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Abstract: To accomplish the current climate goals of the federal republic of Germany, energy efficiency
within the building and automotive sector must improve considerably. One possible way to reduce
the high amount of energy required for heating, ventilation, and air-conditioning (HVAC) is the
introduction of personal climatization systems in combination with the extension of the standardized
room air temperature range. Personal systems allow improvements of climatic conditions (heating,
cooling, and air quality) within sub-areas of the room instead of conditioning an entire room air
volume. In this regard, personal systems are perfectly suitable for locations with local air-conditioning
focal points, such as open-plan offices and vehicle cabins, where they substantially improve the energy
efficiency of the entire system. This work aims to summarize previously conducted research in the
area of personal climatization systems. The investigated local thermal actuators comprise fans for the
generation of air movement, ventilators for the improvement of the air quality within the respiratory
area of persons, water-conditioned panels for the climatization of persons via longwave radiation
and conduction, radiant heaters, and combinations of the systems. Personal systems are superior
to mixing ventilation regarding the improvement of the perceived air quality and thermal comfort.
Furthermore, the introduced overview shows that personal climatization systems are generally more
energy-efficient than conventional air-conditioning and facilitates the extension of the indoor air
temperature corridor of the HVAC. Table fans and climatized seats are highly effective in connection
with the improvement of personal thermal comfort. The performance of the overwhelming majority
of applied personal environmental control systems is user-controlled or depends on a predefined load
profile, which is generally defined person independent. Single studies reveal that effectively controlled
automated systems have a similar thermal impact on a user’s thermal comfort as user-controlled
ones. The implementation of an automated control system is feasible by using novel approaches
such as the so-called human-centered closed loop control-platform (HCCLC-platform). The latter
contains a central data server which allows asynchronous, bi-directional communication between
multi-modal sensor data, user feedback systems, thermal actuators and numerical calculation models
used to assess the individual thermal comfort of a person. This enables a continuous and holistic
reflection of the thermal situation inside a room and the estimation of the corresponding impact on
an individual’s thermal comfort. Considering the measured and simulated thermal state of a single
person, the described system is capable of determining body-part-specific energy requirements that
are needed to keep the overall thermal comfort level of an individual person on a high level.
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1. Introduction

In connection with the goals of the European Union, the greenhouse gas emissions in Germany
must be reduced by 55% and 80% until 2030 and 2050 [1], respectively. To accomplish these goals,
the energy efficiency of buildings and vehicles must be substantially increased, where the main task of
buildings and vehicles is to guarantee a thermally comfortable indoor climate to the occupants. Here,
the sectors trade, commerce and services contribute to more than 15% of the final energy consumption
in Germany, where more than 50% of their energy consumption is used for heating, ventilation,
and air-conditioning (HVAC) [2]. About a quarter of their energy consumption can be attributed to
office buildings, in which more than 70% of the final energy consumption is used for HVAC systems [2].

A reduction of the energy consumption used for the climatization of buildings is counteracted
by the wish of occupants for a thermally comfortable indoor climate. Here, it is known that an
improved indoor climate can substantially enhance the productivity and health of occupants in
buildings and vehicles [3,4]. According to Wyon et al. [5], the ambient air temperature is interrelated
with productivity. Even though, McCartney and Humphreys [6] could not confirm this observation,
they found a correlation between thermal sensation and productivity. Rim et al. [7] showed an
improvement of the thermal indoor climate in tropical regions using preconditioned air from the
outside. The researchers state that even though additional energy is required for the preconditioning of
air, it is economically reasonable to follow this approach, because the resulting energy overhead can be
easily compensated by the resulting performance and health improvements. Here, the researchers state
that an increased building ventilation rate enhances health and productivity of the occupants especially
at indoor temperatures above 24.5 ◦C. Furthermore, Rim et al. [7] state that the energy consumption
and corresponding costs for providing a minimum building ventilation rate of 25 L s−1 at an indoor
temperature of 28 ◦C is very low compared to the annual salaries in Singapore.

Labor costs are one of the most important cost factors during the life cycle of an office
building. Therefore, investments in the performance improvement of the staff pays rapidly [8].
Personal environmental control (PEC) improves the quality of the thermal climate directly in the area
of an individual. It is moreover economically reasonable due to both, the higher productivity of the
occupants and the enhancement of the standardized temperature corridor related to HVAC, which is
specified in DIN EN ISO 7730 [9].

In contrast to the building, there is no legal regulation concerning the determination of the
energy demand of the vehicle air-conditioning. Therefore, the economical and comfort-related
factors of vehicles are not comparable [10]. For a reasonable energy consumption forecast of the
air-conditioning system of a vehicle detailed, vehicle-specific information about the average driving
profile, climatic boundary conditions and the driving behavior is required [10]. Based on an average
outdoor climate/driving profile calculated on the base of the new European driving cycle (NEFZ),
Kemle et al. [10] calculated the additional average annual energy consumption of an air-conditioning
system as 0.5 L/100 km. This result is representative for systems that use convective heating for the
conditioning of an entire vehicle cabin of cars with conventional combustion engines and ambient
temperatures of 22 ◦C.

Vehicles with combustion engines are superior to currently available electric driven vehicles
regarding their driving range [11]. Some high-cost electric vehicles have a high battery capacity and a
driving range above 400 km, which of course depends on the local environmental weather conditions.
However, the used accumulators are heavy and compared to the driving range expensive [11].
The majority of the currently available electric vehicles have a maximum driving range of about
200 km [11]. Vehicles with combustion engines reuse the waste heat of the combustion process to
heat up the vehicle cabin. Since electric vehicles have a much higher energy efficiency, the whole
energy for the air-conditioning system must be delivered by the accumulator itself. Therefore, the use
of conventional air-conditioning concepts reduces the driving range of the vehicle substantially.
The diminution of the energy demand for air-conditioning is therefore of fundamental importance to
produce cost-effective electric vehicles with an acceptable and reliable driving range.
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Having said this, it becomes clear that innovative HVAC approaches for electric vehicles are
required to be able to support or substitute currently available HVAC systems. One of these approaches
that combines highly efficient, decentralized climate actuators that act closely to the human body is
investigated in [12–15]. Furthermore, it is of great importance on the way to an energy-efficient,
demand-based air-conditioning system that the entire or partly substitution of existing central
HVAC systems is accompanied by optimized control strategies that consider the balancing of energy
consumption and thermal comfort [10].

Neither in the vehicle nor in the building it is efficient to condition the entire air volume with the
goal to provide a thermally comfortable indoor climate. By applying decentralized, energy-efficient
local thermal actuators (PEC) persons can be individually conditioned for example by introducing an
independent heated seat in combination with personal ventilation systems. As a result, the occupants
experience an individual thermal climate-optimization, which allows to extend the temperature
corridor that must be provided by the HVAC system in order to guarantee optimal thermal comfort
and reduces the overall system energy consumption greatly.

According to Melikov et al. [16] and Huizenga et al. [17], about 50 % of the occupants are
dissatisfied with the indoor air temperature and perceived air quality in existing buildings with
displacement ventilation. Here, Melikov et al. [16] showed that an improvement of the occupants’
thermal satisfaction can be achieved by increasing the supply air temperature. This, however,
could worsen the perceived indoor air quality (IAQ). It is well known that the minimum predicted
percentage of dissatisfied (PPD) concerning the indoor climate in centrally air-conditioned buildings is
5 % [9,18]. A building with a central HVAC system conditions the entire room air volume and requires
well defined thermal environmental conditions to be able to provide thermal comfort to the occupant.
This is due to the various combinations of physical parameters that can cause thermal discomfort due
to draughts (DR), vertical air temperature differences, cold or warm floors and asymmetric radiation
(PD) [9]. If an occupant experiences overall thermal discomfort, local thermal asymmetries will be
even more unpleasant [19,20].

A central HVAC system is heating and cooling a room and the human body as a whole in an
almost homogeneous manner. In contrast to this, applied personal HVAC systems improve the quality
of the physical ambient in sub-areas of the room and are perfectly suitable for indoor spaces with
local air-conditioning hot spots such as vehicle cabins or workplaces in office buildings. Furthermore,
it allows to condition single body parts under consideration of body-part-specific energy demands
that are related to local thermal comfort. Furthermore, for personalized climatization systems it is
acceptable to increase thermal asymmetries and asymmetries related to local air velocities due to the
reason that individual control is available. This, however, requires a higher sensor coverage to be able
to ensure thermal comfort. According to Brager et al. [21] applied personal control systems for the
workplace improve thermal comfort and perceived air quality. An energy-efficient implementation
of the personal HVAC system goes along with the extension of the targeted room air temperature
range, thereby ensuring energy savings, while at least providing constant thermal comfort [21].
Such energy-efficient air-conditioning systems can contribute to tackle questions related to energy
poverty. The latter is related to individuals that mainly have low incomes and can simply not afford
to condition their indoor space in a sufficient manner due to high energy costs [22–24]. According
to Pye et al. [22], Csiba et al. [24], more than 10 % of the European citizens live in energy poverty as a
result of increasing energy costs [23]. The solution of this problem is addressed by only a few countries
so far [23]. However, the importance of addressing this point increases due to the shift to natural
energy sources that imply additional increases in energy costs and encourage energy poverty. The topic
gained so much importance that the European Union published a handbook about energy poverty [24].
A possible solution for this fundamental issue is the use of energy-efficient personalized climatization
systems. Such systems were already used successfully in the past. Here, local air-conditioning
systems were efficiently applied in private households for example the use of under-desk heating
systems in Japanese households [25]. However, the implementation of such climatization strategies
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needs further investigations, especially in the context of energy poverty, where the identification of
concerned households represents one of the future challenges [26]. Liddell and Morris [27] concluded
that insufficient heating and cooling comes along with health implications especially for infants.
It significantly affects mental health of adolescents and adults. Furthermore, the researchers discovered
a correlation between energy poverty and mortality rate. An improved thermal comfort and a higher
perceived air quality enhance the productivity and lead to less absence days of the occupants [6].
Furthermore, applying personal HVAC systems can save more than 30% of the energy consumption in
office buildings [28] and improves the thermal sensation of passengers in vehicles, while operating
at a lower exergetic level [13]. This paper summarizes previously conducted research in the area of
personalized climatization and aims to show possible improvement potentials related to the design
and implementation of energy-efficient and comfortable indoor environments that go hand in hand
with increased health and productivity of the occupants inside. Furthermore, it summarizes and
compares existing approaches and provides suggestions for the selection and combination of adequate
systems for specific thermal environments.

2. Thermal Comfort

Thermal comfort is strongly depending on a person’s subjective sensation of the thermal environment,
which differs from person to person [9]. However, according to Huizenga et al. [17], Bauman et al. [29],
thermal comfort, room acoustics and air quality are weak points of existing buildings. Therefore, it is
essential to improve the thermal and air quality within buildings since anticipated comfort, health and
productivity of individuals are linked to all of them [6,30]. Predicted productivity, for instance, increases
concurrently to thermal satisfaction [6,17,30]. Furthermore, since humans spend most of their time
indoors [31], the control of the indoor climate is of great importance.

The general experience of thermal comfort of humans depends on thermal and non-thermal
influences of the indoor climate [32]. The human body seeks to maintain an overall thermal equilibrium,
which is achieved as soon as its energy losses equal the gains [32,33]. This is the case, if the
body’s core temperature neither exceeds 37 ◦C nor falls bellow a temperature of 36 ◦C. Within this
physiological temperature range, the human skin has an average surface temperature of about 34 ◦C.
Current research shows that individual thermal comfort correlates well with further individual and
partly intercorrelated personal issues such as experience, expectation, behavior and physiological
adaptation of humans [34]. Cultural and social background of a person affect thermal comfort
as well [35]. If the occupant is able to adjust the thermal impacts (for example by adjusting
shadings or the heating power of a radiator), the thermal environment will be experienced as
more comfortable than without individual adjustment possibilities [30,36–39]. Current standards,
such as DIN EN ISO 7730 [9], ASHRAE 55 [18], ISSO-publicatie 74 [40], consider this by lowering the
requirements for HVAC for naturally ventilated buildings. However, the adaptability of occupants
is limited [41], which can be partly attributed to prescribed dress codes and the general acceptance
of the occupants. Assuming light office work, an indoor room temperature of 23.5 ◦C is an averaged
thermal optimum [42]. In contrast, the majority of studies did not consider a constant optimum indoor
temperature, because it comes along with several issues, such as the thermal history of an individual
person [41] and the preceding outdoor temperature [43]. However, control strategies for HVAC systems
that are based on the predicted mean vote (PMV) ensure higher thermal comfort than strategies based
on a static indoor air temperature [44,45], buildings are most commonly controlled towards a static
optimum indoor temperature without taking further environmental conditions into account.

3. Determination of Thermal Comfort

The PMV/PPD model of Fanger [32] is an established model to predict thermal comfort under
static conditions close to thermal neutrality and moderate indoor climates for a large group of people,
where PMV represents the predicted thermal sensation and PPD the percentage of dissatisfied persons
with the thermal environment [32]. In contrast, adaptive comfort models consider the human as an
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active part of the comfort assessment model. These adaptive models are more precise, especially
inside naturally ventilated buildings with high adaptation possibilities of the occupants, because in
this case, they represent the real environmental conditions more accurately than the PMV [39,46,47].
To consider this fact, Fanger and Toftum [48] transformed its PMV model into an adaptive PMVe model,
using an expectancy factor, which reduces the calculated PMV in connection with the expectations
of the occupants. Several adaptive models consider psychological, physiological and behavioral
adaptation processes. For instance, the predictions of the adaptive models of Yao et al. [49] and
Humphreys and Nicol [50] better present the real thermal sensation than predictions based on PMV [51].
The adaptive thermal heat balance model (ATHB) of Schweiker and Wagner [52] combines the adaptive
comfort approach of ASHRAE 55 [18], DIN EN 15251 [47] with Fanger’s PMV model. In this regard,
the researchers developed equations that are used to dynamically modify the clothing insulation level
and the metabolic heat production of the PMV model. Furthermore, the equations consider behavioral,
physiological and psychological adaptation processes of individuals and were derived on the basis of
ASHRAE RP884. The evaluation of the model was performed by the use of an independent dataset the
researchers gained from experiments in their own test facility. The predicted results of the ATHB model
show good agreement with experimental data and results produced by the PMV and ATC model. Finally,
ATHB itself is assumed to be applicable to naturally ventilated and air-conditioned buildings.

de Dear et al. [39] developed an adaptive model for the estimation of the optimal indoor air
temperature that is linked to the outdoor air temperature. The determination of an equivalent
temperature is a suitable approach for the thermal assessment of a heterogeneous indoor climate
and facilitates the comparison between different thermal environments. Such a model is the “Standard
Effective Temperature” (SET) [18,53]. According to this model, the indoor air temperature of a fictive
environment is calculated (50 % relative humidity, <0.1 m s−1 air velocity, radiant temperature equals
air temperature, 1 met, 0.6 clo) so that the thermal heat loss via the skin is equal in the fictive
and real environment. DIN EN ISO 14505-2 [54], Nilsson [55] describe the equivalent temperature
model (Teq). This temperature corresponds to the calculated indoor air temperature of a fictive
and thermally homogeneous room without air velocity so that the heat exchange via convection
and radiation is equal between the fictive and real environment. International standards consider
adaptive approaches for the assessment of naturally ventilated buildings [18,47], but as Kim et al. [51]
have shown, adaptive models are also advantageous for the assessment of air-conditioned buildings.
Thermal comfort can be determined through both, applying thermal comfort models and performing
user surveys [56]. Since thermal sensation correlates with thermophysiological characteristics such as
the body core temperature, skin temperature and sweating [57], the measurement of either the skin
temperature or the body core temperature enables the determination of the contemporary thermal
sensation [58,59]. Skin temperature depends on clothing insulation and operative temperature [60] and
can be measured at exposed locations using contactless infrared sensors. [19,20,58,61–65] showed that
the global thermal comfort of a person is affected by the local thermal comfort of individual body parts.
Regarding this, Arens et al. [19], Zhang [64], Zhang et al. [65] describe a physiological thermal comfort
model for steady, homogeneous, transient and asymmetric environmental conditions considering
the correlation between local and global thermal sensation. It estimates the global thermal comfort
based on the determined state of the local thermal comfort. Thermal manikins and models considering
thermophysiological reactions are suitable for the examination of thermal comfort and the assessment
of local heat losses under inhomogeneous environmental conditions [66].

4. Personal Climatization Systems

Personal climatization systems individually improve the indoor climate within the operation
range of the occupant and are highly suitable for open-plan offices or vehicles. Effective heating
in cold environments is mainly achievable by using heated surfaces, radiant heaters and warm air.
Personal cooling is especially done by applying directed air flow. The cooling effect can be further
improved by preconditioning the air down to a lower air temperature. Personal ventilation is the
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supply of fresh, preconditioned air towards the breathing area of the occupants and improves the
quality of the inhaled air, which improves thermal comfort and perceived air quality. Simultaneously,
the concentration of the contaminants in the inhaled air is reduced and therefore, the risk of
cross-contamination is lowered. Personal climatization individually improves the local thermal
environment under consideration of individual thermal preferences and hence, reduces complaints
about the indoor climate. Thermal optimization of the workplace leads to a higher productivity and
improved health of the staff [6,30]. Higher quality of the inhaled air reduces the amount of absence
days, which further improves the productivity of the occupants.

Although several studies have shown that occupants request for a higher air velocity especially
in a neutral to warm environment [67–71], current standards generally restrict the use of air velocity
for air-conditioning [9,18]. The energy-efficient implementation of personal climatization must be
accompanied by the application of an extended target temperature range of the HVAC system.
However, the possible, optimal energy-efficient ambient temperature range depends on the building
size, outdoor climate, occupancy and must consider the thermal comfort of the occupants within the
building [72]. Personal evaporative coolers with supply of 100% fresh air reduce the cooling energy
demand by 6% K−1 due to the related possible increase of the maximum room temperature [73].
The cooling energy savings can be enlarged to 25% K−1 by supplying 40% recirculated room air.

Using personal fresh air supply, the influencing factors on the energy demand of the HVAC
system differ between cold and hot humid outdoor climate [74,75]. According to Schiavon et al. [74],
in hot and humid regions such as Singapore, the introduction of personal fresh air supply can save up
to 51% of the energy compared to mixing ventilation. Their calculation is based on the assumption
that the maximum room air temperature increases from 24 ◦C to 28 ◦C, the volume air flow decreases
from 6.5 L s−1 to 2.5 L s−1 and the personal thermal actuators are solely enabled when the occupant is
present. As revealed by Schiavon and Melikov [75], in high standard heat insulated buildings of cold
regions such as Copenhagen, the use of personal climatization systems saves up to 60% of the energy
consumption of the HVAC compared to mixing ventilation. To achieve this, the supply temperature
must be preconditioned to a low, but thermally acceptable temperature. In addition, the maximum
indoor temperature must be guaranteed to be thermally acceptable. The latter is of highest importance
for saving energy, because otherwise the energy consumption would be higher than without personal
climatization systems since, as a result of the essential heating of the supply air for thermal acceptance,
the cooling load would be extended, too. Bauman et al. [29] evaluated a personal environmental control
system, consisting of preconditioned supply air on top of the desk, a radiant heating panel below
the desk and individual lighting control implemented in office buildings of a bank in San Francisco.
The accomplished system reduces the dissatisfaction with the thermal quality and air quality to 0%
and 6%, respectively. Both, thermal quality and perceived air quality, increase by 0.84 scalesteps and
0.46 scalepoints (bipolar seven point scale), respectively. By using PEC both, thermal air quality and
perceived air quality, are consequently superior to lighting quality, furnishing, conception of space
and room acoustics [29], which is contrary to existing evaluations of these factors in conventionally
conditioned buildings [17,29].

Several local actuators for personal climatization systems are used in the automotive sector.
Most widely used are seat heating/cooling, heated steering wheels and heated side panels.
According to Schmidt et al. [12], seat heating alone is not able to provide thermal comfort at 17.4 ◦C
(dissatisfaction partly >40%). In contrast, a combined personal heating system, consisting of seat
heating, heated steering wheel, heated side panels and heated panels in close distance to the feet
ensures thermal comfort down to an ambient temperature of 16 ◦C [13].

A detailed overview of the currently available, personal climatization systems is summarized in
Tables A1–A6. In general, personal climate actuators can be classified into three groups:

• local personal ventilation
• local radiant panels
• combined local thermal actuators (radiation, convection)
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All three groups are further divisible into the following categories, in close correlation to their
individual thermal effect:

• large area air-conditioning of multiple body parts (Tables A2–A5)
• local air-conditioning of single body parts (Tables A1, A4 and A6)

Most of the listed studies were performed under controlled ambient conditions within laboratory
studies and need further validation in the field. Current field studies [29,76–79] confirm the potential of
personal HVAC systems in terms of thermal comfort. Fundamentally for the investigation of personal
HVAC systems are studies assessing the correlation between whole-body and local thermal sensation.

Most of the personal cooling systems are based on the local enhancement of air velocity for the
improvement of the thermal comfort. Increasing air velocity improves both, thermal comfort and
perceived air quality [80]. Commercially available fans used for the generation of air movement do not
contain any definition of the cooling power. The calculation of the thermal compensation related to the
energy consumption of ventilation systems leads to a benchmark (CFE) of the cooling power of several
applied ventilation systems [81]. Similar to this, Zhang et al. [28] developed a general benchmark (CP)
for local thermal actuators, which act close to the human body. It requires a standardized experimental
setup for the comparison of the air-conditioning performance between different thermal actuators such
as different fans. This is important for the transferability of these results to arbitrary environments.
Arens et al. [82] investigated various experimental setups and their impact on the performance
estimation of ceiling fans. Without a known comparable cooling/heating power, the obtained results
of their studies are only comparable with respect to the used thermal actuators. Varying air velocity
that is similar to natural wind decreases thermal sensation more considerably than a constant air
velocity [76,83,84]. According to Uğursal and Culp [85], the ventilation of the head, hands and feet is
more effective than the ventilation of the head only (Table A1-6).

4.1. Desk-Mounted Personal Actuators

Personal climatization systems at workplaces that consist of desk-mounted climate actuators
improve thermal comfort and perceived air quality. Most of the related studies address cooling via
ventilation using fans that are mounted above or below the desk. Some of them use radiation or
conduction to improve thermal sensation and comfort. An overview of the corresponding literature
and their results is given in Table A1. The thermal performance of immobile climate actuators is
sensible to the location and posture of the related person. If a person leaves the climatization area,
the thermal impact of manually operated desk-mounted ventilation system drops [86,87]. In contrast,
horizontal movement of the occupant does not significantly influence the thermal performance of a
ventilator. Using air movement can provide thermal comfort up to an ambient temperature of 28 ◦C
and a relative humidity of 80%. According to Atthajariyakul and Lertsatittanakorn [88], He et al. [89]
this is feasible by using a table fan (maximum energy consumption of 3 W) with a supply air velocity of
1.5 m s−1 (Table A1-1, A1-12). Supplying air at a velocity of 2.3 m s−1 at ambient temperatures of up to
30 ◦C is comfortable and leads to a thermal acceptance higher than 80 % [89]. A fan (average air velocity
0.8 m s−1) with air velocity profiles that are comparable to natural wind has a higher cooling effect
than constant airflow of the same average air velocity [76,84] (Table A1-8, A1-9, A1-10). According to
Cui et al. [84], a variable airflow provides higher thermal comfort than a constant airflow at an ambient
temperature of at least 30 ◦C. Since horizontal and varying air speeds that are directed towards the
face have a high ventilation efficiency, it can save up to 21.34% of cooling energy, when compared to a
constant personal air flow [90].

Bauman et al. [91] used thermal manikins for investigations of the cooling power
related to different air speeds produced through an under-desk-mounted ventilation device
(maximum volumetric air flow 70 L s−1). Therefore, the cooling power temperature equivalent that
is necessary for the climatization of an entire person equals 4 K at 28 ◦C and 3 K at 26 ◦C. According
to Watanabe et al. [92] the local temperature effect that can be produced by an under-desk-mounted
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heating panel at an ambient temperature of 20 ◦C equals a 2.8 K increase in overall room temperature,
using mixing ventilation. Boerstra et al. [93] (Table A1-5) showed that a personal HVAC system
with automated control can provide the same thermal comfort as a user-controlled system, if the
ventilation load profiles are equal. However, occupants prefer scenarios with user-controlled ambient
conditions. According to He et al. [94], a water cooled table surface (cooling power 130.7 W) that
cools the upper body region, ensures global thermal comfort at ambient temperatures between 28 ◦C
to 32 ◦C (Table A1-3). In such scenarios, however, occupants are expecting increased air movement.
The investigated table surface temperature used in their study was set between 22.8 ◦C and 25.5 ◦C,
respectively. Veselý et al. [95] showed that a heated desk pad improves thermal comfort of occupants
at an ambient temperature of 18 ◦C (Table A1-2).

4.2. Personal Vertical and Horizontal Ventilation

The use of personal ceiling fans ensures thermal comfort in warm environments [82]. However,
horizontally and vertically mounted fans (Table A2) condition a larger space than table fans,
which makes this kind of personal HVAC systems unusable for a dedicated climatization of individual
body parts. Personal ceiling fans installed above chairs that are positioned in close distance to the
window are of big advantage for mixing ventilation systems during the summer season, because
they direct cool fresh air to the respiratory area of the occupant, which provides individual thermal
comfort in an energy-efficient way [96]. Energy-efficient ceiling fans (Table A2-15) improve thermal
comfort and perceived air quality at a constant airflow up to ambient temperatures of 28 ◦C [97].
The performance of oscillating fans with varying, personal airflow depends on the oscillation interval.
According to Pasut et al. [97], oscillating fans have no impact on thermal comfort at a cycle duration
of 25 s, of which 15 s are designed to be resting time. Ceiling fans with that produce air speeds of
1.2 m s−1 considerably improve thermal comfort and achieve a thermal acceptance higher than 80 % at
ambient temperatures of 30 ◦C and a relative humidity of 80 % [98] (Table A2-14).

According to Huang et al. [99], standing fans that produce air speeds up to 2 m s−1 provide
thermal comfort at ambient temperatures of 30 ◦C, but are insufficient for higher ambient air
temperatures (Table A2-17). Confirming this, Zhai et al. [100] showed that air temperatures of up
to 30 ◦C will be better accepted (80 %) if horizontal fans are used. Furthermore, the acceptable
maximum ambient temperature additionally depends on a person’s metabolic rate [9]. According to
Arens et al. [101], horizontal ventilation ensures thermal comfort at metabolic rates of 1.2 met and
ambient temperatures of 29 ◦C, whereas a metabolic rate of 1.0 met can be regarded as comfortable at
ambient temperatures of 31 ◦C (Table A2-20).

4.3. Conditioned Seats

According to Zhang [64], local cooling of the back and pelvis has a higher thermal influence on the
whole-body than local warming of the back and pelvis. Investigated studies from the current literature
that deal with conditioned seats are summarized in Table A3. It is obvious that conditioned seats
generally improve thermal sensation and comfort. The use of heated and ventilated seats in vehicles
confirms the importance of conditioned seats as personal climate actuators [102,103]. While the heated
seat increases the temperature of the seat surface to a temperature level above the ambient temperature,
the ventilated seat accelerates the adaptation of the seat surface to the ambient temperature level.
Both actuators, however, support the faster adaptation of the conditioned seat to the ambient climate
than it is possible with conventional seats [102]. Movement of the occupant in front of the workplace
does not affect the thermal influence of the seat as long as the occupant is sitting on the seat [86].

According to Pallubinsky et al. [104], seats with water cooled backrests (30 ◦C) do not significantly
affect thermal comfort at ambient temperatures of 32.3 ◦C. In contrast, ventilated seats, with ventilators
attached to the side corners of the seat, significantly improve thermal sensation [105]. Hereby,
the preferred air velocity depends on the ambient temperature and equals 0.48 m s−1 at 22 ◦C to
24 ◦C and 1.87 m s−1 at 26 ◦C (Table A3-26). A seat with built-in fans in the area of the upper leg and



Appl. Sci. 2019, 9, 35 9 of 51

backrest (Table A3-28) enables thermal acceptance above 85 % and ambient temperature of 30 ◦C but
cannot provide sufficient thermal comfort at 32 ◦C [106]. A ventilated seat with fans installed in the
armrests (Table A3-30) enables thermal comfort of Japanese men and women at ambient temperatures
between 28 ◦C and 33.4 ◦C [107]. According to Washinosu et al. [108], a higher number of women than
men accepted ambient temperatures between 28 ◦C and 30 ◦C, when using seats with fans that are
mounted in armrests of the seat (Table A3-27). However, the thermal acceptance of men rises after
physical strain in warm environments concurrently to the increase in sweat production [108].

Heated chairs are able to compensate ambient temperatures down to a minimum temperature of
5 ◦C, which is expressed in comfort votes as “little uncomfortable” (−1 on a scale range [−3:0]) with
the highest local dissatisfaction sensed at the hands and feet [109] (Table A3-32). Tests with a heated
seat reveal that under cold climatic conditions most occupants prefer the sensation of warmth [78].
In the study of Shahzad et al. [78], the occupants manually controlled the corresponding seat surface
temperature between values of 29 ◦C and 39 ◦C. According to Watanabe et al. [92], the heating power
of a heated backrest equals an increase in ambient temperature of 5.2 K assuming a basic ambient start
temperature of 20 ◦C. The heated seat applied by Veselý et al. [95] improves thermal sensation by one
scale point per 20 W heating load and has a high thermal effect related to its energy consumption.
A water-conditioned seat in a vehicle environment [110] will ensure a high thermal satisfaction
at ambient temperatures between 15.6 ◦C and 28 ◦C if the heated and cooled seat is automatically
controlled depending on the ambient temperature (Table A3-31). As stated by Pasut et al. [111],
a seat with integrated heating pads (energy consumption 27 W) and fans (energy consumption 45 W),
designed for application in the cooling and heating period provides thermal comfort between 16 ◦C
and 29 ◦C.

4.4. Foot Warmer and Heating/Cooling Systems for the Lower Body

As shown by Zhang [64], heating of the feet improves the overall thermal comfort of individuals in
cold environments, whereas cooling the feet causes an opposite effect. Findings of Pallubinsky et al. [104]
support that cooling the sole of the feet (Table A4-36) worsens a human’s overall thermal comfort. Table A4
summarizes studies that deal with the climatization of the lower part of the human body. It becomes
clear that only a few personal HVAC systems that condition the lower part of the body were investigated
so far. Consequently, the number of studies that investigate the cooling performance of such systems
is small. Conventional radiant heaters are not an adequate alternative to local footwarmers, because
ascending warm air causes a cooling effect at the feet level, which is contrary to the desired heating
effect. Furthermore, these systems have a higher energy consumption than locally applied foot-warmer
systems [112].

The “Kotatsu” is a local heater for the lower body, which is traditionally used in Japanese
households. A climate chamber study conducted by Enomoto et al. [25] showed that heating the lower
body with temperatures between 32 ◦C and 38 ◦C ensures thermal comfort at an ambient temperature
of 14 ◦C. According to Zhang et al. [112], a new developed box such as a radiant heater for the
feet (energy demand: 30 W) causes a temperature effect that is equivalent to a 5 K increase in global
ambient air temperature (Table A4-35). Furthermore, in this study ambient temperatures of 18.9 ◦C
were evaluated as comfortable. They showed that the resulting HVAC energy savings ranges between
38 % and 75 % compared to mixing ventilation and for the location of San Francisco. According to
Foda and Sirén [113], local underfloor heating will save heating energy if the system is implemented in
front and at the sides of a seat. In addition, the system must cover a total surface area of about 1 m2 and
operate at surface temperatures of 39 ◦C. In contrast, a local heat pad does not improve whole-body
thermal sensation at ambient temperatures of 17.7 ◦C (Table A4-34) [95].

4.5. Combined Personal Climate Actuators (Ventilation and Radiation)

As discovered by Bauman et al. [29], using combined personal user-controlled climate actuators
significantly improves the satisfaction of individuals with their thermal environment (100%) and
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perceived air quality (94%), when compared to mixing ventilation. The combination of personal
ceiling fans, seat fans and table fans improves thermal comfort and prevents cross-infections within
office rooms according to Habchi et al. [86]. As stated by the researchers, the performance of a seat
fan is robust against any movement of the seat and enables energy savings up to 14.87% compared
to the use of a single ceiling fan. Pallubinsky et al. [104] showed that a combination of personal
HVAC systems that consists of a ventilation systems for the face region (air velocity 1.28 m s−1) and a
conductive underarm cooling system (water temperature 22.7 ◦C) facilitates thermal comfort at ambient
temperatures of up to 32.3 ◦C (Table A5-39). According to Melikov et al. [114], heating the back and
thigh region provides thermal acceptance at values bigger than 80 % and ambient temperatures of up
to 23 ◦C. Additional radiant heating of the legs and contact heating via heated seats causes thermal
acceptance values higher than 85% at ambient temperatures down to 17 ◦C (Table A5-43). Backrest
heating combined with a heated floor pad causes a global temperature effect equivalent to an increase
in global air temperature of 5.9 K. The concept, however, requires additional air movement [92].
Veselý et al. [95] investigated a combined personal heating system consisting of a heated seat, desk-
and floor pad (maximum energy demand 163 W). The combination of the different systems was
shown to provide better overall thermal comfort than each of the used actuators could provide
in single mode. Nevertheless, the use of conditioned seats has the highest energy efficiency.
As shown in Table A5-38, this actuator combination ensures thermal comfort down to ambient
temperatures of 17.9 ◦C independent of the applied control strategy. The user-controlled personal
HVAC system implemented by Knudsen and Melikov [115] comprises thermal actuators for face
ventilation, under-desk ventilation, heated chairs and under-desk heating panels. It ensures a high
thermal acceptance and good perceived air quality at temperature ranges between 20 ◦C and 26 ◦C
(Table A5-42). According to Pasut et al. [116], the combined application of temperature-controlled seats
and table fans within a temperature range of 18 ◦C to 29 ◦C leads to a thermal dissatisfaction below
10 %. The study results of Zhang et al. [117], Arens et al. [118] reveal that the combination of personal
cooling (hand-cooling, face-ventilation) and heating (hand-warmer, foot-warmer) system extends
the comfortable ambient temperature range up to values between 18 ◦C and 30 ◦C. This, however,
facilitates energy savings of up to 40%. A temperature range between 20 ◦C and 28 ◦C would save
about 30% of HVAC energy.

4.6. Personal Ventilation with Preconditioned Air

Personal ventilation enhances the air quality at the workplace via directed fresh air towards the
respective breathing area [119]. Such systems use either outdoor air or room air extracted from high
quality air layers or combined indoor/outdoor air. Through the separation of the inhaled air from the
general room air, the amount of inhaled pathogens decreases [120]. Beyond that, personal ventilation
improves thermal comfort, especially in case of high ambient temperatures [120]. If personal ventilation
is applied, the indoor climate will be comfortable even at high ambient temperatures, which leads to
corresponding energy savings [121].

According to Li et al. [122], heating the feet improves a global “cold” sensation, whereas cool
air supply towards the face improves a global “warm” thermal sensation. The efficiency of personal
ventilation depends on the air source and the related air temperature. At ambient temperatures
between 23 ◦C and 26 ◦C a supply of indoor spaces with outdoor air provides a higher air quality than
recirculated indoor air [123,124].

The application of preconditioned outdoor air through the headrests improves both, the
pureness of the inhaled air as well as the expected thermal comfort [103]. Melikov et al. [125]
confirm the substantial improvement of air quality at ambient temperatures of 24 ◦C by applying
personal ventilation instead of mixing ventilation. A chilled ceiling extended by personal ventilation
systems greatly enhances the air quality compared to a chilled ceiling extended by displacement
ventilation [120]. According to Kaczmarczyk et al. [123,124], supply air whose temperature is below
the ambient temperature improves IAQ greatly. Tsuzuki et al. [126] showed that the cooling force on
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the body is strongly depending on the applied personal HVAC system as the cooling impact varies
between 3 K and 9 K. Personal ventilation fundamentally enhances the perceived air quality and may
also improve thermal comfort at ambient temperatures starting from 26 ◦C. This is especially the
case, if the supply air temperature is preconditioned to a lower air temperature than the prevailing
ambient temperature. Melikov et al. [125] revealed that a supply air temperature that is 3 K below the
ambient temperature is favorable. Verhaart et al. [127] moreover stated that at ambient temperatures
of 27.5 ◦C a supply air temperature of 23 ◦C is more comfortable than a supply air temperature of 26 ◦C.
At ambient temperatures of 20 ◦C, preconditioned personal ventilation improves thermal comfort
without decreasing air quality (preconditioned supply air temperature: 26 ◦C, air temperature after
mixing with room air: 24 ◦C). Furthermore, unheated horizontal ventilation of the face region decreases
thermal sensation [128]. The impact of personal ventilation further depends on the relative humidity.
Personal ventilation improves the perceived air quality more considerably at a relative humidity of
70% than at a relative humidity of 30%. Furthermore, a low volume flow rate (3.5 L s−1) enhances the
inhaled air quality more significantly than a high-volume flow rate (6.5 L s−1) [129]. If the occupants
have control over the volume flow rate of the personal ventilation system, thermal comfort will be
achieved at ambient air temperatures between 20 ◦C and 26 ◦C [130]. However, the researchers could
not determine an optimal volume flow rate, since the occupants had mainly chosen values between
0 L s−1 and 16 L s−1.

In rooms equipped with displacement ventilation, personal ventilation systems that use air
of layers in close distance to the floor, enhance the perceived air quality at ambient temperatures
between 26 ◦C and 29 ◦C (Table A6-49, A6-50). It additionally compensates a 3 K increase of ambient
temperature [131–134]. According to Amai et al. [135], under-desk-mounted ventilation devices ensure
thermal comfort up to an ambient temperature of 28 ◦C and a relative humidity of 50% (Table A6-58),
whereas air ventilation devices with preconditioned air above the desk revealed to be more effective
with respect to thermal efficiency. Personal ventilation improves air quality independent of the number
and behavior of individuals inside a room [136].

Occupants with free control over the supply air speed prefer a supply air speed between 1.2 m s−1

and 1.7 m s−1 at ambient temperature of 26 ◦C, whereas supply air speeds between 1.5 m s−1 and
1.7 m s−1 is preferable at ambient temperatures of 29 ◦C [133]. Tests with thermal manikins and
corresponding simulations conducted by Assaad et al. [90] show that a sinusoidal airflow has a higher
thermal effectiveness than a constant airflow. In addition, the cooling effect of the sinusoidal airflow is
positively correlated with a frequency increase. The optimal oscillation frequency for thermal comfort
and air quality is found to be between 0.5 Hz and 1 Hz at average volume flow rates between 3.5 L s−1

and 7.5 L s−1. Hence, such a variable air flows can save 16.1% of the cooling energy compared to
a constant air flows. Applying sideways air ventilation, Liu et al. [137] state an optimal frequency
for thermal comfort between 2 Hz and 4 Hz. Kalmár [138], Kalmár and Kalmár [139] showed that
personal face ventilation with horizontally varying origins of air streams also improves thermal
comfort of individuals. According to Bauman et al. [140], air stratification and the impact of personal
underfloor ventilation depend on the supplied volume airflow. Supplementing a personal underfloor
ventilation with a table fan improves the ventilation performance from 10.38% to 22.05% according to
Makhoul et al. [141] and further increases energy savings from 8% to 13%, when compared to mixing
ventilation. Personal supply of preconditioned fresh air through the ceiling saves 34% of the cooling
energy demand of mixing ventilation [142]. However, the efficiency of this kind of ventilation strongly
depends on the window type, if used for seats that are in close distance to a window. The cooling
power of vertical ventilation rises concurrently with the increase in air velocity and with the decrease
of the ambient and supply air temperature [143].

5. Innovative Control System for Personalized Thermal Comfort Prediction

An automated control of the personal HVAC system that considers thermal comfort must
include the real thermal state of an individual. Although advanced HVAC systems comprise several
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environmental factors such as radiant temperature, air velocity and air temperature, the majority of
the HVAC systems in existing buildings is controlled solely based on the measured air temperature.
Measuring the skin temperature of the occupant allows the determination of the thermal sensation
of the related person. In this way, climate actuators, which are closely positioned to a person’s body,
can be personalized to ensure optimal thermal comfort for an individual. The skin temperature
varies between different body parts and depends on several influencing factors such as metabolic
activity and clothing insulation. The distribution of the skin temperature has been investigated
by Arens and Zhang [58], Liu et al. [60], Clark et al. [144], Nielsen and Nielsen [145]. There are
temperature differences up to 1.1 K in the face between forehead (highest temperature), chin, and cheek
(lowest temperature) [146]. As a result, the thermal sensation also correlates well with the skin
temperature. Thermal sensation is strongly correlated with the body core temperature. This is for
example shown by [20,57–59,66,147–150]. Under decreasing or steady thermal comfort the skin
temperature is a highly accurate signal for the current thermal sensation, whereas in the case of an
improving thermal comfort from a poor ambient condition, the absolute skin temperature is not well
correlated with the current thermal sensation, because positive influences have an anticipatory effect
on thermal sensation [57]. However, a finger skin temperature below 30 ◦C is usually a signal for
dissatisfaction due to cold stress [147].

As shown in Tables A1–A6, the overwhelming majority of the studies consider personal HVAC
systems without automated control. Among these are user-controlled systems and systems with
predefined heating/cooling loads. Single studies compare the thermal performance and energy
efficiency between automated and user-controlled personal HVAC systems (Tables A1-5 and A5-38).
For instance, Boerstra et al. [93] investigated a seemingly automated, personalized ventilation system,
whose ventilation load profile is based on preceding user-controlled trials in the same thermal
environment. The researchers did not find any significant difference between user control and
automation with respect to air quality and thermal comfort of the subjects, though they did not
develop a transferable hardware-based system. Vesely et al. [151] and Vissers [152] confirmed the
capability of automatically controlled personal HVAC systems by implementing such a heating system
with manual adjustment from the researchers, considering the measured fingertip skin temperature.
Although there was no significant difference regarding thermal comfort between user-controlled and
automatic indoor climate comfort control, the implemented automated system had a higher energy
consumption than the user-controlled one. Reasons for the increased energy consumption are the
obviously higher heating power during the initial stage of the trial, due to delayed user-controlled
heating and a slightly higher average power during the final stage [95]. On one side user control is
often mentioned as the solution for assuring thermal comfort in an energy-efficient way, on the other
side the received results towards user-controlled and automated control of personal thermal actuators
show that there is no perceivable difference between these two systems regarding thermal comfort
and perceived individual air quality. The desire for user control of the occupants is confronted with a
less predicted productivity in scenarios with user control due to the increased distraction. However,
the evaluation of a personal climatization systems inside a laboratory Bauman et al. [29] showed that
the majority of occupants seldom (once a day) adjusts the personal HVAC systems. Taking all these
facts into account, a suggested system might consist of a fully automated system combined with
a user feedback system, which results in a continuously learning and partly personalized system.
High quality automated control algorithms for air-conditioning systems essentially require the accurate
estimation of the current ambient conditions and the thermal state of the present occupant. The latter
is feasible, using thermophysiological models that consider characteristics such as age, gender or body
constitution of individuals. Such a system is introduced in [15,153–156].

5.1. Real-Time Skin-Measurement for Smart and Personalized Control

The skin temperature includes information about the thermal state of an individual person.
Therefore, measuring the skin temperature allows to estimate the prevailing thermal sensation and
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comfort. It can be measured by using resistance-thermometers attached to the skin, whereas a
contactless measurement makes a higher acceptance by the occupants possible. Using an infrared
camera allows measurement of the local skin temperature without contact and hence enables the
estimation of the local thermal comfort [148,157]. This makes predictions about the impact of locally
supplied heating or cooling possible. The contactless skin temperature measurement was realized
by Metzmacher et al. [15,153,155] applying thermographic pose and face recognition. This developed
independent system is integrated in the expandable and modular “human-centered closed loop
control”-platform (HCCLC-platform). A central data server acts as proxy for the communication
between hardware (sensors, actuators) and software (numerical models, processing, visualization).
It receives the skin temperature by applying thermal image recognition and real-time aggregation
of information sent by multi-modal sensors. As a result, the thermophysiological state and the
prevailing thermal comfort of an individual person can be determined. The entire system includes the
subsequently described modules.

5.1.1. Data Server and Data Model

According to Metzmacher et al. [15,153,155] the data server serves as abstraction layer for
multi-modal, real-time data communication and acts as proxy between hardware and software
components. Signals can be sent and demanded simultaneously, and the received data can be saved in
an external database. The used data model for the communication between software and hardware
is key-value-based. The key and value of the model correspond to the names and values of the sent
signals, respectively. Corresponding to this scheme, the received information is saved in a hash map
and also in a database in case it is reasonable.

The data server developed by Metzmacher et al. [15,153,155] is implemented in Java and contains
a HTTP-interface for the connection with various independent modules via TCP/IP applying an XML
schema. A dedicated software which transforms the serial data into the XML schema and transfers the
information towards the data server allows the integration of serial devices, too. Several independent
software components are connected with the data server and enable the processing of conventional
sensor data about the air temperature, relative humidity, air velocity and average radiant temperature;
the recognition of thermal and segmental data, and their visualization. The fundamental system of
Metzmacher et al. [15,153,155] is highly expandable and numerous calculation models for statistical
evaluation can be integrated via TCP/IP. All the connected modules are allowed to request and send
data points. For instance, the system is suited to control several personal local thermal actuators and in
this way pursues the automated control of personal climatization systems regarding thermal comfort
and energy consumption.

5.1.2. Thermal Image Recognition and Processing

The human body parts are segmented under consideration of available thermal differences and
the so-called thermal image recognition creates a thermal image out of these identified and tracked
segments [15,153,155]. The thermal image recognition is fundamental for the evaluation of thermal
comfort and consists of the pose and face tracking. Applying gesture recognition on the received
thermographic images the thermal image processing module identifies the surface temperature of the
single body segments. All the obtained data is sent to the data server by the thermal image-recognition
software which acts as a client.

5.1.3. Two-Camera System

The developed contactless skin temperature measurement is based on the research of
Zhang [158], Hartley [159], Hirschmuller [160]. It comprises a two-camera system and measures the motion
and temperature using an infrared camera. The two-camera system of Metzmacher et al. [15,153,155]
separates the thermal image tracking from the image detection with the result that the thermal camera
independently measures the surface temperatures while a motion sensor tracks the face and body. Therefore,
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the image recognition operates independent of the spatial and thermal resolution of the thermographic
image. Figure 1 shows both the tracked depth (left) and thermal (right) image of the face. These images
also contain the defined segments each belonging to a measurement point which in turn are positioned
according to the detected face and skeleton.

Figure 1. Face and pose tracking; left: depth image of face, right: thermal image of body and face,
redrawn from [15,153–155].

Metzmacher et al. [15,153,155] used the infrared camera FLIR A35 for the thermographic image.
Clothing affects the contactless measured temperature as represented in Figure 1. Therefore,
the contactless measurement of the skin temperature is most suitable for the face region since it
is usually unclothed. Below the thermographic camera a dual-camera (Microsoft Kinect) is installed
which is applied as depth (near-infrared) and motion sensor. The entire two-camera system improves
the recognition of shapes and the separation of the foreground from the background. Therefore,
the image registration is robust to affine ambiguity, illumination and surface colors. It is capable of
detecting the location and pose of individuals and single body parts and to capture and track the face
profile virtually. The face detection algorithm is based on the work of Smolyanskiy et al. [161] and
applies the so-called “Active Appearance Model” (AAM). Hereby, a generative face model will be laid
on an input image which allows face tracking. The thermal camera operates independent from the
camera for estimating the spatial location and hence the received images are merged afterwards.

5.1.4. Image Registration

The applied cameras differ in various aspects such as the spatial position of the camera itself,
focal length and image sensor [15,153–155]. Seeing that the thermal camera has a lower resolution
than the depth image of the Microsoft Kinect, the latter acts as reference system for one coherent
coordinate system. The thermal and color matrices are accordingly mapped into the depth coordinate
system. The image registration module is developed for these merging and transformation processes.
Although the images of the Kinect cameras (depth and color) can be mapped by applying internal
parameterization without any calibration algorithm an automated camera calibration algorithm
is essential for the allocation of the thermal image pixels to the depth image. After fusion of the
images the skin and surface temperatures of the predefined sectors can be determined using virtual
measuring points. A calibrated reference-temperature sensor allows the continuous calibration between
the contactless measured and real temperature. This leads to a continuously high accuracy of all
thermographically measured segment temperatures.

5.1.5. Measuring Point

A pixel of the thermal camera image contains the measured temperature information and a group
of pixel merges to a measuring point of a predefined size [15,153–155]. The measuring point averages
the temperature information of all related pixel and it finally resembles a sensor containing data which
is transferred as signal to the data server.
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5.1.6. Validation of the Skin Temperature

The accuracy of the measured skin temperature was investigated by Metzmacher et al. [153]
using a PT100-resistance-thermometer fastened to the skin. Using contact-based thermal sensors
simultaneously to the contactless thermographic sensor the accuracy of the determined skin
temperature improves. Both results are processed by the data server simultaneously. However,
the applicability of contactless infrared sensors for clothed body parts is limited since in this case,
the measured skin temperature varies dependent on the clothing insulation and fitting.

5.1.7. Visualization

The module for 2D-/3D-visualization integrated in the data server visualizes the measured
data and calculated results in real time [15,153–155]. This allows immediate insight into the comfort
assessment of the system and the detection of measuring errors.

5.2. Thermophysiological Model MORPHEUS

The developed thermophysiological human model of Wölki [156] allows the real-time estimation
of the thermoregulatory actions of a human individual. In this way, it is possible to predict
an individual’s thermal comfort under transient and inhomogeneous environmental conditions,
when coupled to thermal comfort models such as the balance comfort model (BCM) of Schmidt [62].

The general model structure of MORPHEUS [156] allows to include individual specific properties
such as body composition, body height, gender and age. Consequently, the model allows to
predict individual specific thermoregulatory responses and thermal comfort. MORPHEUS [156]
itself is implemented in the acausal modeling language Modelica and follows a component-based
implementation approach. Dymola, a commercially available simulation environment, is used for
simulation purpose and allows to export the model as functional mock-up unit (FMU) for co-simulation.
The humanoid is designed as a combination of Passive System (PS) and Active System (AS), which both
are coupled via temperature error signals. Figure 2 shows a schematic of MORPHEUS, containing the
fundamental model components.
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Figure 2. Schematic of the numerical human model MORPHEUS, which consists of an Ambient model,
an Active System (AS) and a Passive System (PS) component [156].
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5.2.1. Boundary Conditions

The model requires knowledge about several boundary conditions such as global and
body-part-specific air temperatures, relative humidity, local air velocity and radiant temperature [156].
These properties can be measured, using conventional sensors.

5.2.2. Passive System (PS)

According to Wölki [156] the Passive System describes the human anatomy via 8 cylindrical
elements and a hemisphere for the head segment. The body parts are divided into several sectors
that are composed of a combination of seven virtual tissue materials (bone, muscle, fat, skin, lung,
brain, viscera). The heat exchange between the body parts is implemented via a central blood flow
model. All geometrical model parameters can be scaled, which enables their adaptation towards body
composition parameters of individuals.

5.2.3. Active System (AS)

The AS considers the thermoregulatory functions of the central nervous system (CNS), which are
triggered via variations of the body core and skin temperature [156]. Here, the model considers the
four thermoregulatory mechanisms sweating, shivering, vasodilation and vasoconstriction. The latter
two alter the blood perfusion of the skin thus affecting the energy transfer between the human body
and the environment.

5.2.4. Ambient Model

The Ambient model [156] contains heat transfer models for convection, radiation and evaporation.
It also considers a clothing model, whose parameters were extracted from [162] and models the dry
and wet heat loss of the body through clothing layers.

5.2.5. Comfort-Related Determination of the Optimal Performance Enhancement

Applying the equivalent temperature approach, MORPHEUS is used to compute the required local
performance enhancement of decentralized climate actuators to provide optimal thermal comfort for
an individual person [15,153,154]. The entire experimental setup is schematically illustrated in Figure 3.

MORPHEUS is implemented as an independent module and plays a central role in the
formerly described HCCLC-system. The necessary parameters required for the assessment of
the equivalent temperature (Teq) are provided by MORPHEUS. These factors are convective heat
flow (Qc), radiant heat flow (Qr) and their related heat transfer coefficients hc and hr as well as
body-part-specific skin and clothing surface temperatures, which are all simulated or measured
in real time. Metzmacher et al. [153] compared the simulated skin and surface temperatures of the
model with the measured skin and surface temperatures. Corresponding results show a difference
between the simulated and measured temperature signals, which can be partly traced back to the
model configuration, which was representative for a standardized human being that differed from
the test subject. Nevertheless, the researcher showed good agreement between the simulation and
measurement-based local performance enhancements (maximum performance difference 1.7 W).
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Figure 3. Schematic of the experimental setup [154].

6. Discussion

It is known that expanding the allowed ambient temperature corridor reduces the energy
consumption of HVAC systems. According to Nicol et al. [163], lowering the targeted room temperature
during the heating period saves about 10% K−1. This outcome is supported by Hoyt et al. [164],
who confirm a predicted energy saving that can be attributed to the expansion of the room temperature
of about 10% K−1 for both, the heating and the cooling period. However, the achievable energy savings
depend on several factors, one of them being e.g., the outdoor climate conditions. The fundamental
intention of the indoor temperature range is to provide a comfortable indoor climate for the occupants
inside. Figure 4 shows the correlation between the percentage of dissatisfied individuals related to
the indoor air temperature. It is shown that the corresponding dissatisfaction of individuals strongly
depends on the used personal climatization system (see Tables A1–A6). The black solid line in Figure 4
represents a PPD that can be regarded as acceptable according to DIN EN ISO 7730 [9], ASHRAE 55 [18]
and corresponds to a value of 20%. It is obvious that the implementation of personal HVAC systems
allows a considerably high expansion of the acceptable ambient temperature range for both, the warm
and cold area.

Applying directed airflows towards the face region improves thermal comfort and perceived air
quality. A cheap and straightforward approach for the generation of such airflows is the application of
table fans. These systems were repeatedly tested for ambient temperatures between 26 ◦C and 30 ◦C
and are able to ensure thermal comfort even at relative humidities of 80% with a dissatisfaction value
below 20% (Table A1-1). A small amount of studies applied the table fans at air temperatures of 32.3 ◦C
(Table A1-4) and 35 ◦C (Table A1-13). However, the supply air must be preconditioned to 22 ◦C in order
to ensure thermal comfort at an ambient air temperature of 35 ◦C.

The application of water cooled table surfaces (Table A1-3, A1-4) ensures thermal comfort up to
air temperatures of 32 ◦C. Furthermore, a heated table pad guarantees thermal comfort at ambient
temperatures down to 18.1 ◦C (Table A1-2). Conditioned table surfaces can be applied for both,
heating and cooling. However, the energy consumption of the investigated systems is comparably high
(>80 W). In contrast, the majority of the available table fans has an energy demand of less than 4 W.

Personal cooling systems that use ceiling or standing fans (Table A2) affect the indoor climate
related to the body as a whole and can provide thermal comfort with a maximum satisfaction
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of 100% at ambient temperatures up to 30 ◦C (Table A2-14, A2-16, A2-17, A2-20). In addition,
there are systems available that show a very low energy uptake of 10.5 W only, thus being quite
energy-efficient. However, further research shows that horizontal ventilation is not capable to
compensate air temperatures above 30 ◦C (Table A2-17).
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Figure 4. Percentage of dissatisfied individuals with respect to indoor temperature; each depicted
point corresponds to a single study extracted from the literature.

Conditioned seats have a high efficiency in delivering heating and cooling energy to the human
body. Since this personal HVAC system is mobile, its performance is independent of the occupants
current position inside a room. According to Brooks and Parsons [109], Zhang et al. [110], conditioned
seats in vehicles ensure thermal comfort down to ambient temperatures of 15 ◦C (Table A3-31,
A3-32). However, this result could not be confirmed by Schmidt et al. [12], who used heated seats to
compensate a global reduction of indoor air temperatures. In their study, the researchers showed that
the dissatisfaction of individuals rises above 40% at ambient temperatures of 17.4 ◦C due to increasing
thermal asymmetries that appear across the human body surface. Table A3 reveals that the use of
conditioned seats allows to extend the acceptable ambient air temperature range in office buildings
within a range between 18 ◦C and 30 ◦C. Shahzad et al. [78] showed that heated seats can have an
energy consumption of about 20 W and cause an improvement of thermal sensation by one scale
point. However, the system’s overall energy consumption is strongly depending on the used system
components and the used control algorithms. Corresponding studies listed in Table A3 show that the
energy consumption of conditioned seats is very low, but their influence on thermal comfort is high.

There are only a few literature sources that deal with local foot heating systems. According
to Enomoto et al. [25], local heating of the lower body ensures global thermal comfort at very low
ambient temperatures that can reach down to 14 ◦C (Table A4-37). Furthermore, current research
(Table A4-36) shows that local cooling of the feet is inefficient and worsens the overall thermal sensation
of individuals at ambient temperatures of up to 32.3 ◦C. A heated foot pad has negligible impact on a
person’s thermal comfort at an air temperature of 17.7 ◦C (Table A4-34). Zhang et al. [112] developed a
closed construction of a foot heater, which is able to improve thermal comfort at an ambient temperature
of 18.9 ◦C. Their system was shown to save about 500 W of heating energy per occupant (Table A4-35).

The use of combined multiple personal climate actuators has a higher and more uniform thermal
impact on the human body than the use of single thermal actuators that are locally applied to individual
body parts. Here, the results of Schmidt et al. [12,13] indicate that reduced indoor temperatures require
a combination of multiple thermal actuators in order to keep a person in thermal neutrality. As already
mentioned before, the main reason for dissatisfaction and discomfort, while using a single actuator,
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is the resulting temperature asymmetry across the body surface. Veselý et al. [95] showed that the
use of a heated seat has a higher energy efficiency (20 W/1TS) than the combination of a heated
seat in combination with a desk and floor pad (80 W/1TS), which is the logic consequence of the
increased number of energy consuming actuators. However, the combined heating power of these
actuators is advantageous compared to a single actuator (Table A1-2, Table A4-34, Table A5-38). Such a
combined system provides thermal comfort for ambient temperatures down to 17.9 ◦C. According to
Pasut et al. [116], a conditioned seat can provide thermal comfort at ambient temperatures between
18 ◦C and 29 ◦C (Table A3-24, Table A5-40) with an overall energy consumption of less than 16 W.
This is a fractional amount of the energy required for mixed ventilation systems (about 750 W) that
aim to achieve the same thermal impact.

Personal face ventilation with preconditioned air (Table A6) is mainly used to ensure a high air
quality. Such systems direct cool fresh air towards the respiratory area of a person. According to
Habchi et al. [86], face ventilation can be used to reduce the risk of cross-infections and decreases the
absence days of the staff. Furthermore, the face ventilation provides a comfortable room climate at
ambient temperatures up to 30 ◦C (Table A6-45, A6-46).

The studies listed in Table A5 show that the use of combined thermal actuators (Table A5-38,
A5-39) can extend the acceptable ambient temperature range to values between 17.9 ◦C and 32.3 ◦C.
Considering all above mentioned systems, it can be concluded that a minimum ambient temperature of
16 ◦C can be regarded as comfortable, when using personal HVAC systems (Table A3-24). In vehicles,
however, even temperatures of 15 ◦C and 10 ◦C have been found to be comfortable (Table A3-31, A3-32).
The highest identified ambient temperature that could be ranked as comfortable was found to be 35 ◦C.
Here, preconditioned airflows that were directed towards the face (Table A1-13) with a supply air
temperature of 22 ◦C were used. Consequently, on the base of all the studies listed in Tables A1–A6
lead to the assumption that the comfortable indoor air temperature range can be specified between
16 ◦C and 35 ◦C, if personal HVAC systems are used. Furthermore, there is a need for studies outside
the formerly mentioned temperature range, since there is only a small amount of studies that consider
such extreme ambient temperatures. However, those studies are necessary for getting an impression
on the maximum efficiency of personal HVAC systems and corresponding energy savings.

The results of Figure 4 suggest a temperature range between 18 ◦C and 30 ◦C, in which the majority
of studies predicts a thermal dissatisfaction value below 20%. A possible way of doing this is to use
conditioned seats in combination with personal ventilation systems. The same temperature range was
identified by Zhang et al. [117] to be comfortable in connection with locally applied comfort actuators.
Here, the researchers estimated that the possible energy savings can be 40%, when compared to a room
air temperatures between 21.5 ◦C and 24 ◦C. According to Hoyt et al. [67,165], however, energy savings
are strongly depending on the local climatic conditions.

Ghahramani et al. [72] state that an increase in room air temperature between 3 K to 6 K causes
energy savings between 6.7% in Miami and 46.1% in San Francisco.

According to Schiavon and Melikov [166], the use of personal air movement systems can save
cooling energy between 17% to 48%. However, the possible energy saving depends on air velocity,
building characteristic, outdoor climate and the energy demand of the personal climate actuator.
Under the same environmental conditions, the use of a table fan (30 W) caused a higher total energy
consumption as a mixing ventilation system [167]. This reinforces the need for the implementation of
energy-efficient thermal actuators that have to be combined with efficient control algorithms.

Besides their energy saving due to an increase in energy efficiency, personal HVAC systems
accelerate the reaction speed of the air-conditioning system as a result of the decrease in climatization
area [168]. This is of importance since the thermal satisfaction of occupants depends on the available
user control as well as on the system’s adaptation speed [30]. It can be shown that most of the studies
investigate the efficiency of climate actuators as well as their thermal impact, but only a few studies
consider the corresponding control algorithms. The optimal control algorithm for personal HVAC must
prevent energy waste and must consider user needs [169]. Existing buildings that offer user control reach
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a higher thermal acceptance than buildings with central HVAC and high level of automation. However,
according to Shahzad et al. [170] user control reduces the efficiency of air-conditioning and increases the
energy consumption as a result of the inverse relation between user control and automated control.

Previous studies [93,95,151,152,171] show that automatic and user-controlled personal HVAC
systems provide similar thermal comfort for occupants. Here, automated systems increase the productivity
of individuals due to reduced distraction [93]. Since productivity depends on the satisfaction of the
occupants, an automated personal HVAC system that partly considers user control represents an optimum
way of implementation. This is achievable through the development of personalized systems that are
combined with learning algorithms, which consider user feedback. Here, the “human-centered closed loop
control”-platform (HCCLC-platform) developed by Metzmacher et al. [153], Wölki et al. [154] represents
one way of applying personalized control algorithms to personal control systems within the building and
vehicle sector. For this purpose, various personal local actuators can be simultaneously implemented and
operated by the HCCLC-platform.

The latter is capable of estimating body-part-specific equivalent temperatures, which are used to
calculate the required local heating/cooling power of body parts that is required to provide overall
thermal comfort to a person [153,154]. The corresponding energy demand can be determined on the
base of measured skin temperatures and/or simulation results generated with the thermophysiological
model MORPHEUS.

The implementation of energy-efficient personalized climatization systems requires models for
the determination of human thermal comfort. The most commonly used model in the building
sector for the determination of the overall thermal comfort of individuals is Fanger’s [32] PMV/PPD
model. It predicts the overall thermal sensation and dissatisfaction for a group of individuals near
thermal neutrality in a static manner and is the predominantly used model for designing central
HVAC systems. Although Fanger’s model shows good prediction performance with respect to thermal
discomfort of a group of individuals, the model is not applicable for the prediction of individual
thermal comfort. Alternative models, such as the adaptive model described in EN ISO 15251 [47]
or ASHRAE Standard 55 [18] correlate the operative indoor temperature with the mean running
outdoor temperature over a specific time period (four days up to one month). In contrast to Fanger’s
PMV/PPD the adaptive model takes the adaptive component of occupants into consideration, which
is e.g., the change of clothing insulation or the change operations on windows. However, the model is
restricted to non-air-conditioned buildings and defines temperature ranges that are comfortable for
a group of individuals instead of a direct comfort quantity. Due to the reason that these models are
targeting on a group of individuals, they cannot be applied for the prediction of individual human
thermal comfort, which is necessary in connection with the use of personalized climatization systems.

The model of Arens and Zhang [58] predicts local thermal sensation depending on measured
skin temperatures and considers thresholds for skin temperatures that correlate well with thermal
discomfort. Some multi-segment comfort models also determine thermal sensation and comfort for
single body parts as well as the body as a whole [19,61,66]. Zhang et al. [20,61] introduced a model for
the prediction of local and overall thermal sensation/comfort that can be applied to human individuals.
In uniform environments the researchers showed that overall thermal sensation is dominated by local
body parts such as the back/chest region and the pelvis. According to the researchers, the whole-body
thermal sensation depends on the three body parts that show the most extreme local thermal sensation
in cold and warm environments. This supports the thesis that improving local thermal sensation is of
high importance for ensuring whole-body thermal sensation and comfort. However, the developed
model is not generally applicable yet, since it is based on a small amount of data. It is furthermore
questionable, if such a model should have a higher integration of personal factors, since these have a
remarkable impact on individual thermal sensation and thermal preference.

Schmidt [62] showed that existing thermal sensation and comfort models need further
improvements with respect to transient and asymmetrical environmental conditions. As a consequence,
the researcher implemented a new model that represents a combination of the approaches of Fanger [32]
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and Zhang et al. [20,61]. In addition, the so-called balance comfort model (BCM) applies Fanger’s global
heat balance equation to individual body parts and uses the set of equations of Zhang to predict local
and overall thermal sensation and comfort of individuals. Furthermore, the researcher included thermal
conduction in the energy balance equation to be able to consider the influence of contacting surfaces on
a person’s thermal comfort. However, as all the local comfort models mentioned before, BCM requires
further experimental data to make the model more robust with respect to its prediction results.

Consequently, the use of personalized climatization systems requires thermal comfort models
that are able to predict an individual’s thermal comfort. Here, information on global ambient
conditions as well as information regarding local micro-climatic situations close to the human body are
required. Such a comfort model combined with personalized climatization would be capable to ensure
person-specific thermal comfort in various thermal environments. In Figures A1 and A2 the different
existing heating and cooling methods are compared with respect to their tested ambient conditions,
their possible impact on thermal comfort and energy demand. The Figures A1 and A2 shows the
maximum range of values for the different methods, based on the published data of the single studies.
It becomes clear that only a few studies contain comprehensive data about the investigated aspects. It is
obvious that the majority of the studies that deal with personalized cooling use personal ventilation
systems. This method has a high energy efficiency with an average energy demand of 2 W to 23 W.
Although less studies focus on radiant cooling, this method is also capable to provide thermal comfort
at ambient temperatures of up to 32 ◦C. Above all, radiant panels are simultaneously efficient at
heating the environment and can save about 500 W per person, as it is shown in Figures A1 and A2.
In comparison, only a few studies investigate the concurrent application of multiple cooling or heating
methods and do not consider extreme ambient conditions. Personalized climatization is basically
suitable for both, ensuring a person-specific optimized thermal comfort and for ensuring a healthy
environment. It is obvious that for a broader application of personalized climatization systems,
such systems have to be further investigated.

7. Conclusions

According to DIN EN ISO 7730 [9], the operative indoor temperature range of HVAC systems in
office buildings must be kept between 22 ◦C and 24.5 ◦C to provide a comfortable indoor climate for
the occupants inside. By applying personal HVAC systems, this temperature range can be expanded
to values between 18 ◦C and 30 ◦C while causing thermal dissatisfaction below 20% (see Figure 4).
Only a few studies investigate thermal comfort outside this temperature range (see Tables A1–A6).
Some of them [109,110,116] prove that even higher or lower ambient temperatures can be regarded
as comfortable, when using personal HVAC systems. According to these researchers, a wider indoor
air temperature range between 16 ◦C and 35 ◦C is still comfortable. However, there is a need for
further research since the data base for these temperature levels is quite small. Zhang et al. [117]
confirmed that an indoor air temperature range between 18 ◦C to 30 ◦C can be regarded as comfortable.
Furthermore, the researchers estimated the predicted energy savings for this temperature range to be
40%, when personal climatization systems are used that consist of a heated and ventilated keyboard,
foot warmer and an air supply system that directs local air flows towards the face region of a person.
The calculated energy savings of the researchers is valid for a comparison of their system to mixing
ventilation systems that are designed for a temperature range between 21.5 ◦C and 24 ◦C. However,
a systems’ energy demand strongly varies with respect to the applied hardware components, applied
control algorithms and system design. For example, the energy demand for cooling systems varies
between 2 W to 46 W as shown in Figures A1 and A2. Furthermore, Hoyt et al. [67,165] showed that
the achievable energy saving is strongly dependent on the outdoor climate.

Results of a field study performed by Bauman et al. [29] confirm the advantages of personal HVAC
systems in comparison to central air-conditioning systems regarding thermal comfort and perceived
air quality. In their study, the researchers implemented a personal HVAC system and included
a user control approach, which was designed for office buildings in San Francisco. According to



Appl. Sci. 2019, 9, 35 22 of 51

Huizenga et al. [17], Bauman et al. [29], thermal comfort, IAQ and room acoustics are commonly weak
points in existing buildings. Consequently, there is a high optimization potential. Most of the existing
personal HVAC systems in the literature [93,95,171] are user-controlled systems that do not consider
automated control of local thermal actuators.

The so-called HCCLC-concept described in [15,153,155,156,172] uses a human being/numerical
human thermoregulation model as a core component of a personalized HVAC system. The system itself
can be expanded by a variable amount of local climate actuators and allows to consider user feedback
systems to establish self learning control algorithms with the goal to automate the entire climatization
of individuals in a much more energy-efficient way than it is currently done in buildings and vehicles.

Finally, this paper contains an extensive comparison of existing and investigated personal
thermal actuators from the current literature and enables the choice of thermal actuators and their
combination depending on environmental conditions, energy demand, expected thermal comfort
and thermal comfort improvements. The corresponding selection process is enabled by the use of
Figures A1 and A2, Tables A1–A6. Additionally, the paper showed the necessity and potential of local
thermal comfort models in connection with the design and application of energy-efficient personal
climatization systems and highlighted the potential of further areas of system application such as for
the improvement of health, productivity or the reduction of mortality rates due to energy poverty.
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Abbreviations

The following abbreviations are used in this manuscript:

A automated control
AAM active appearance model
AS Active System
ATHB adaptive thermal heat balance
BCM balance comfort model
C cooling
CC chilled ceiling
CF chilled floor
CMW constant mechanical wind
CNS central nervous system
DR draught rate
DV displacement ventilation
F female participants
FMU functional mock-up unit
H heating
HVAC heating, ventilation, and air-conditioning
HCCLC human-centered closed loop control
IAQ indoor air quality
M male participants
max. maximal
MORPHEUS Morphable Human Energy Simulator
NEFZ new european driving cycle
No. number
PAQ perceived air quality
PMV predicted mean vote
PD percentage dissatisfied
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PEC personal environmental control
PPD predicted percentage dissatisfied
PS Passive System
PV personal ventilation
Ref. WB evaluation of thermal state of whole body without personalized air-conditioning (reference)
Res. WB evaluation of thermal impact of personalized air-conditioning on whole body
rh relative humidity
RMP round movable panel
SET standard effective temperature
SNW simulated natural wind
T temperature
Ta ambient temperature
Tsupply supplied temperature
TS thermal sensation [−3:3]
TC thermal comfort [−3:3]
U available user control
UFAD underfloor air distribution
v air velocity
vsupply supplied air velocity
WB whole body

Appendix A. Tables Concerning Existing Studies about Personal Climatization Systems

Subsequently, the description of all the abbreviations within the tables.

• Participating Subjects throughout the research study:

M: Number of male participants

F: Number of female participants
• Task of the investigated personal climatization systems:

H: Heating

C: Cooling

IAQ: Improvement of the indoor air quality
• Available Control over the power stage of the personal climatization systems:

-: Predefined load profile, no personal control

U: Available user control

A: Automated power-adjustment of the personal climatization systems dependent on the
determined thermal sensation/comfort

Available control concerns either supplied temperature T or supplied air velocity v.
• Ta: Ambient air temperature [◦C]
• rh: Relative humidity [%]
• Tsuppl: Supplied air temperature [◦C]
• vsuppl: Supplied air velocity [m s−1] (unless otherwise stated)
• Res. WB: Thermal impact of the personal climatization systems on the whole body
• Ref. WB: Thermal impact of air-conditioning without thermal actuators on the whole

body (reference)

TS: Thermal Sensation, interval [−3:3] (unless otherwise stated)

TC: Thermal Comfort, interval [−3:3] (unless otherwise stated)
• PD: Percentage Dissatisfied due to thermal quality (unless otherwise stated)
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Table A1. Desk-mounted personal climatization systems (ventilation, radiation and conduction).

No. Source Place
Subjects Task

System Control
Ta rh Tsuppl vsuppl Res. WB Ref. WB PD

M F H C IAQ [◦C] [%] [◦C] [m s−1] TS TC TS TC [%]

1
He et al.

2017
[89]

CHN 23 - X - Ventilation

- 26 80 26
1.50 −0.2 −0.3 0.4 0.1 11 a

2.30 −0.6 −0.5 0.4 0.1 28 a

U: v 26 80 26 2.30 0.0 0.5 0.4 0.1 11 a

- 28 80 28
1.50 0.3 0.6 0.7 −0.5 18 a

2.30 −0.3 0.4 0.7 −0.5 6 a

U: v 28 80 28 2.30 0.0 0.8 0.7 −0.5 10 a

- 30 80 30
1.50 0.8 0.1 1.3 −0.9 25 a

2.30 0.6 0.1 1.3 −0.9 19 a

U: v 30 80 30 2.30 0.5 0.3 1.3 −0.9 18 a

a: PD based on not thermally acceptable responses; energy demand: 2 W (1.5 m/s) and 3 W (2.3 m/s)

2
Veselý
2017
[95]

NLD 7 6 X - - Radiation U: T 18.1 52 35 a - −0.8 0.0 −1.2 −0.2 -
a: max. surface temperature; WB TC: [−1:−0;+0:1]; max. energy demand: 80 W

3
He et al.

2017
[94]

CHN 10 10 - X - Radiation -

28 60 22.8 - −0.1 0.4 0.6 0.0 5 a

30 60 23.9 - 0.3 0.2 0.9 −0.6 15 a

32 60 25.5 - 0.8 0.1 1.4 −1.2 15 a

a: PD based on not thermally acceptable responses; max. energy demand: 15 W

4
Pallubinsky et al.

2015
[104]

NLD 8 8 - X -
Ventilation

- 32.3 29.3
32.3 1.28 1.2 −0.0 1.7 −0.4 -

Radiation 22.7 0.00 1.5 −0.2 1.7 −0.4 -

WB TC: [-2:-0;+0:2]

5
Boerstra et al.

2014
[93]

DNK 12 11 - X - Ventilation
U: v 28 30 - 2.50 0.5 - - - 61
fixed a 28 30 - 2.50 0.4 - - - 43

a: predetermined load profile based on preceding user-controlled trials

6
Ugursal et al.

2012
[85]

USA 21 19 - X -
Ventilation (head)

- - 45 23.9
0.28 0.6 0.7 0.5 0.8 -

Ventilation (head,
hands, feet)

0.22 0.6 0.8 0.5 0.8 -

WB TC: [-2:-0;+0:2]; Subjects preferred higher air movement; high metabolic activity: 1.9 met
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Table A1. Cont.

No. Source Place
Subjects Task

System Control
Ta rh Tsuppl vsuppl Res. WB Ref. WB PD

M F H C IAQ [◦C] [%] [◦C] [m s−1] TS TC TS TC [%]

7
Cui et al.

2012
[84]

CHN 12 6 - X -

Ventilation CMW a

-

28 - 28
1.08 0.4 −0.3 0.4 −0.2 -

Ventilation SNW b 1.06 0.3 −0.5 0.4 −0.2 -

Ventilation CMW a

30 - 30
1.08 1.0 −0.8 0.9 −0.6 -

Ventilation SNW b 1.06 0.8 −0.7 0.9 −0.6 -

WB TC: [−3:0]; a: constant mechanical wind; b: simulated natural wind; working period; reference: 26 ◦C ambient
temperature

8
Hua et al.

2012
[76]

CHN 12 9 - X -

Ventilation CMW a

-

28 50 28
1.08 0.0 −0.4 - - -

Ventilation SNW b 1.06 −0.1 −0.4 - - -

Ventilation CMW a

30 50 30
1.08 0.6 −0.7 - - -

Ventilation SNW b 1.06 0.5 −0.6 - - -

9
Hua et al.

2012
[76]

CHN 10 2 - X -
Ventilation CMW a

- 28.4 40 -
0.80 −0.1 −0.5 −0.0 −0.5 -

Ventilation SNW b 0.76 −0.1 −0.3 −0.0 −0.5 -

Field study; a: constant mechanical wind; b: simulated natural wind; reference: 26 ◦C ambient temperature

10
Cui et al.

2012
[84]

CHN 12 6 - X -

Ventilation CMW a

-

28 - 28 1.06
0.3 −0.3 0.4 −0.2 -

Ventilation SNW b 0.2 −0.4 0.4 −0.2 -

Ventilation CMW a

30 - 28 1.06
0.9 −0.6 0.4 −0.2 -

Ventilation SNW b 0.6 −0.5 0.4 −0.2 -

WB TC: [−3:0]; a: constant mechanical wind; b: simulated natural wind; resting period; reference: 26 ◦C ambient
temperature

11
Akimoto et al.

2009
[173]

JPN 6 2 - X - Ventilation
- 28 50 - - 0.0 −0.8 1.3 −1.2 -

U: v 28 50 - - −0.1 −0.8 1.3 −1.2 -

WB TC: [−3:0]
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Table A1. Cont.

No. Source Place
Subjects Task

System Control
Ta rh Tsuppl vsuppl Res. WB Ref. WB PD

M F H C IAQ [◦C] [%] [◦C] [m s−1] TS TC TS TC [%]

12
Atthajariyakul et al.

2008
[88]

THA 10 5 - X - Ventilation -

25 70 25

0.50 −0.9 - −0.4 - 0 a

1.00 −1.3 - −0.4 - 40 a

1.50 −1.7 - −0.4 - 73 a

2.00 −2.0 - −0.4 - 88 a

26 70 26

0.50 −0.2 - 0.3 - 0 a

1.00 −0.3 - 0.3 - 0 a

1.50 −0.9 - 0.3 - 13 a

2.00 −1.4 - 0.3 - 40 a

27 70 27

0.50 0.1 - 0.4 - 0 a

1.00 −0.1 - 0.4 - 0 a

1.50 −0.4 - 0.4 - 0 a

2.00 −0.8 - 0.4 - 0 a

28 75 28

0.50 0.5 - 0.9 - 0 a

1.00 0.0 - 0.9 - 0 a

1.50 −0.3 - 0.9 - 0 a

2.00 −0.5 - 0.9 - 6 a

a: PD based on TS between -1 and 1

13
Zhang et al.

2007
[174,175]

CHN 30 0 - X - Ventilation (face) - 35 40 22 1.00 0.2 0.5 1.4 −0.3 -

WB TC: [−2:−0;+0:2]
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Table A2. Personal climatization systems applying horizontal and vertical ventilation.

No. Source Place
Subjects Task

System Control
Ta rh Tsuppl vsuppl Res. WB Ref. WB PD

M F H C IAQ [◦C] [%] [◦C] [m s−1] TS TC TS TC [%]

14
Zhai et al.

2015
[98]

USA 8 8 - X - Ventilation, vertical -

26

60 26

0.3 0.2 2.0 0.3 1.7 0
0.7 −0.2 2.0 0.3 1.7 0
0.9 −0.6 1.7 0.3 1.7 0

80 26

0.3 0.1 1.7 0.6 1.5 0
0.7 −0.1 1.9 0.6 1.5 0
0.9 −0.1 1.9 0.6 1.5 0

28

60 28

0.7 0.2 1.9 0.8 1.1 0
0.9 +0.0 2.1 0.8 1.1 0
1.2 −0.1 2.1 0.8 1.1 0

80 28

0.85 0.4 1.8 1.3 0.4 0
1.2 0.1 1.7 1.3 0.4 0
1.6 0.1 1.5 1.3 0.4 0

30

60 30

0.85 0.7 1.2 1.7 −0.3 8
1.2 0.5 1.6 1.7 −0.3 0
1.6 0.4 1.9 1.7 −0.3 8

80 30

1.2 0.8 1.1 2.2 −1.4 7
1.6 0.5 1.6 2.2 −1.4 0
1.8 0.5 1.4 2.2 −1.4 0

WB TS: [−4:4]; WB TC: [−4:−0;+0:4]

15
Pasut et al.

2014
[97]

USA 8 8 - X -

front c, oscillation a (2 W)

- 28 50 28

0.7 b 1.1 0.9 1.0 0.4 -
sideways c, oscillation a (2 W) 0.9 b 0.9 1.0 1.0 0.4 -

front c, oscillation a (3 W) 0.7 b 1.0 0.8 1.0 0.4 -
sideways c, oscillation a (3 W) 0.8 b 1.1 0.6 1.0 0.4 -

front c, constant (2 W)

- 28 50 28

0.7 b 0.9 0.8 1.0 0.4 -
sideways c, constant (2 W) 0.9 b 0.6 1.0 1.0 0.4 -

front c, constant (3 W) 0.7 b 0.2 1.3 1.0 0.4 -
sideways c, constant (3 W) 0.8 b 0.3 1.1 1.0 0.4 -

upright c (2 W)
- 28 50 28

0.7 b 0.7 1.0 1.0 0.4 -
upright c (3 W) 0.9 b 0.4 1.3 1.0 0.4 -

a: Ratio 10:15 (flow of air:rest time) in seconds; b: air speed at 1.1m height (peak if oscillation; average if constant
ventilation); c: use of ceiling fans applying ventilation; WB TS: [−4:4]; WB TC: [−2:−0;+0:2]
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Table A2. Cont.

No. Source Place
Subjects Task

System Control
Ta rh Tsuppl vsuppl Res. WB Ref. WB PD

M F H C IAQ [◦C] [%] [◦C] [m s−1] TS TC TS TC [%]

16
Zhai et al.

2013
[100]

USA 8 8 - X -

Ventilation, horizontal (2.9 W a) U: v 26

60

26 0.3 a 0.0 2.0 - - 0
Ventilation, horizontal (5 W a) U: v 28 28 0.7 a 0.2 1.9 - - 3
Ventilation, horizontal (8 W a) U: v 30 30 1.0 a 0.5 1.3 - - 1

Ventilation, horizontal (3.3 W a) U: v 26

80

26 0.4 a 0.0 1.6 - - 5
Ventilation, horizontal (5.6 W a) U: v 28 28 0.7 a 0.5 1.8 - - 5

Ventilation, horizontal (10.5 W a) U: v 30 30 1.3 a 1.0 0.4 - - 33
a: averaged used power; WB TS: [−4:4]; WB TC: [−4:4]

17
Huang et al.

2013
[99]

CHN 15 15 - X - Ventilation, horizontal

-

28 45 28

0.6 0.0 −0.3 0.5 −0.4 -
1.0 −0.2 −0.4 0.5 −0.4 -
1.5 −0.4 −0.4 0.5 −0.4 -

30 45 30

0.6 0.7 −0.7 1.4 −1.0 -
1.0 0.5 −0.5 1.4 −1.0 -
1.5 0.1 −0.4 1.4 −1.0 -
2.0 0.0 −0.4 1.4 −1.0 -

32 45 32

0.6 1.4 −1.2 1.9 −1.4 -
1.0 1.0 −0.8 1.9 −1.4 -
1.5 0.8 −0.7 1.9 −1.4 -
2.0 0.5 −0.8 1.9 −1.4 -

34 45 34

0.6 1.8 −1.3 2.0 −1.7 -
1.0 1.3 −1.1 2.0 −1.7 -
1.5 1.2 −1.1 2.0 −1.7 -
2.0 0.9 −1.0 2.0 −1.7 -

U: v

28 45 28 0.5a 0.0 −0.2 0.5 −0.4 0
30 45 30 2.0a 0.2 −0.2 1.4 −1.0 0
32 45 32 1.6a 0.5 −0.5 1.9 −1.4 35
34 45 34 1.9a 0.9 −0.7 2.0 −1.7 52

a: preferred air velocity; WB TC: [−3:0]
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Table A2. Cont.

No. Source Place
Subjects Task

System Control
Ta rh Tsuppl vsuppl Res. WB Ref. WB PD

M F H C IAQ [◦C] [%] [◦C] [m s−1] TS TC TS TC [%]

18
Makhoul et al.

2013
[142]

- 5 5 - X X

Ventilation; 22.12% b

-

26 -

16 5.0 a −0.7 1.6 - - -
Ventilation; 29.62% b 20 7.5 a −0.7 1.6 - - -
Ventilation; 33.12% b 24 10.0 a −0.8 1.4 - - -

Ventilation; 20.19% b

27 -

16 5.0 a 0.1 1.5 - - -
Ventilation; 27.25% b 20 7.5 a −0.1 1.6 - - -
Ventilation; 34.13% b 24 10.0 a −0.2 1.5 - - -

Ventilation; 26.97% b

28 -

16 5.0 a 0.3 1.2 - - -
Ventilation; 31.08% b 20 7.5 a 0.0 1.4 - - -
Ventilation; 33.47% b 24 10.0 a −0.3 1.5 - - -

a: volume air flow L/s; b: energy saving compared to the application of mixing ventilation (same TC); WB TC: [−4:4]

19
Yang et al.

2010
[79]

- 16 16 - X X Ventilation, vertical - a

26 -

21

4 b

0.3 - - - 12
23.5 0.8 - - - 22
26 1.0 - - - 31

21

8 b

−0.3 - - - 6
23.5 0.0 - - - 12
26 0.3 - - - 23

21

12 b

−0.6 - - - 6
23.5 −0.1 - - - 3
26 0.4 - - - 16

21

16 b

−1.0 - - - 21
23.5 −0.5 - - - 12
26 0.0 - - - 9

23.5 -

21
4 b

0.1 - - - 6
23.5 0.6 - - - 15

21
8 b

−0.4 - - - 10
23.5 −0.2 - - - 6

21
12 b

−0.9 - - - 16
23.5 −0.3 - - - 10

21
16 b

−0.9 - - - 31
23.5 −0.6 - - - 25
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Table A2. Cont.

No. Source Place
Subjects Task

System Control
Ta rh Tsuppl vsuppl Res. WB Ref. WB PD

M F H C IAQ [◦C] [%] [◦C] [m s−1] TS TC TS TC [%]
a: Subjects chose the (fixed) fan, but did not have any influence on the used power stage; b: volume air flow L/s; Field
study

20
Arens et al.

1998
[101]

USA 62 57 - X -

Ventilation, horizontal,
oscillation; 1.2met U: v

25 50 25 0.74 a - - - - 14 b

26 50 26 0.74 a - - - - 8 b

27 50 27 0.74 a - - - - 1 b

28 50 28 0.74 a - - - - 9 b

29 50 29 0.74 a - - - - 15 b

30 50 30 0.74 a - - - - 27 b

Ventilation, horizontal,
constant; 1.2 met U: v

27 50 27 1.04 a - - - - 3 b

28 50 28 1.04 a - - - - 1 b

29 50 29 1.04 a - - - - 1 b

30 50 30 1.04 a - - - - 23 b

Ventilation, horizontal,
oscillation; 1.0 met U: v

25 50 25 0.74 a - - - - 8 b

26 50 26 0.74 a - - - - 12 b

27 50 27 0.74 a - - - - 10 b

28 50 28 0.74 a - - - - 16 b

29 50 29 0.74 a - - - - 20 b

30 50 30 0.74 a - - - - 2 b

Ventilation, horizontal,
constant; 1.0 met U: v

27 50 27 1.04 a - - - - 14 b

28 50 28 1.04 a - - - - 2 b

29 50 29 1.04 a - - - - 12 b

30 50 30 1.04 a - - - - 10 b

a: average air velocity at the highest power stage; b: percentage of responses beyond the range of ±1.5
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Table A3. Personal climatization systems applying temperature-controlled and ventilated seats.

No. Source Place
Subjects Task

System Control
Ta rh Tsuppl vsuppl Res. WB Ref. WB PD

M F H C IAQ [◦C] [%] [◦C] [m s−1] TS TC TS TC [%]

21
Shahzad et al.

2017
[77,78]

GBR 29 15 X - - Radiation: seat,
backrest (30 W; max.

53.6 ◦C)

U: T 24 29 - 0 1.3 1.8 0.1 0.3 20 a

a: Percentage of subjects who are not satisfied with the thermal environment (<2, scale [−3:3]); Field study; separate
temperature control for seat and backrest; preferred temperature: 29 ◦C to 39 ◦C; reference: thermal assessment
prior to the use of the thermally conditioned seat

22
Veselý et al.

2017
[95]

NLD 7 6 X - - Radiation: seat,
backrest (21 W; max.

28 ◦C)

U: T 18 47 - 0 −0.3 +0.0 −1.2 −0.2 -

WB TC: [−1:−0;+0:1]; reference: operative temperature 17.7 ◦C

23
Pallubinsky et al.

2015
[104]

NLD 8 8 - X - Radiation: seat,
backrest

- 32.3 29.3 30 0 1.5 −0.3 1.7 −0.4 -

WB TC: [−2:−0;+0:2]

24
Pasut et al.

2014
[116]

USA 11 12 X X -

Radiation: seat,
backrest; 0.8 clo U: T

16 50 - 0 −1.0 0.7 −1.7 −0.7 26 a

18 50 - 0 0.2 1.0 −1.0 −0.0 9 a

Radiation: seat,
backrest; 1 clo

U: T 16 50 - 0 0.0 0.7 −1.7 −0.7 26 a

Radiation: seat,
backrest; 0.5 clo

U: T 29 50 - 0 0.7 0.9 2.4 −1.1 9 a

a: Percentage dissatisfied based on negative TC responses; WB TS: [−4:4]; WB TC: [−2:−0;+0:2]; max. energy
demand: heating: 16 W, cooling: 3.6 W

25
Pasut et al.

2013
[111]

USA 14 16 X X -

Radiation: seat,
backrest (27 W a)

U: T

16 50 - 0 0.0 0.8 −1.8 −0.6 -

Radiation: seat,
backrest (23.5 W a)

18 50 - 0 0.0 1.0 −1.0 −0.2 -

Radiation: seat,
backrest (16.5 W a)

25 50 - 0 0.2 1.2 0.5 1.4 -

Radiation: seat,
backrest (45.5 W a)

29 50 - 0 0.5 0.3 2.3 −0.7 -

a: average energy demand; WB TS: [−4:4]; WB TC: [−2:−0;+0:2]
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Table A3. Cont.

No. Source Place
Subjects Task

System Control
Ta rh Tsuppl vsuppl Res. WB Ref. WB PD

M F H C IAQ [◦C] [%] [◦C] [m s−1] TS TC TS TC [%]

26
Sun et al.

2012
[105]

- 16 16 - X -

Ventilation, ventilators
at the corners of the
seat (max. 23.04 W,
1.87 m s−1)

U: v

22 - 22 0.48 a −0.5 - −0.6 - -
24 - 24 0.48 to

1.22 a
−0.4 - −0.5 - -

26 - 26 1.87 a 1.0 - 1.9 - -
a: preferred air velocity

27
Washinosu et al.

2010
[108]

JPN
12 0

- X - Ventilation: armrest,
seat U: v

28 50 28 11.11 a −0.2 0.6 1.8 −1.4 18
30 50 30 11.11 a 0.3 0.0 2.5 −2.2 34

0 8
28 50 28 11.11 a −1.0 1.0 1.3 0 0
30 50 30 11.11 a 0.3 1.0 2.2 −1.6 0

a: volume air flow in L s−1

28
Watanabe et al.

2008
[106]

JPN 7 0 - X -

Ventilation: seat,
backrest (max. 31.9
L/s)

U: v

28 50 28 21.3 a −0.1 0.7 0.1 0.7 0 b

30 50 30 23.8 a 0.4 0.0 1.9 −1.0 0 b

32 50 32 29.4 a 2.1 −1.3 2.8 −1.7 43 b

Ventilation: seat,
backrest (max. 4.8 L/s) U: v

28 50 28 4.8 a 0 0.7 0.1 0.8 0 b

30 50 30 4.8 a 1.4 −0.1 1.9 −1.0 15 b

32 50 32 4.8 a 2.8 −1.6 2.8 −1.7 71 b

a: preferred volume air flow in L s−1; b: percentage of subjects who did not accept the thermal environment; WB
TC: [−2:2]

29
Kogawa et al.

2007
[176]

JPN
2 2

- X -
Ventilation: armrest
(max. 19.44 L s−1)

U: v 27 - 27 -
−0.3 −0.5 0.5 −0.8 -

1 3 0.0 −0.3 0.7 −0.9 -

WB TC: [−3:0]

30
Onga et al.

2007
[107]

JPN
0 19

- X -
Ventilation: armrest
(max. 19.44 L s−1)

U: v 28 50 28 11.11 a
−0.2 −0.1 0.1 −0.5 -

18 0 −0.2 −0.2 0.3 −0.8 -
a: average volume air flow L s−1; WB TC: [−3:0]
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Table A3. Cont.

No. Source Place
Subjects Task

System Control
Ta rh Tsuppl vsuppl Res. WB Ref. WB PD

M F H C IAQ [◦C] [%] [◦C] [m s−1] TS TC TS TC [%]

31
Zhang et al.

2007
[110]

DNK 17 7
X X - Radiation: seat,

backrest -

15 45 44 0 - 0.5 a - - 11
18 45 37 0 - 0.6 a - - 9
22 45 37 0 - 0.6 a - - 8
25 45 37 0 - 0.6 a - - 5
28 45 25–37 0 - 0.4 a - - 10
35 45 25 0 - 0.4 a - - 28
45 45 18 0 - 0.0 a - - 53

a: instead of thermal comfort: thermal acceptance (TA), scale (TA): [−1:−0;+0:1]; environment of the study: vehicle

32
Brooks, Parsons

1999
[109]

- 8 0 X - - Radiation: seat,
backrest (max. 55 ◦C) U: T

5 40 - - −0.9 −1.0 −2.5 −2.1 -
10 40 - - 0.3 −0.2 −2.0 −1.5 -
15 40 - - 0.8 −0.3 −0.6 −0.5 -
20 a 30 - - 0.9 0.0 0.2 0.0 -

a: surface temperature of the wall: 5 ◦C; WB TC: [−3:0]; environment of the study: vehicle

33
Melikov et al.

1998
[114]

- 12 6 X - - Radiation: backrest
(max. 60 ◦C) U: T

17 - - - - - - - 50 a

20 - - - - - - - 17 a

23 - - - - - - - 0 a

a: Percentage of subjects who did not accept the thermal environment
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Table A4. Personal climatization systems concerning the lower human body (radiation).

No. Source Place
Subjects Task

System Control
Ta rh Tsuppl vsuppl Res. WB Ref. WB PD

M F H C IAQ [◦C] [%] [◦C] [m s−1] TS TC TS TC [%]

34
Veselý et al.

2017
[95]

NLD 7 6 X - - heating pad 92 W U: T 17.7 48 - - −1.0 −0.0 −1.2 −0.2 -

WB TC: [−1:−0;+0:1]

35
Zhang et al.

2015
[112]

USA 8 8 X - -

reflector incandescent
bulb 21 W

U: T

18.9 - - 0 −0.9 1.5 a −0.6 1.5 a 5

reflector incandescent
bulb 15 W

19.4 - - 0 −0.6 1.7 a −0.6 1.5 a 3

reflector incandescent
bulb 12 W

20.0 - - 0 −0.3 1.7 a −0.6 1.5 a 4

reflector incandescent
bulb 5 W

21.1 - - 0 0.0 1.8 a −0.6 1.5 a 6

a: instead of thermal comfort: thermal acceptance (TA); Subjects preferred an alternating, high heating power to a
constant, lower heating power; There were ergonomic complaints due to the closed foot heater; energy saving per
occupant: 500 W to 700 W towards 3 W to 21 W additional energy consumption; reference: ambient air temperature
21 ◦C

36
Pallubinsky et al.

2015
[104]

NLD 8 8 - X - cooling panel - 32.3 29.3 21.8 0 1.9 −0.7 1.7 −0.4 -

WB TC: [−2:−0;+0:2]

37
Enomoto et al.

2009
[25]

JPN 8 0 X - -
temperature-controlled
box inside climate
chamber

- 14 -

14 0 −3.0 −2.5 - - -
23 0 −2.2 −0.9 - - -
32 0 −0.9 0.0 - - -
41 0 0.5 0.0 - - -
50 0 1.9 −1.1 - - -

WB TS: [−4:4]
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Table A5. Combination of personal thermal actuators (ventilation, radiation) for personal climatization systems.

No. Source Place
Subjects Task

System Control
Ta rh Tsuppl vsuppl Res. WB Ref. WB PD

M F H C IAQ [◦C] [%] [◦C] [m s−1] TS TC TS TC [%]

38
Veselý et al.

2017
[95]

NLD 7 6 X - -

radiation: seat +
backrest 17 W, desk
mat 63 W, floor mat
69 W

U: T 17.9 48 - - 0.7 0.3 −1.2 −0.2 -
fixed a 17.9 36 - - 0.5 0.4 −1.2 −0.2 -
A b: T 17.9 48 - - −0.4 +0.0 −1.2 −0.2 -

a: fixed heating power: average heating power of the last part of a preceding trial (same thermal environment) of
each thermal actuator; b: Automation based on fingertip temperature; max. energy demand: seat+backrest 36 W,
28 ◦C; desk mat 80 W, 35 ◦C; floor mat 100 W, 30 ◦C; WB TC: [−1:−0;+0:1]

39
Pallubinsky et al.

2015
[104]

NLD 8 8 - X - Ventilation 1.28 m s−1;
radiation (underarm)

22.7 ◦C

- 32.3 29.3 22.7 1.28 1.0 0.1 1.7 −0.4 -

WB TC: [−2:−0;+0:2]

40
Pasut et al.

2014
[116]

USA 11 12 - X - Ventilation 1.2 W;
radiation:

seat+backrest 3.6 W

U: v 29 50 - - 0.2 1 2.4 −1.1 -

WB TS: [−4:4]; WB TC: [−2:−0;+0:2]; table fan significantly improves TS
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Table A5. Cont.

No. Source Place
Subjects Task

System Control
Ta rh Tsuppl vsuppl Res. WB Ref. WB PD

M F H C IAQ [◦C] [%] [◦C] [m s−1] TS TC TS TC [%]

41
Arens et al.

2008
[118]

USA 9 9 X X X

radiation: hand-heater
28.6 W, foot heater
30 W; ventilation:
face-ventilation 35 W,
hand-ventilation 6 W

-

18 - 35/32 a - −0.9 0.6 −1.2 0.2 -
19.9 - 35/32 a - −0.3 1.2 −0.6 1.6 -

27.5 - 28
1.00

0.3 1.4 1.4 0.2 -
29 - 28 0.8 0.9 2.0 −1.4 -

U: T,v

18 - 35/32 a - −0.7 1.1 −1.2 0.2 -
19.9 - 35/32 a - −0.2 1.9 −0.6 1.6 -

24.2 - 24.5/25
a

0.60 0.0 2.6 0.3 2.0 -

27.5 - 28
1.00

−0.2 1.9 1.4 0.2 -
29 - 28 0.7 1.0 2.0 −1.4 -

a: average temperature hand /foot heater; WB TS and WB TC: [−4:−0;+0:4]

42
Knudsen et al.

2005
[115]

- 24 24 X X X

PV (20 ◦C): RMP, UD
ATD: 5 L s−1; radiant
heating: seat,
under-desk (UD), floor
panel 47 ◦C

U: T,v

20 -
20/40/
45d

15 a - 0.8 b - 0.5 b 8 c

22 - 15 a - 0.8 b - 0.5 b 14 c

26 - 15 a - 0.7 b - 0.5 b 11 c

a: volume air flow L s−1; b: instead of thermal comfort: thermal acceptance (TA), scale (TA): [−1:−0;+0:1]; c:
Percentage of Dissatisfied due to perceived air quality (PAQ); d: PV: 20 ◦C, UD: 40 ◦C, backrest: 45 ◦C; reference: air
temperature 22 ◦C

43
Melikov et al.

1998
[114]

- 12 6 X - -

radiation: max. 60 ◦C
(back+thighs) U: T

17 - - 0.00 - - - - 50 a

20 - - 0.00 - - - - 22 a

23 - - 0.00 - - - - 5 a

radiation: max. 60 ◦C
(back, thighs, legs
(front+back))

U: T

14 - - 0.00 - - - - 54 a

17 - - 0.00 - - - - 12 a

20 - - 0.00 - - - - 12 a

23 - - 0.00 - - - - 0 a

a: based on thermal not acceptable responses; cold local thermal sensation at hands and arms due to following
ambient air temperature: 14 ◦C to 20 ◦C

44
Bauman et al.

1997
[29]

USA 42 X X - Ventilation; radiation
(lower body)

U: T,v - - - - 0.3 1.5 0.5 0.1 0

WB TC: [1:4:7]; change of TS: +0.84 (with personal thermal actuators) vs +0.16 (reference); PD based on subjects
with TS < −1 or TS > +1; reference: 10 to 12 persons per building; Field study
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Table A6. Personal ventilation (possible preconditioning of the supplied air) and evaporative coolers.

No. Source Place
Subjects Task

System Control
Ta rh Tsuppl vsuppl Res. WB Ref. WB PD

M W H C IAQ [◦C] [%] [◦C] [m s−1] TS TC TS TC [%]

45
Kalmar et al.

2012
[139]

HUN
10 9

- X X
chilled ceiling (CC)

-
30 - 30 5.55 a - 0.8 - 0.8 -

8 7 chilled floor (CF) 28.5 - 28.5 5.55 a - 0.6 - 1.1 -
a: volume air flow L s−1; alternating air flow through 3 air jets (mounted on a horizontal plane which is placed on
the desk); dissatisfaction due to draught

46
Kalmar et al.

2017
[138]

HUN

10 0

- X X

30s interval, average age: 24

- 30 - 30 0.48

1.1 1.3 1.4 1.4 -
20 s interval, average age: 24 1.0 1.0 1.4 1.4 -
10 s interval, average age: 24 0.8 0.7 1.4 1.4 -

30 s interval, average age: 57

- 30 - 30 0.48

1.0 1.2 1.5 1.6 -
20 s interval, average age: 57 1.0 1.2 1.5 1.6 -
10 s interval, average age: 57 0.8 0.6 1.5 1.6 -

0 10

30 s interval, average age: 24

- 30 - 30 0.48

0.1 0.0 1.2 0.6 -
20 s interval, average age: 24 −0.0 −0.1 1.2 0.6 -
10 s interval, average age: 24 0.0 −0.2 1.2 0.6 -

30 s interval, average age: 57

- 30 - 30 0.48

0.8 0.9 1.2 1.0 -
20 s interval, average age: 57 0.7 0.6 1.2 1.0 -
10 s interval, average age: 57 0.5 0.4 1.2 1.0 -

alternating horizontal air flow towards the face supplied by 3 air jets; volume air flow: 5.55 L s−1

47
Verhaart et al.

2016
[127]

NLD 5 7 - X X ductless PV U: v 27.5 -
23 2.5 −0.1 2.8 0.8 0.0 -
26 2.5 0.0 1.5 0.8 0.0 -

WB TC: [-5:5]

48
Dalweski et al.

2014
[133]

- 17 13 - X X
ductless PV, max.
1.7 m s−1 U: v

26
16 24.5 0–20 a 0.1 0.8 b 0.3 0.8 b 1
15 23.6 5–20 a 0.0 0.9 b 0.3 0.7 b 1

29
13 27.5 5–20 a 0.9 0.7 b 1.4 0.3 b 7
14 26.1 5–20 a 0.6 0.7 b 1.2 0.4 b 4

a: preferred volume air flow L s−1; b: instead of thermal comfort: thermal acceptance (TA), scale [−1:−0;+0:1]

49
Dalewski et al.

2013
[132]

- 17 13 - - X
ductless PV b, max.
volume air flow
16 L s−1

U: v
23

35 ±5
- - - - - - 2 a

29 - - - - - - 6 a

a: Percentage Dissatisfied with perceived air quality (PAQ); b: ratio 60:40 (recirculated indoor air:outdoor air)
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Table A6. Cont.

No. Source Place
Subjects Task

System Control
Ta rh Tsuppl vsuppl Res. WB Ref. WB PD

M W H C IAQ [◦C] [%] [◦C] [m s−1] TS TC TS TC [%]

50
Ghaddar et al.

2013
[177]

- 4 4 - X -

personal evaporative
cooler;
air-conditioning:
CC/DV

-

23.5 a - 23.5 10.00 b - 1.6 - - -
26.2 a - 26.2 10.00 b - 0.2 - - -
28 a - 28 10.00 b - 0.2 - - -

U: v 21 a - 21 - - 2.2 - 1.8 -
a: Temperature of displacement ventilation; b: volume air flow L s−1; WB TC: [−4:4]; temperature of chilled ceiling:
17 ◦C; 7 % energy saving towards mixing ventilation

51
Chen et al.

2012
[130]

- 17 29 - - X
PV ATD (Air Task
Device); recirculated
room air

U: v

23 -
20 8.25 a −1.4 - - - 7
23 7.11 a −1.2 - - - 14

26 -

20 9.50 a −0.6 - - - 3
23 9.06 a −0.5 - - - 4
26 10.21 a −0.3 - - - 6

a: average volume air flow L s−1

52
Melikov et al.

2011
[125]

- 20 15 - - X PV, 2 air jets in the
headrest

- 20

35 ± 5

22 7.00 a - - - - -
- 23 23 7.00 a - - - - -
- 26 26 7.00 a - - - - -

a: volume air flow L s−1; coldest local TS: neck

53
Arens et al.

2011
[80]

USA 9 9 - X X

Ventilation a: 2 * 4”
(8 W)

- 28 50 28

0.60 1.5 0.6 1.7 −0.2 -

Ventilation a: 1 * 4”
(4 W)

1.00 1.0 1.0 1.7 −0.2 -

Ventilation a: 2 * 4”
(8 W)

1.00 0.6 1.6 1.7 −0.2 -

Ventilation a: 2 * 2” 1.00 1.0 1.5 1.7 −0.2 -

Ventilation a: 2 * 4”
(8 W) U: v 28 50 28 -

0.5 1.8 1.7 −0.2 -

Ventilation a: 2 * 2” 0.8 1.0 1.7 −0.2 -
a: air jets for the cooling of the face region; WB TS: [−4:4]: WB TC: [−2:−0;+0:2]
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Table A6. Cont.

No. Source Place
Subjects Task

System Control
Ta rh Tsuppl vsuppl Res. WB Ref. WB PD

M F H C IAQ [◦C] [%] [◦C] [m s−1] TS TC TS TC [%]

54
Li et al.

2010
[122]

-

9 9

- X X

PV; UFAD: 22 ◦C,
480 L s−1 - 26 -

26
0.30 −0.4 - −0.3 - -

6 6 0.70 −0.8 - −0.3 - -

11 8
22

0.30 −0.5 - −0.3 - -
4 7 0.70 −0.8 - −0.3 - -

10 7

PV; UFAD: 18 ◦C,
360 L s−1 - 26 -

26
0.30 −0.4 - −0.3 - -

5 8 0.70 −0.8 - −0.3 - -

13 7
22

0.30 −0.7 - −0.3 - -
2 8 0.70 −0.8 - −0.3 - -

Preference for a cooler than neutral TS, higher TC through lower TS; reference: use of mixed ventilation; solely use
of UFAD: TS about −0.35

55
Chakroun et al.

2011
[73]

- 3 - X -

evaporative cooler;
CC/DV; 100 %
outdoor air; chilled
ceiling: 17 ◦C

-

22 51 18.8 3.00 a - 1.5 1.5 - -
23 51 20 5.00 a - 1.6 1.5 - -
24 51 21.3 10.0 a - 1.3 1.5 - -

a: volume air flow L/s; reference: 21 ◦C; energy saving: 5.8 % to 17.5 % towards mixing ventilation; WB TC: [−4:4]

56
Kaczmarczyk et al.

2009
[128]

- 16 16 X - X PV: round movable
panel (RMP) - 20 30

21 0.55 −0.4 - −0.2 - -
26 0.55 0.05 - −0.2 - -

57
Melikov et al.

2008
[178]

DNK 16 16 - - X PV: round, movable
panel (RMP) - 26

30 27
0.30 - 0.3 a - 0.3 a -
0.60 - 0.3 a - 0.3 a -

70 27
0.30 - 0.3 a - 0.1 a -
0.60 - 0.2 a - 0.1 a -

a: instead of thermal comfort: perceived air quality (PAQ), scale (PAQ): [0:1]
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Table A6. Cont.

No. Source Place
Subjects Task

System Control
Ta rh Tsuppl vsuppl Res. WB Ref. WB PD

M F H C IAQ [◦C] [%] [◦C] [m s−1] TS TC TS TC [%]

58
Amai et al.

2007
[135]

-

0 12 - X X

air jet (duct) (3DU+)
(back, head)

U: T,v 28 50 - - −0.3 −0.3 −0.3 −0.3 -

table fan (PEM) from
front (upper body)

U: T,v 28 50 - - −0.5 −0.5 −0.3 −0.3 -

under-desk unit (TU)
from front (lower body)

U: T,v 28 50 - - −0.1 −0.7 −0.3 −0.3 -

remote controlled air
supply unit (duct) (RCU)

placed behind
the occupant

U: T,v 28 50 - - −0.4 −0.5 −0.3 −0.3 -

remote controlled air
supply unit (duct) (RCU)

placed behind the
occupant, mesh chair

U: T,v 28 50 - - −0.3 −0.5 −0.3 −0.3 -

12 0 - X X

air jet (duct) (3DU+)
(back, head)

U: T,v 28 50 - - −0.4 −0.5 0.3 −0.7 -

table fan (PEM) from
front (upper body)

U: T,v 28 50 - - −0.5 −0.5 0.3 −0.7 -

under-desk unit (TU)
from front (lower body)

U: T,v 28 50 - - 0.1 −0.7 0.3 −0.7 -

remote controlled air
supply unit (duct) (RCU)

placed behind
the occupant

U: T,v 28 50 - - −0.3 −0.5 0.3 −0.7 -

remote controlled air
supply unit (duct) (RCU)

placed behind the
occupant, mesh chair

U: T,v 28 50 - - −0.6 −0.5 0.3 −0.7 -
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Table A6. Cont.

No. Source Place
Subjects Task

System Control
Ta rh Tsuppl vsuppl Res. WB Ref. WB PD

M F H C IAQ [◦C] [%] [◦C] [m s−1] TS TC TS TC [%]

WB TC: [−3:0]; Subjects have control over air flow direction and targeted body regions; reference: air temperature
26 ◦C

59
Kaczmarczyk et al.

2004
[124]

- 30 - X X

PV: outdoor air;
polluted indoor air U: v 23 30

20 - - - - - 7 a

23 - - - - - 14 a

PV: recirculated air;
polluted indoor air U: v

23 30 23 - - - - - 20 a

26 30 20 - 0.5 - 0.9 - 20 a

a: Percentage of Dissatisfied with perceived air quality (PAQ); volume air flow max. 15 L s−1
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Control
single thermal 

actuator

radiant

(vehicle, 
building)

no. of studies: 

5

investigated 
temperature 

range: 

25°C - 32°C
max (vehicle): 

45°C 

max. possible 
thermal comfort:

PD (<20): 32°C 
?TS: -1.3
?TC: +3.0

system energy 
demand [W]

4 - 46

possible energy 
saving: 

-

sources: 

[94, 104, 110, 
111, 116]

ventilative 
  

(building)

no. of studies: 

30

investigated 
temperature 

range: 

22°C - 35°C 

max. possible 
thermal comfort:

PD (<20): 30°C
?TS: -2.3
?TC: +2.6

system energy 
demand [W]:

 2 - 23

possible energy 
saving: 

34.13%

sources: 

[76, 80, 84, 85, 88,     
89, 93, 97 - 101,   

104 - 108, 122, 124, 
127, 133, 135, 138, 

139, 142, 167,      
174 - 177]

evaporative

(building)

no. of studies: 

2

investigated 
temperature 

range: 

21°C - 28°C

max. possible 
thermal comfort:

?TC: +0.3

system energy 
demand [W]:

-

possible energy 
saving:

7% /Kelvin

sources: 

[73, 178]

radiant

(vehicle, 
building)

no. of studies: 

10

investigated 
temperature 

range: 

14°C - 24°C
min (vehicle): 

5°C

max. possible 
thermal comfort:

PD (<20): 18°C
?TS: +1.2
?TC: +2.1

min PD (<20) 
(vehicle): 15°C 

system energy 
demand [W]:

3 - 92

possible energy 
saving:

~500W/occupant

sources: 

[26, 77, 78, 95, 
109 - 112, 114, 

116]

preconditioned 
air

(building)

no. of studies:

1

investigated 
temperature 

range: 

20°C

max. possible 
thermal comfort:

?TS: +0.2

system energy 
demand [W]:

-

possible energy 
saving:

-

sources:

[128]

Indoor Air 
Quality (IAQ)

(building)

no. of studies:

13

investigated 
temperature 

range: 

20°C - 30°C

max. possible 
thermal comfort:

PD (<20): 29°C
?TS: -0.9
?TC: +3.0

system energy 
demand [W]:

-

possible energy 
saving:

-

sources:

[80, 122, 124, 
125, 127, 128, 
130, 132, 133, 
135, 138, 139, 

179]

automatic (based on 
preceiding trial or manual 

adjustment by 
researchers)

no. of studies:

1

sources: 

air velocity: 
[93]

user

no. of studies:

28

available control:

air velocity: 19
temperature: 9

sources: 

air velocity:
[80, 89, 93, 99 - 101, 105 - 

108, 124, 127, 130, 132, 133, 
135, 174, 177, 178] 

temperature: 
[77, 78, 95,  109, 111, 112, 

114, 116, 135]

fixed load profile

no. of studies:

20

sources: 

[26, 73, 76, 84, 85, 88, 94, 
97, 98, 104, 110, 122, 125, 

128, 138, 139, 142, 167, 175, 
176]

COOLING HEATINGIAQ

Figure A1. Summarizing chart of personalized climatization systems depending on heating and cooling method: single thermal actuators.
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combined 
thermal 

actuators
Control

ventilative
   

(building)

no. of studies: 

2

investigated 
temperature 

range: 

27°C - 29°C

max. possible 
thermal comfort:

PD (<20): 26°C
?TS: -1.2
?TC: +1.8

system energy 
demand [W]: 

41

sources: 

[115, 118]

ventilative, 
radiant   

(building)

no. of studies: 

2

investigated 
temperature 

range: 

29°C - 32°C

max. possible 
thermal comfort:

?TS: -1.6
?TC: +3.0

system energy 
demand [W]: 

4.8

sources: 

[104, 116]

radiant

(building)

no. of studies: 

4

investigated 
temperature 

range: 

14°C - 23°C

max. possible 
thermal comfort:

PD (<20): 17°C
?TS: +1.6
?TC: +1.8

system energy 
demand [W]: 

36 - 216

sources: 

[95, 114, 115, 
118]

ventilative, 
radiant

(building)

no. of studies: 

1

investigated 
temperature 

range: 

-

max. possible 
thermal comfort:

?TS: -0.2
?TC: +1.4

system energy 
demand [W]: 

-

sources:

[29]

automatic with 
user-feedback

HCCLC: human 
centred closed loop 

control 

automatic (based 
on preceiding trial 

or manual 
adjustment by 
researchers)

no. of studies:

1

sources: 

air velocity: 
[95]

user

no. of studies:

6

available control:

air velocity: 3
temperature: 3

sources: 

air velocity: 
[29, 116, 118]
temperature: 
[29, 115, 118]

fixed load profile

no. of studies:

1

sources:

[104]

*determination of maximum value in each case (for example: range of ambient 
temperatures within related studies; maximum ambient temperature for 
percentage dissatisfied (PD) < 20%; maximum improvement of thermal sensation 
(TS) and thermal comfort (TC) (based on scale [-3:3]), range of energy demand 
within investigated studies; only a few studies offered each investigated value

COOLING HEATING
COOLING, 
HEATING

Figure A2. Summarizing chart of personalized climatization systems depending on heating and cooling method: combined thermal actuators.
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