken into consideration by choosing different BMR and PAR
values. Table 2 compares the BMR-PAR heat production estimation
methods with activity diary method in ASHRAE handbook for some
typical office building activities. The BMR-PAR method indicate a dif-
ference between men and women — usually women tend to have slightly
lower heat production because their lower BMR.

2.5.2. Real-time changes

Another uncertainty in real building metabolic rate estimation can
be named as dynamic changes, which means the real-time changes in
metabolic heat production caused by moving around, changing pos-
tures, engaging in different jobs, and exposing to different environ-
ments. There are two sub-questions regarding this uncertainty.

The first question is whether and how much building environment
will cause variance in occupants' metabolic rate. Fig. 6 summarizes the
major result of some studies discussing this issue. The huge discrepancy
illustrated in the figure shows the impact of activity and thermal en-
vironment on metabolic rate. Among them, Johnson et al. [73] re-
viewed the evidence of a causal link between thermal exposures and
increases in obesity prevalence. It showed a graded association between
acute mild cold and human energy expenditure reduction over the
range of temperatures. Warwick et al. [74] let 19-35-year old subjects
stayed in a respiration chamber twice for 24 h, once at 20 °C and once at
28°C. It was reported that subjects' 24 h energy expenditure was 5%
higher during the 20 °C than the 28 °C. Luo et al. [75] carried out an
experimental with 30 college-aged subjects and found the cold condi-
tion (0.42clo, 16 °C) had 15.5% higher metabolic rate than the neutral
case (0.42clo, 26 °C). Langeveld et al. [76] exposed healthy volunteers

Table 2
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Fig. 6. Variance in metabolic rate caused by activity levels and thermal environment
conditions.

to either mild cold or thermoneutrality for 2.5h and found the mild
cold exposure group expended 40KJ more energy than the thermo-
neutrality group. Sun and Zhu [77] found that subjects engaged in
media physical labor had 23% higher metabolic rate when exposed to
40°C.

The second sub-question is about the real-time changes of building
occupants' metabolic rate. In the real world, the metabolic rate will
change even when people stayed in the same environment because of
various daily activities. So, how much time it takes a person to reach a
new steady state once his/her metabolic rate changed from one level to
another. Some studies discussed this issue. Goto et al. [78] studied step-
change metabolic rate and its effect on thermal comfort. They in-
vestigated 24 subjects' thermal sensation and thermophysiological re-
sponses to metabolic changes with different intensities and durations. It
was found that subjects' thermal sensation started to rise or decline
immediately (within 1min) after a change of activity but it took
15-20 min to reach another steady-state after the activity change. Ti-
kuisis and Ducharme [79] studied how could postural changes influ-
ence body temperature and metabolic rate. They tilted subjects from
upright posture into supine position and then back to the original up-
right position. It was found that it took nearly 2h (ranging from
92.6 min to 124.1 min) to reach new steady state once the position was
changed.

3. Discussion

The above review leads to the conclusion that the current metabolic
estimation methods prevalent in thermal comfort research and practice
are probably not accurate enough. Additional research effort is needed
to develop better metabolic rate estimation methods for building oc-
cupants. Therefore, some possible research topics holding promise for
improving practical metabolic estimation and thermal comfort in
buildings are discussed.

Heat production comparison for typical building activities (taking age range 30-40 for example)[72].

Heat production (W//m?) from Male

Female

ASHRAE Handbook
Average PAR

Median Heat production (W//m? from
PAR calculation

Average PAR  Median Heat production (W//m? from
PAR calculation

Sleeping 40 1.0 49.4

Seated quietly 55 1.2 59.3

Reading 55 1.22 60.3

Office worker- 60 1.4 69.2
Writing

Office worker- 65 1.8 88.9
Typing

Standing 70 1.4 69.2

Walking slowly 100 2.8 138.4

1.0 40.3
1.2 48.4
1.25 49.2
1.4 56.5
1.8 68.6
1.5 60.5
3.0 121.0
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3.1. New metabolic instrumentation development

Having a metabolic rate measuring device with merits like low cost,
high accuracy, and easy to use would be of great value for the thermal
comfort study, as well as to validate other metabolic rate estimation
methods which might have less accuracy, such as the heart rate and the
wearable devices. Among the current measurement technologies, in-
direct calorimetry is regarded as the one with high accuracy and fea-
sibility [80]. Based on O, consumption and CO, production measure-
ment, human body metabolic rate can be calculated. Equation (2) is a
typical one among all the algorithms [81].

M= 21(0.23RQ + 0.77) Qo,
- Aqg (@)

Where M is metabolic rate (W/m?), RQ is respiratory quotient calcu-
lated by molar ratio of Qco,(L/min) exhaled to Qo,(L/min) inhaled, Qco,
and Q,, are the volumetric rate of carbon dioxide production and
oxygen consumption respectively (ml/s, at conditions of 0°C,
101.3kPa), and Ay is the Dubois surface area (m?) which can be de-
termined by an empirical equation with H (height, m) and W
(weight,kg) [82].

Equation (2) shows that the key point of metabolic rate estimation is
to measure the O, consumption and CO» production accurately. Taking
CO, measurement for example, Fig. 7 breaks down its measuring pro-
cess and points out the challenges using this method. In order to obtain
the CO, production through breathing, its concentration in both the in-
current and ex-current airflows should be accurately measured. But the
air velocity, air pressure and CO. concentration all tend to change
dynamically during the breathing process, thus making it extremely
difficult to measure the real-time airflow volume and CO, concentra-
tion of breathing. Especially for the measurement within the timescale
of seconds, it requires very high precise airflow meter and gas analyzer
and might result in marked measuring uncertainty [83].

However, it is worthy to note that the vast majority of thermal
comfort studies only have to consider metabolic rate changes in the
timescale of minutes and hours rather than of seconds. It is, therefore,
possible to avoid this measurement inaccuracy and difficulty. This
study proposed a novel and simple way to measure human metabolic
rate by using a container with a fixed air volume, which can be a sealed
cabin or a small box, to restore respiratory air. Then the key point of the
measurement should be focused on CO, concentration changes in the

Human body metabolic mto

T

| and exhaled air AC S
’ " N

Qbreath
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Exterior scene

= Sealed door

Fig. 8. Configuration of a sealed room for CO, production measurement.

Table 3
Error analysis of the fixed-volume-container method.

Measuring Possible error Error analysis Possible error in M (%)
AQco2 . + 2% AQ, < 2%
L/min coz |,
co, ) <| o | 100%
AQo, . + 2% AQo < 2%
——= (L/min =% | o0
20, ¢ ) < 100
H (m) lcem < 0.5%
0.725-| 5L |- 100%
W (kg) 0.1kg < 0.5%

0.425- ‘% ‘ 100%

sealed cabin or the box. This fixed-volume container can largely reduce
the above measurement difficulties. Fig. 8 illustrates such an example
by showing a 2m X 2m X 2m airtight chamber with less than 0.03
time/h air exchange rate when the door was closed. CO, sensors can be
uniformly arranged with a fan mixing up the air. As the volume of the
cabin or box is fixed, thus there is no need to measure the real-time
breathing airflow. Table 3 analyzes the error of this method. It can be
seen that this method only needs high precision O, and CO, measure-
ment to achieve accurate metabolic rate measurement.

3.2. Alternative estimation method for metabolic rate

To better characterize metabolic rate in building occupancies, Fig. 9
presents a possible research framework on this topic. For the individual

| volume in second scale.
| = a5 {a) |
In Out
(1] T RN S
1]
2k
Bhg-- i A
/V Alveolar pressure
- =2
]
Y
Pleural | pressure
=B
e
|
(] 5
2 Time(s)

When exercise

Stable Fluctuation

breathing

(1) sunjor Mofry

Fig. 7. Breakdown of CO, production measurement.
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Fig. 9. Building occupants' metabolic rate estimation.

features, Fig. 5 and Table 2 present a promising approach by introdu-
cing indexes like BMR and PAR. In this new approach, the explicit BMR
database can take factors like age, gender, and body mass into con-
sideration, whilst PAR can represent the physical activity levels. But
this method should be further developed and its accuracy should also be
validated in future studies. For the dynamic changes, field studies and
laboratory experiment can be designed to investigate occupants' diurnal
variation of metabolic rate. A possible approach to achieve this goal is
to introduce wearable or portable devices such as step meter, heart rate
meter and blood pressure meter into thermal comfort field studies. In
this way, a better understanding of how frequently and how sig-
nificantly building occupants change their metabolic rate can be
achieved. But before doing this, the algorithms of metabolic rate cal-
culating in these wearable or portable devices should be carefully ca-
librated.

3.3. Comfort zones for buildings with specific metabolic features

Characterizing building occupants' metabolic rate has its practical
value. For example, as most current thermal comfort models did not
consider the individual difference and the real-time changes in meta-
bolic rate, dynamic thermal load model that considers the variation of
metabolic rate is in demand. This improved model can be applied to
determine the comfort parameters for building environments with
specific metabolic features like sports venues, teaching buildings for
teenagers, beerhouses, and so on. Secondly, better measures could be
taken to improve the thermal environment once we know occupants'
metabolic rate characteristics in real buildings. Solutions like moving
the air can be introduced to improve occupants' thermal comfort when
they are in transitional space [84,85], non-sedentary office area [86],
sports center [87], and even outdoor spaces [88].

4. Conclusions

This paper reviewed the progress of metabolic rate research in
building thermal comfort research domain. It leaded to the conclusion
that the current activity dairy methods prevalent in thermal comfort
research and practice are probably not accurate enough to sustain
common thermal comfort modeling with high precision. Additional
research efforts are needed to develop better metabolic rate estimation
methods for building occupants, especially with considerations of in-
dividual differences in BMI, sex, age, and pregnancy, and non-steady
state scenarios. Three possible topics were proposed to improve prac-
tical metabolic estimation in buildings: 1) develop new devices for
metabolic rate measurement, 2) develop alternative methods for
building occupants' metabolic rate estimation, 3) determine comfort
zones for buildings with specific metabolic rate features.
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