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Abstract

In this paper a thermodynamic analysis of human heat and mass transfer based on the 2nd law of thermodynamics
in presented. For modelling purposes the two-node human thermal model was used. This model was improved in order
to establish the exergy consumption within the human body as a consequence of heat and mass transfer and/or conver-
sion. It is shown that the human body’s exergy consumption in relation to selected human parameters exhibit a minimal
value at certain combinations of environmental parameters. The expected thermal sensation, determined by the PMV*
value, shows that there is a correlation between exergy consumption and thermal sensation. Thus, our analysis repre-
sents an improvement in human thermal modelling and gives even more information about the environmental impact

on expected human thermal sensation.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Human body acts as a heat engine and thermody-
namically could be considered as an open system. The
energy and mass for the human body’s vital processes
are taken from external sources (food, liquids) and then
exchanged with the environment. These exchange mech-
anisms are of great importance, since they define the
thermal sensation, i.e. thermal comfort. Therefore, the
pathway of energy, mass, and the transformations asso-
ciated with their generation leading to an exchange with
the environment should be considered. Thermal models
of the human body and its interaction with the sur-
rounding thermal environment have been available for
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more than 30 years. These models range from simple
one-dimensional, steady-state simulations to complex,
transient finite element models [1-5]. The main similarity
of most models is the application of energy balance to a
simulated human body (based on the 1st law of thermo-
dynamics) and the use of energy exchange mechanisms.
The models differ mainly in the physiological response
models and in the criteria used to predict thermal sensa-
tion [6,7].

In this paper a different approach is presented,
namely an analysis based on the 2nd law of thermody-
namics. Every energy transfer and conversion is accom-
panied by an exergy transfer and conversion. Energy is
conservative in its transfer and conversion process (1st
law of thermodynamics: nothing disappears), while
exergy is known to be non-conservative due to the
irreversibility of its transfer process (2nd law of thermo-
dynamics: everything disperses). As a result, exergy
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Nomenclature

area (m?)

specific heat (J/kgK)

exergy (J/kg)

exergy load (J)

correction factor for clothing surface area (-)
enthalpy (J/kg)

latent heat of evaporisation (J/kg)
thermal conductivity (W/mK)
mass (kg)

mass flow rate (kg/s)

metabolism (W/m?)

pressure (Pa)

heat load (J/kg)

gas constant (J/kgK)

clothing thermal resistance (m>K/W)
entropy (J/kgK)

heat storage (J/kg)

time (s)

temperature (°C, K)

specific work (J/kg)

humidity ratio (-)

xgﬂNUJur?a%@"g =33 sz\mgr\m

Greek symbols
o relative mass of the skin
[0 percent relative humidity

Subscripts

a air

b body

bl blood

c convective
ch chemical
cl clothing
cr body core

diff diffusive
Du DuBois

e evaporative

in input

out output

r radiative

res respirative

rsw requested sweating
s saturated state

sk skin

th thermal

w water, water vapour
0 reference state

transfer has rules of its own which are different from
those of energy transfer. Exergy is only conserved, or
in balance, for a reversible process, but is partly con-
sumed in an irreversible process. For a real process the
exergy input always exceeds the exergy output; this
unbalance is due to irreversibilities and represents exergy
destruction or exergy consumption. There are corre-
sponding entropy flows associated with heat and mass
flows; combining the energy and entropy balance brings
about exergy balance [8-10]. One of the objectives of the
presented research is to calculate entropy generation or
exergy destruction (based on the Gouy-Stodola theo-
rem). The calculation of exergy destruction is usually
based on second law analysis, either from the rate of ex-
ergy destruction within the relevant control volume, or
from the unbalanced rate of exergy input within the con-
trol volume [11].

In the case of the human body, exergy is consumed as
a consequence of heat and mass transfer and/or conver-
sion. These processes are dependent on the human ther-
moregulatory system and on the state of the
environment. Therefore, the human body generates spe-
cific mechanisms of irreversibilities. The purpose of the
presented study is to introduce an approach to calculate
the rate of exergy destruction within the human body

and to identify the magnitude and mechanisms of those
irreversibilities.

An example is considered to verify the presented mod-
el and it is shown that there is a correlation between the
exergy consumption within the human body and the ex-
pected level of thermal comfort. Furthermore, the exist-
ing methods for comfort assessment could be improved
and expanded with the inclusion of exergy analysis.

2. Human thermal model

For analytical purposes, the chosen human thermal
model must fulfil some basic conditions. For optimal
thermal comfort three basic conditions must be fulfilled:
heat balance must exist, and skin temperature and sweat
rate must be within the comfort range. The human body
produces heat, exchanges heat with the environment,
and loses heat by diffusion and evaporation of body lig-
uids. During normal rest and exercise these processes re-
sult in an average vital organ temperature of around
37°C. The body’s temperature control system tries to
maintain these temperatures even when thermal distur-
bances occur. The human thermoregulatory system is
quite effective and creates heat balance within wide lim-
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its of the environmental variables (air temperature,
mean radiant temperature, air humidity, and relative
air velocity). For a given activity level (metabolism), skin
temperature and sweat rate are seen to be the major
physiological variables influencing heat balance.

The model used as a starting point is comprised of a
physiological part based on the Gagge two-node model
[2] and a physical model describing the heat and mass
transfer properties of clothing. The physiological model
contains a number of control functions for physiological
processes, as well as the heat transfer properties of the
human body. Core, skin, and mean body temperatures
are used as inputs for several set-point-defined feedback
loops controlling effector responses [12,13]. The effector
responses together with metabolic heat production result
in a certain heat loss or gain, which then affects the body
resulting in a new body temperature (i.e. feedback). The
relation between effectors and the resulting body temper-
ature is affected by environmental parameters (heat and
mass transfer properties) and heat production level
(activity).

Thermal regulation by the human body is mainly
achieved by regulating blood flow [14]. The body regu-
lates blood distribution by vasoconstriction and vasodil-
atation in order to control skin temperature and to
increase or decrease heat loss to the environment. Dur-
ing work, blood carries the extra heat produced to
the body surface where higher skin temperature in-
creases heat loss through convection and radiation.
During cold stress, vasoconstriction shunts blood flow
from arteries to veins at deeper layers. Veins and arteries
are paired and veins carry heat from the arteries back
to the core. This counter-current heat exchange is a
major process in decreasing heat loss and maintaining
core temperature in a cold environment. In a hot envi-
ronment, convective and radiative heat transfer from
the body decreases due to the small difference between
skin and ambient temperature. In this case, heat release
from the body is governed by water diffusion and
evaporation (latent heat). This mechanism enables the
human body to release heat even in a hot environ-
ment where the ambient temperature is above skin
temperature and the human body is gaining heat from
the environment. Therefore, a thermal model for the
body is only as accurate as the information provided
about the heat and moisture exchange with the
environment.

2.1. Heat balance equations

The effects of ambient conditions on the human ther-
moregulatory system and on heat flow within the human
body can be investigated using the two-compartment (or
two node) model [2]. This model represents the body as
two concentric cylinders, where the inner cylinder repre-

sents the body core and the outer cylinder represents the
skin layer. The core is the compartment with a regulated
and defined temperature, while the skin is a buffer be-
tween the core and environment whose temperature is
defined by heat and mass exchanges with the core and
with the environment. The core and skin compartments
exchange energy passively through direct contact and
through the thermoregulatory controlled peripheral
blood flow. Metabolic heat production at the core is re-
leased to the environment by two paths. The predomi-
nant pathway is the transfer of heat to the skin by
blood flow and heat conduction, followed by release
from the skin to the environment by convection, radia-
tion, and evaporation. The minor pathway is the direct
release of heat (and mass) to the environment through
respiration. Therefore, two heat balance equations for
the body core and the skin layer can be built up. The
transient energy balance states that the rate of heat stor-
age equals the net rate of heat gain minus heat loss. This
thermal model is described by two coupled heat balance
equations for the two compartments:

SCr =M-W - (Qc.res - Qe.res) - ch—ask (1)

SSk = chask - (Qc + Qr + Qc) (2)

The rate of heat storage in the body equals the rate of
increase in internal energy. The rate of storage can be
written separately for each compartment in terms of
the thermal capacity and the rate of change of tempera-
ture as:

1 d7,
Scr:(lfoc)-m-cb-ADu-<dZ) (3)
1 dT
Scr:a'm‘cb‘A—Du'(dtk) “4)

when the body is able to maintain thermal equilibrium
with the environment with minimal regulatory effort,
a state of physiological thermal neutrality is reached
and the average core and skin temperatures are:
Tk neutral = 33.7°C and T peutral = 36.8°C. In the case
of temperature deviations from these respective neutral
set points, we can assume that thermoregulatory control
process (vasomotor, sweating, shivering) will be trig-
gered. The core and skin temperature deviations act
via blood flow. Since the heat is transferred from the
core to the skin passively (conduction by direct contact
between compartments) and through the skin blood
flow, the combined heat flow is then:

ch—ask = (K + rity) - Cbl) . (Tcr - Tsk) (5)

where K is massless thermal conductivity (heat conduc-
tion from the core to the skin). The effect of blood flow
changes the relative masses of the skin and core com-
partments and can be determined as:
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0.745
=0.0418 4+ —————— 6
%= 00418 + 3650 iy — 0.585 (©)
where o is the relative mass of the skin compartment
with respect to the whole body mass. The resulting body
temperature can be predicted as the weighted average of
the skin and core temperatures:

Tb:OC-TSk+(1*O()-Tcr (7)

At the body surface, heat is exchanged by convection
with ambient air, by radiation with surrounding sur-
faces, and by evaporation of moisture from the skin.
The amount of dry heat loss depends on the temperature
difference and on the corresponding heat transfer coeffi-
cients. For calculation purposes, the boundary condi-
tions of the human body surface were calculated
according to the equations, given in [2].

2.2. Mass balance equations

The activity of the sweat glands is set off by heat sig-
nals from the core and the skin. The evaporative heat
loss from the skin is a combination of sweat secreted
due to thermoregulatory control mechanisms and the
natural diffusion of water through the skin. The latent
energy transport, driven by the evaporative potential be-
tween the skin and the air, is effected by the amount of
regulatory sweat production, moisture diffusion through
the skin, and the vapour resistance of clothing (gar-
ments) [15-17]. Evaporative heat loss by regulatory
sweating is directly proportional to the regulatory sweat
output:

Qrsw = ’hrsw ) he (8)

The portion of a body that must be wetted for regula-
tory sweat to evaporate is:

QFSW
QC ,max

Evaporative heat loss from skin depends on the driving
mechanism, in this case the difference between the water
vapour pressure at the skin surface and in the ambient
air [18]. The maximum is reached when the whole skin
surface is wetted (w =1). Taking the evaporative heat
transfer coefficient of clothing into account, the maximal
heat transfer due to evaporation is:

(psk,s _pa)
Rcl + 1/(/Ll : he)

©)

Wrisw =

Qe,max = ( 10)

where f;; is the correction factor for the increase in avail-
able surface area for heat exchange caused by clothing.
With no regulatory sweating, skin wetness due to diffu-
sion is approximately 0.06 for normal indoor conditions.
With regulatory sweating, only a portion of skin is not
covered with sweat (1 — w,,) and the diffusive evapora-
tive heat loss is:

Qdiff =0.06 - (1 — Wrsw) : Qe,max (11)

Evaporative heat loss from the skin is a combination of
evaporation of sweat output due to thermoregulatory
control mechanism and natural diffusion of water
through the skin:

O, = Orw + Quirr (12)

Regarding exergy analysis, mass transfer through the
skin can be determined using a modified Eq. (8) where
the total evaporative heat transfer is considered.
During respiration, the body loses both sensible and
latent heat by convection and evaporation of heat from
the respiratory tract to the inhaled air. According to [4]
the sensible and latent heat losses due to respiration are:

Ocres + Ocres = 0.0014 - M - (34 — T,) +0.0173
M- (587 -p,) (13)

This model uses the above finite differential equations to
estimate the physiological parameters for a given ther-
mal environment, metabolic rate, and clothing insula-
tion level. The integration loop (Egs. (3) and (4))
predicts the responses induced by sweating or shivering
and by skin blood flow necessary to maintain a set body
temperature at heat and mass loads caused by the
environment.

3. Exergy balance equations

In order to combine the human body’s heat and mass
transfer processes with room conditions, the system can
be divided into two main parts. One is the indoor envi-
ronment, the other is the human body. The human body
works to convert energy (metabolism) into the necessary
forms taking into account other factors (clothing, activ-
ity) and thereby provides the desired thermal comfort
level. This process can be further classified as a conver-
sion system and a calculation of exergy load can be per-
formed. Exergy measures the ability of energy to do
work and can be generally represented as:

E:(h*T()'S)f(h()*To'S) (14)

Since exergy is a measure of the maximum capacity of a
system to perform useful work, it depends on the state of
the energy source’s environment. The greater the differ-
ence between the energy source and its surroundings,
the greater the capacity to extract work from the system.
Therefore, exergy is evaluated with respect to a reference
environment (Index 0). It acts as an infinite system and is
a sink or source for heat and mass. Considering the
human body under indoor conditions, the reference tem-
perature is set at the so-called operative temperature.
This is the uniform temperature of a radiantly black
enclosure in which an occupant would exchange the
same amount of heat by radiation plus convection as
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in the actual environment. In the case where the relative
velocity or the difference between the mean radiant and
air temperature is small, the operative temperature can
be calculated as the mean value of the air and the mean
radiant temperature.

The processes related to human thermal comfort are
heat and mass processes with one heat flow entering the
skin compartment (‘“heating device’’) and two heat flows
leaving it. One of the heat flows leaves the human body
due to heat transmission, thus warming the exhaled air,
water diffusion, and sweat evaporation. The other part
of the energy flow leaves the skin compartment via the
blood flow returning to the body core (“heat source™).
Therefore, the input to such a system can be regarded
as the difference between the heat input into the human
body (metabolism) and the heat in the return blood flow.
Splitting one heat flow into two will lead to irreversibil-
ities and exergy losses. The exergy is thus transferred
into the environment and controlled by the environmen-
tal conditions, thus influencing heat and mass exchange.
The general form of the exergy balance equation,
regardless of the system, is as follows:

Input exergy — Exergy consumption

= Stored exergy + Output exergy

To calculate the exergy consumption for given environ-
mental conditions, we must first assume that the given
time period is a series of finite time increments d¢, small
enough that the temperature and energy values appear-
ing in Egs. (1)—(4) can be assumed to be constant during
each time increment dz. Calculations are repeated until a
steady state is reached, this means that the heat storage
(Egs. (3) and (4)) is negligible. In this case, the exergy
balance for the human body is:

Ein + My in * €ain + Myin * €win — Ecousumplion
= Eoul + mu,out * €4 0ut + My out * ew,out (15)

The thermal exergy load for the sensible heat load at a
constant temperature 7" can be calculated using the fol-
lowing equation:

Ty

b= (1-7) 0 0o

The chemical exergy load for the human body can be
simply calculated as the difference between the exergy
of the room air (inhaled air) and the exergy of the water
input into the human body (exhaled air), which is as-
sumed to be saturated. The reference state for the room
air is selected to have an unsaturated humidity ratio ¢,.
Therefore, the room air will still possess available en-
ergy and will allow the water to diffuse into the unsatu-
rated air until a saturated state is reached [19]. The
saturated state is determined by the air temperature
and the barometric pressure. Thus, the maximum useful
work is:

Wen = exo + (g5 — Py) - €xwy — exos (17)

where the exergy for water is determined to be

exy = —Ry - To-1In (pplo) (18)
w0s

In the case of the human body, the exergy is generated
by metabolic chemical reactions within the human body.
One part of the input exergy is a portion of the sensible
heat, while the other part is the latent or wet exergy.
Thus the exergy entering the human body Ej, can be de-
scribed as:

By = (1 7&) M (19a)
Te
’hw,in * Cyin — }’he . (*RW . T() . h’l((p)) (19b)

T
€ajin = (cp‘a + X, 'cp.w) : I:Ta - TO - TO -In (T_a):|
0

1+ 1.608 - xo,
+ {Ra . T() . |:(1 -+ 1.608 'Xa) -In (m)

+1.608 - x, - In (;T)” (19¢)

where diffusion, sweating, and humidification of exhaled
air cause the evaporative mass transfer. Eq. (19c) refers
to indoor air conditions and the system is assumed to be
isobaric.

The exergy output of the human body can be simi-
larly calculated. The exergy output consists of dry and
evaporative heat transfer (thermal exergy load) and of
chemical exergy load caused by water dispersion into
the air (skin diffusion, air humidification by breathing,
sweating). In this calculation, the humidifying load is
introduced into the room air at a constant humidity
ratio and a constant air temperature.

Although the first law of thermodynamics states that
energy is conserved during heat conduction, the second
law tells us that entropy is generated. Blood flows into
the skin compartment at temperature 7. and flows
out at Ty (Tg < Ti.). The outer part of the body emits
long-wave radiation and receives long-wave radiation
emitted by the surrounding wall surfaces (7). Convec-
tive and radiative heat transfer between the human body
and environment (room) is included and the respective
energy balance is:

cor - fitgg - (Ter — To) +Apy - 60 - Ty
= cvi - f - (T — To) + he - Apu - (T — To)
+Apy-e-a-Th (20)
In Eq. (20) the input terms are on the left side: the first
term accounts for the thermal energy of the blood flow
entering the skin compartment and the second term ac-

counts for the radiation emitted by the surrounding sur-
faces. The right side of the equation represents the
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output term: the thermal energy of the blood leaving the
skin compartment, the convective heat transfer between
the skin surface and the room air, and the radiation
emitted at the skin surface. The corresponding exergy
balance equation is as follows:

T,
Cbl'fﬂbl'(Tcr*TO*TO‘lnTr>+ADu'8‘U
0

4
: |:Tgr - Tg - 3 : (Tgl - Tg):| + Ecnnsumption

. T
:Cbl'mbl'<Tsk_T0_T0'lnT_Sk> + Apu - he
0

Ty — T,
-(Tsk—ra)~(kT—°)+ADu~s~a
sk
4 . 4 4 4
) Tsk_To_g'(Tsk_To) (21)

Eq. (21) implies that exergy input minus exergy con-
sumption equals the exergy output. Considering the first
law of thermodynamics for this state, the rate of heat
generation equals the rate of heat loss. Applying the ex-
ergy analysis, we are thus able to determine the exergy
consumption within the human body.

4. Case study

From the above analysis, it can be seen that an ex-
ergy analysis of the human thermal model could be used
for determining the connection between exergy con-
sumption within the human body and environmental
conditions. The human body is considered to be an open
thermodynamic system in a steady-state condition.
There are corresponding entropy flows associated with
the energy flows; entropy production is a kind of meas-
ure of the degree of activity within the body (physical,
chemical). Since a steady-state condition is being as-
sumed, there is no entropy storage.

In our case study, the influence of room temperature
on exergy consumption by the human body is calcu-
lated. Since the heat transfer between the human body
and the environment depends on air temperature and
the mean radiant temperature, both parameters were
chosen to be between 10 and 30°C. Other environment
conditions were kept constant: air velocity 0.1 m/s and
relative air humidity 50%. The following parameters
were chosen for the human body: body mass 80kg,
activity 1 met (energy production 58 W/m?K), and cloth-
ing 1 clo (clothing thermal resistance R =0.155m>K/
W), while the set values for physiological thermal neu-
trality were: core set temperature 36.8°C and skin set
temperature 33.7°C. To satisfy the steady-state condi-
tion, which is defined as a state without heat storage de-
fined in Egs. (4) and (5), the simulated time interval was
120 min with a time step of 60s. Fig. 1 shows the exergy

Exergy [W/m’K]

Fig. 1. Exergy input for human body in dependence on air and
mean radiant temperature.

input for the human body in relation to the selected
environmental parameters.

Exergy input consists of dry heat input, which is
equal to metabolic rate plus the exergy of inhaled air,
and of “wet” exergy input, which mass is equal to water
output (mass balance). For the calculation of exergy
output, the human thermoregulatory system had to be
taken into account. Consequently, the relevant parame-
ters determining the exergy output were adjusted via the
thermoregulatory system in order to achieve the best
possible thermal comfort level. Fig. 2 shows the exergy
output. Exergy output is composed of dry exergy (deter-
mined by convective and radiative heat transfer from the
skin, heat flow as the diffusion and evaporation of water
from the skin surface, breathing) and wet exergy (diffu-
sion and evaporation of water from the skin surface, air
humidification while breathing).

The exergy consumption within the human body
shown in Fig. 3 is most interesting. By increasing room
temperature (operative temperature) from low to neutral
temperatures, the exergy consumption rate decreases
and at certain temperature reaches a minimum. From
the analysis it is evident that the minimum is reached

Exergy [W/m’K]

Fig. 2. Exergy output for human body in dependence on air
and mean radiant temperature.
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Exergy [W/m’K]

Mean radiant temperature [°C]

Air temperature [°C]

3010

Fig. 3. Exergy consumption within the human body as a
function of air and mean radiant temperature.

at only one combination of air and mean radiant tem-
perature. At low room temperatures the energy gener-
ated by shivering (exergy) in order to maintain body
temperature at an (almost) desirable level, caused higher
exergy input and output. At lower skin temperatures, ex-
ergy consumption becomes higher as a consequence of
the temperature difference between the core and the skin.
Similarly, when the environment becomes rather hot, the
exergy consumption rate increases despite a smaller tem-
perature difference between the body and environment.
In this case sweating takes place, triggered by the tem-
perature difference between the neutral and actual
skin/core temperature. Evaporative cooling of body in-
creases exergy consumption; such a process will allow
water to diffuse into the unsaturated air. According to
Eq. (15), the driving mechanism is the water vapour
pressure and the saturated vapour pressure of the envi-
ronmental air. It is interesting that the minimal exergy
consumption (for given human factors) occurs at a com-
bination of air temperature 7, = 19.2°C and mean radi-
ant temperature T, =23.9°C. The occurrence of a
minimal value indicates that there may exist a connec-
tion between exergy consumption and the expected level
of thermal comfort.

4.1. Exergy consumption and expected level of thermal
comfort

To verify the presented model, a comparison between
exergy consumption and the expected level of thermal
comfort was made. The thermophysiological definition
of comfort is based on firing of the thermal receptors
in the skin and in the hypothalamus. Comfort in this
sense is defined as the minimum rate of nerve signalling
from the receptors. According to its energetic definition,
the state of thermal comfort is reached when the heat
flows to and from the human body are balanced and
the skin temperature and sweat rate are within a comfort
range. For this purpose, we use predicted mean vote
(PMV) model. The PMV is an index that predicts the

mean value of the votes of a large group of persons on
the 7-point thermal sensation scale, ranging from —3
(cold) to +3 (hot). This model is derived from the phys-
ics of heat transfer combined with an empirical fit to
sensation. It establishes a thermal strain based on a
steady-state heat transfer between the body and the envi-
ronment and assigns a comfort vote to that amount of
strain. The PMV equation postulates a link between
the deviation from the minimum load on heat balance
effector mechanisms, e.g. sweating, vasoconstriction,
vasodilation, and the thermal comfort vote. The PMV
model predicts the thermal sensation as a function of
activity, clothing, and four thermal environmental
parameters: air and mean radiant temperature, air veloc-
ity, and air humidity. The advantage of the PMV model
is that it is a flexible tool that includes all the major var-
iables influencing thermal sensation. The original PMV
model was based on Fanger’s one-compartment human
thermal model; the major limitation of this model is
the explicit constraint of skin temperature and evapora-
tive heat loss to values for comfort and neutral sensation
only at a given metabolism (activity level). Since in this
analysis the two-node model is used and special atten-
tion is given to heat and mass transfer, we used a new
PMYV index (PMV¥*) [20]. PMV* index is proposed for
any dry or humid environment by simply replacing the
operative temperature in Fanger’s comfort equation
with rational effective temperature (ET*). This repre-
sents an improvement as it includes the physiological
heat strain caused by the relative humidity and vapour
permeability properties of clothing. The two-node model
determines the heat flow between the core, the skin, and
the environment on a per minute basis, starting from an
initial condition. The model iterates until energy flow
equilibrium has been reached; the final mean skin tem-
perature and skin wettedness are then used to calculate
the effective temperature.

For the PMV* model, the same personal and envi-
ronmental parameters were used as for exergy analy-
sis. The resulting PMV* values are shown in Fig. 5.
For the sake of better visual interpretation, the
PMV* values are plotted as absolute values. Negative
values ranges from thermal neutral state (PMV* =0)
towards the lower left-hand corner; the thermal sensa-
tion is cold when the air and mean radiant tempera-
ture are lowered. A comparison between the exergy
analysis (see Fig. 4) and PMV* value indicates that
the minimal exergy consumption coincides with a neu-
tral thermal sensation. Furthermore, we see from the
exergy analysis that the combinations of air and mean
radiant temperatures that assure neutral or pleasant
thermal sensation are limited. Therefore, we can con-
clude that exergy analysis gives even more informa-
tion about the environmental impact on expected
human thermal sensation than other energy-based
types of analysis.
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30

Mean radiant temperature [°C]

10 15 20 25 30
Air temperature [°C]

Fig. 4. Dependence of exergy consumption on air and mean
radiant temperature. For the given environmental and physi-
ological parameters, the minimum value is at 7, = 19°C and
Tinree = 24°C.

30

25

20

15

Mean radiant temperature [°C]

10

10 15 20 25 30

Air temperature [°C]

Fig. 5. Dependence of PMV* value on air and mean radiant
temperature for the given environmental and physiological
parameters.

5. Conclusions

Traditional methods of human thermal analysis are
based on the first law of thermodynamics. These meth-
ods use an energy balance of the human body to deter-
mine heat transfer between the body and its
environment. In this paper a different approach is pre-
sented, namely an analysis based on the second law of
thermodynamics. There are corresponding entropy flows
associated with the heat and mass flows; combining the
energy and entropy balance brings about exergy
balance.

The aim of this analysis is to identify an exergetical
model that allow predictions of human responses to
the thermal environment based on exergetical analy-
sis. The two-node model was used, since it incorporates
the 2nd law of thermodynamics and is relatively simple
to compute. This model was further expanded taking
into account the exergy consumption within the human
body as a consequence of heat and mass transfer and/or
conversion. Reference conditions were determined con-
sidering typical indoor conditions.

An example is given in order to verify the presented
model. From the exergy analysis it was established that
there is a minimum exergy consumption, dependent on
physiological and environmental parameters. For given
physiological conditions only one combination of envi-
ronmental parameters ensures minimal exergy consump-
tion. This result shows that the analysis based on 2nd
law of thermodynamics provide more useful information
regarding human physiological behaviour and responses
than other analyses. Therefore such an analysis could be
used to determine the connection between human ther-
mal comfort and environmental parameters. It is also
possible to investigate the effects of ambient conditions
on thermal comfort based on the same thermodynamic
law.

We show that the existing methods of human thermal
comfort assessment could be further expanded by taking
into account exergy analysis. Under steady-state condi-
tions, the results indicate that there is a connection be-
tween exergy consumption and expected levels of
thermal comfort. Such an extension better determines
the connection between environmental conditions and
predicted thermal sensation.

Exergy analysis clearly shows how human exergy
consumption is coupled to environmental conditions.
Furthermore, the results show that there is a correlation
between exergy consumption by the human body and
the expected level of thermal comfort, expressed as the
PMV* value.
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