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Personal Comfort Systems (PCSs) create a localized comfort situation satisfying individual needs. These devices
have low power consumption, as they focus on local environment and thus reduce the energy consumption of
main HVAC systems by extending ambient control setpoint ranges. This study focuses on assessing a new type of
PCS: a warming desk. It uses the two most efficient and effective means of heat transfer for warming a person:
conduction (hands) and radiation (lower and upper body parts facing the table). Two different desks were tested,
both simultaneously heating upward and downward with different surface temperatures, one with a higher
temperature downward and one with a higher temperature upward. The desks were tested by 30 subjects, inside
a climatic chamber, kept at 17 °C air temperature. Both desks are capable of generating good overall (whole-
body) comfort and thermal sensation, even leaning towards a slightly warm one for someone. Moreover, results
showed that PCS based on direct contact with the skin surface temperature should be kept below 36°, while the
surface warming by radiation can reach higher temperatures: personal control of power is critical, as not
everyone preferred the same operative temperature. The PCS can “correct” the ambient temperature toward the
neutral thermal sensation by about 7K, creating improved thermal comfort compared to centralized HVAC. In its
current design, the heating surface required 170W, significantly lower than 500/1500W of a common portable
electric heater. It is expected that in an optimized design, the power consumption could be reduced further to 30/
40W.

1. Introduction

The mindful use of energy and the reduction of energy waste are
important topics, made even more stringent in recent years [1,2]. Eu-
ropean policy [3] pushes towards introducing qualitative indices to
evaluate building envelopes and HVAC services (heating, ventilation,
and air conditioning), focused on reducing energy consumption.
Achieving this reduction whilst still improving thermal comfort repre-
sents the most important challenge in today’s building industry [4].

HVACs are commonly used to create comfortable environments
providing a uniform temperature throughout the space. Albeit widely
used, people still often complain due to thermal discomfort [5,6].
Moreover, inadequate attention is paid to reducing energy waste [7,8].

Thermal comfort is one factor of Indoor Environmental Quality (IEQ)
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[9], the most influential in space perception and the predominant on
energy consumption [10]. Moreover, thermal comfort is crucial in
workplaces, where not only personal well-being increases productivity
[11,12], but also currently thermal dissatisfaction accounts for the
greatest component of a space’s dissatisfaction [13,14].

Buildings do not meet the regulations’ modest goal of having no
more than 20% unsatisfied occupants, primarily due to individual dif-
ferences, building over-conditioning, and occupants’ inability to adjust
the environment individually to meet their personal needs [15]. Existing
systems tend to create uniform conditions, which, however, does not
create the same thermal sensation in everyone.

Personal differences such as sex, age, clothing, and activity make
achieving a shared perception of comfort difficult [16,17]. Moreover,
people have a personal capacity to thermoregulate themselves, which
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differs for every individual [18]. As a result, setting the thermal comfort
target to neutrality cannot meet individual preferences [19,20].

This context led many researchers to develop models and systems
aimed at meeting personal needs, such as Personal Comfort Systems
(PCSs). They are defined as systems that heat and cool individuals
without affecting the environments of surrounding occupants [21]. PCS
targets the conditioning of only the “personal” microclimate rather than
the volume of the entire building, in contrast to traditional HVAC sys-
tems [22]. PCSs can be used in several environments and can be clus-
tered and defined according to the combinations of the 3 main services
they provide: heating, cooling, or ventilation [23,24].

Thermal sensation and comfort for local body parts varies greatly
and affects differently the thermal sensation and comfort perceived by
the whole body [21,25]. In a cool environment, hands and feet feel
colder than other body parts, representing the main sources of discom-
fort [26,27]. Moreover, neutral sensation in a uniform environment
reaches the rating of “comfortable” but cannot reach the rating of "very
comfortable’, which can only be achieved in asymmetric or transient
environment conditions [21], often created by PCSs.

PCSs provide a series of benefits to the indoor environment, like
ensuring comfort conditions [28-30] and reducing energy consumption
[31-34]. PCSs are designed as auxiliaries to main HVAC systems, which
can be run to keep the room ambient temperature lower in winter or
higher in summer. Indeed, PCS can provide comfortable conditions with
environmental temperatures down to 15 °C [4]. Hoyt et al. found a
savings of heating energy of 34% just decreasing the HVAC setpoint
from 21.1 °C to 20 °C [35,36].

Adjustable PCSs can increase the individuals’ thermal comfort, by
easily exploit alliesthesia, the pleasurable sensation following an
intentional correction of thermal conditions [37,38]. Overall, personal
control provides several benefits, both in terms of satisfaction with the
thermal environment and in terms of energy savings [27]. These benefits
are made even more prominent by the current workplace scenario,
where the COVID-19 pandemic enabled and encouraged remote work-
ing, leaving many offices understaffed. The direct consequence was seen
in the wasted energy needed to air-condition entire offices where most
desks remained empty [39]. PCS could provide control of local worker
desks while the primary HVAC system works with a wider setpoint
range, with a drastic reduction in energy consumption [40]. With the
current energy crisis and consequent increase in energy prices [41],
PCSs can indeed represent a valuable alternative for many businesses
and households. Despite these benefits, the technological solutions for
the implementation of PCSs are still being researched, also using inno-
vative meta-analysis comparative strategies [24], to identify the most
effective.

For the predictive assessment of users’ thermal comfort produced by
PCSs, several studies used the Predicted Mean Vote (PMV), which is a
numerical index defined as the rating of an average person in relation to
uniform thermal environment conditions. Despite PMV being the most
used thermal comfort index, included in thermal comfort standards [42,
43], there are many disputes about its performance and accuracy [20,
44-46], particularly, whether PMV is applicable to PCSs as they do not
create uniform thermal environments.

The present study aims to address two research gaps, Firstly, it fo-
cuses on analyzing the performance of a technological solution for
implementing a PCS. Secondly, it aims to evaluate the accuracy of the
Predicted Mean Vote (PMV) in predicting thermal comfort conditions for
individuals utilizing the realized PCS. This study contributes to filling
these gaps by conducting an experimental analysis of a novel PCS spe-
cifically designed for heating, which includes an electric surface
embedded within a desk. The PCS operates using the two most efficient
and effective ways to warm a person [47], conduction on the hands and
radiation on both the lower and upper body, especially the torso and
head. Typically, PCSs are designed by exploiting only one type of heat
transfer, such as i) conduction in heating chairs or ii) convection in fans
with integrated electric heating elements, or iii) radiation for the heating
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surfaces (floor, ceiling, and so on). This study is among those that aim to
combine two types of heat transfer [35,48-51], conduction and radia-
tion, to increase the efficiency in creating the best thermal comfort
conditions efficiently. PCSs equipped with multiple-heat transfer
mechanisms exhibit a more significant impact in enhancing thermal
sensation and comfort and bring substantial benefits [24]. These systems
specifically target a larger body surface area while maintaining a lower
heating intensity. Rawal et al.’s review indicates that out of 141 research
studies on PCS, only 56 considered local thermal variables. Furthermore,
the most extensively studied PCS categories are ‘Ventilation’ and
‘Cooling with Ventilation’. Notably, over half of the studies concentrated
on devices utilizing convective heat transfer for thermal comfort,
highlighting conduction and radiation as significant areas that remain
underexplored [23].

Thirty people were asked to evaluate two different desks inside a
climate chamber set at an air temperature of 17 °C. Moreover, envi-
ronmental parameters were measured, and personal thermal sensations
were compared with calculated PMV values, to understand the appli-
cability of this methodology in predicting PCS efficacy.

2. Method
2.1. Overview

The aim of the study is to test the prototype of a radiant-conductive
heating desk. This study builds upon previous research, through which
the new PCS was simulated [40], and further studied and optimized
[52]. Initial investigation showed the benefits of the desk in terms of
user-perceived comfort and consequent energy savings by keeping the
main room in a less conditioned state and managing the local micro-
climate as a “personal bubble” [40]. The second step envisaged the
prototyping of the Loop Heat Desk, a hydronic radiant desk. An inno-
vative system such as a Loop Heat Pipe passively circulates the heating
fluid within the pipes [53]. Despite the different shapes and technology,
CFD simulations demonstrated the efficiency of the system in recreating
the users’ local thermal comfort, evaluated using the PMV calculations
[52].

The current study involved the first user tests of a radiant-conductive
prototype. Commercially available infrared electric desks were selected
and installed inside a climatic chamber at the University of Brighton
(UK). The desk heats both top and bottom surfaces to warm the upper
and lower body parts. In particular, forearm and hands are heated by
conduction, typically having direct contact with the table surface; other
body parts with optimal view factor toward the desk are heated by ra-
diation. By flipping the table surface upside down, the same desk pro-
vides different top and bottom surface temperatures, thanks to the
reflective insulation layer in the internal structure (Fig. 2).

The tests with human subject were carried out in the climatic
chamber, with two heating desks at different surface temperatures. The
climatic chamber was in a less conditioned space regime, i.e., at 17 °C air
temperature. This choice stems from the previous analysis, where
comfortable conditions could be provided with temperatures as low as
17 °C [40,52].

The subjects’ feedback was collected and analyzed, as well as data
from probes measurements.

2.2. PCS design

The desk is warmed by infrared electrical technology. The heating
system is embedded in the wood, covering almost the entire horizontal
surface (Fig. 1). The desk is equipped with an on/off switch allowing the
user to control the functioning of the desk.

The desk is designed with a reflective insulation layer above the
infrared heat source (Fig. 2), which created two different surface tem-
peratures above and under the desk. Therefore, the two workstations
were set up by flipping one desk upside down (Fig. 3).
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Fig. 1. Desk plan with heating surface identification (in meters).

q> Reflective insulation layer

é) Heating element

Fig. 2. Desk cross-section, with the indication of the surfaces on which tem-
peratures were measured and the elements that compose the layers.
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e desk n°1, regularly oriented, with 30 °C above and 40 °C below;
e desk n°2, flipped, with 36 °C above and 30 °C below.

Temperatures uniformity on the upper and lower table surfaces were
checked in two steps.

o first, temperature surface homogeneity was measured with 8 T-type
thermocouples placed uniformly on the upper surface of the table
(Fig. 4);

e second, the temperatures of the top and bottom surfaces were
measured with 8 T-type thermocouples, 5 placed on the top and 3 on
the bottom of the desk.

A Variac was used to modulate the heating power and set the
designed surface temperatures, which were obtained by delivering 170
W to each desk. The lower surface temperature of desk 1 is higher than
the top surface temperature of desk 2 (flipped case). Despite the desks
being identical, different temperatures are given by the different vol-
umes of air present above and below the desk. A similar phenomenon
does not appear at the upper surface temperatures of desk 1 and the
lower surface temperatures of desk 2, which are affected by the reflec-
tive insulation.

2.3. Subjects

Thirty volunteers (10 females and 20 males) participated in the
experiment. The numbers of subjects under each age group are pre-
sented in (Fig. 5). Each participant lived in the south of England, in the
East Sussex area, where the weather tends to be cold and rainy. All
subjects were volunteers.

Subjects were required to attend without prior alcohol or hot
beverage intake, without physical activity and fasting for at least 2 h. All
participants were asked to dress as they would normally for a workday.
All clothing data were collected through a questionnaire. The clothing

Fig. 4. Normal and thermal cameras same perspective framing of the heating desk during the thermocouples tests in the climatic chamber.
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Fig. 5. Subjects’ information: breakdown between sex and age group, indicating the number of people in each box.

insulation (I.)o) was calculated using equation (1) [54]:

I;=0.835 I, +0.161 )

where Iy ; is the effective insulation of garment i, and I is the insu-
lation for the entire ensemble. The median clo value was 0.59 + 0.12,
such as that imposed by Tang et al. [55] during PCSs testing. According
to the ANOVA test, there are no significant differences between the male
and female clo (p > 0.175), and between the clothes of different age
groups (p > 0.5).

The experiment was conducted over three days at the end of May,
during which the climate and temperature conditions remained
constant.

2.4. Experimental schedule and conditions

The tests were conducted in a climatic environmental chamber at the
University of Brighton (Figs. 7 and 8). The chamber dimension is 5 m
(length), 4 m (width), and 3.2/3.6 m (height). The space is set with two
test stations, with desk 1 and desk 2 (flipped). The HVAC system is in the
smaller separate side of the room and can control temperature and hu-
midity, with £0.1 °C and +2% RH accuracy.

Experimental conditions were set at 17 + 0.1 °C air temperature with
relative humidity at 50 + 2%. The air velocity was always below 0.1 m/

Preparation
15 minutes

Desk test
20 minutes

The test schedule is shown in Fig. 6. Each person was kept for 15 min
to acclimatize in an adjacent room, without HVAC, prior to testing.
During this time, participants were informed of the possible risks and
signed a written consent. Following, once people entered the room they
were randomly placed at the 1st or 2nd desk. The two desks were
switched on in advance in order to reach steady surface temperatures.
They were placed at a classic office distance from each other (= 1.2 m)
so that one’s heating would not affect the other (Fig. 7). After 20 min,
after filling in the survey, subjects were moved to the other desk and
repeated the procedure.

It was a blind experiment and as such people were informed that the
desks were heated, but they did not know the differences. During the 40
min at the desks, they could talk to each other, study, or conduct office
activities, but they were not allowed to exchange their opinions about
the heated desks.

The experiment protocol was reviewed and approved by the Cross-
School Research Ethics Committee of the University of Brighton (Ref:
2022-10139).

2.5. Survey questions

The thermal comfort surveys were compiled after spending 20 min at
each desk. They consisted of four parts: a first one with generalities such

Desk test
20 minutes

Survey Survey

Fig. 6. Experimental procedure (timeline).
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Fig. 7. Architectural plan of the climatic chamber with the configuration used
during the tests with people.

Fig. 8. Inside of the climatic chamber set up for the tests with people.

as gender, age, and clothing; a second and third identical one, with the
thermal control ratings of the two desks, respectively. In particular,
questions were about global thermal comfort (whole-body), thermal
sensation, thermal preference, and local thermal sensation for different
body parts: head, torso, arms, hands, legs, ankles, and feet. The full scale

Table 1

Thermal evaluation scales for the surveys.
Scale  Global thermal Thermal sensation (global/ Thermal

comfort local) preference

3 Excellent Very hot Much cooler
2 Very good Warm Cooler
1 Good Slightly warm Slightly cooler
0 Normal Neutral Without change
-1 Bad Slightly cool Slightly warmer
-2 Very bad Cold Warmer
-3 Terrible Very cold Much warmer
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of available responses is shown in Table 1. Moreover, for each desk,
subjects were asked if they would have preferred to be able to control
desk temperatures.

In the last section, a desk comparison was prompted asking subjects
if they found differences between the two desks and if so, which one was
more comfortable, and why. This question was asked at the end of the
entire test.

2.6. Probes test for the ambient conditions and calculated PMV (Predicted
Mean Vote)

The same test conditions conducted with people were repeated using
probes (Fig. 9). The time needed to reach the designed steady-state
temperatures was measured, and the following data were recorded
every 30 s.

e air temperature at face height (1.10 m), torso height (0.60 m), and
ankle height (0.10 m);

e floor temperature;

o desk superficial temperatures (8 points);

e air velocity;

e air humidity.

The Deltaohm HD32.3 data logger was used, with a thermo-
hygrometer, a globe thermometer, and an omnidirectional hot wire
anemometer. Moreover, 10 T-type thermocouples were used, and data
logged via a NI cRIO. Detailed probes characteristics are shown in
Table 2. The probes were placed in front of the desk (Fig. 9), simulating
the position of a real desk user.

The model developed by Fanger [56] was used to assess thermal
comfort based on the ambient measured data, which calculates as output
the Predicted Mean Vote (PMV). The inputs of the models are four
environmental parameters (air temperature, mean radiant temperature,
relative humidity, and air velocity), obtained with the Deltaohm probes,
and two individual parameters (clothing insulation and metabolic rate).
Clothing insulation data were collected through the survey, as
mentioned in section 2.3. PMV results will be variable depending on the
specific CLOs of the participants. The metabolic rate was set to 1.2,
according to the ASHRAE Standard 55 [42] level for office work.

Consequently, the relationship between PMV and the Thermal
Sensation Vote (TSV) collected from the survey was studied, to assess the
applicability of Fanger’s method in predicting the thermal sensation
provided by PCSs.

Furthermore, we investigated whether desks caused discomfort due
to vertical air temperature differences between head and ankles [54,57]

2):
PD=100/1+ exp(5.76 —0.856 ® At,,) (2)

where PD is the Percentage Dissatisfied and At are the temperature
differences between head and ankles in each case. The comfortable
vertical temperature gradient between head and feet limit is prescribed
as 3 °C/m by ASHRAE 55 [42] and ISO 7730 [43], though Liu et al.
found that it changes with thermal sensation votes and could be
increased to 5 °C/m when the subject is thermally neutral [58].

2.7. PCS efficiency evaluation

A PCS system offers both thermal comfort and energy benefits.
Indices were created to evaluate the contribution of PCSs and to be able
to compare different systems with each other.

The Corrective Power (CP) [32] evaluates the comfort contribution
by Personal Comfort Systems, quantifying how much a PCS can correct
the room temperature to recreate the neutral sensation. It is defined as
the difference between two ambient temperatures, one with PCS (Tp pcs)
and one without (T,) at which the same thermal sensation is achieved
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Fig. 9. Architectural plan of the climatic chamber with the configuration used during the tests with probes.

Table 2

Thermal evaluation scales for the surveys.
Probes Variables Resolution Calibration
Pt100 - RH T and RH +0.1 °C/£ 0.1%RH  Manufacturer
Globe thermometer Radiant T  +0.1 °C Manufacturer
Omnidirectional hot wire  Air speed +0.01 m/s Manufacturer
T-type thermocouple T +0.5°C Temperature bath

(3). The unit is the temperature degree.
CP=T,pcs — T, &)

CP-related energy consumption assessment in PCSs studies is based
on two indices. The Corrective Energy & Power (CEP) [59] quantifies
the energy required by PCSs for each CP degree achieved. It is defined as

the ratio of electric power (Q) to the absolute value of the CP (4).
CEP = (/|CP| (C))

The Coefficient of Performance (COP) [35] stands for the efficiency
of the PCS, showing the CPs obtained per unit of energy consumption. It
is defined as the ratio of the absolute value of the CP to the electric

power (Q) (5).
CoP=|CP/Q (5)

In the present study, the COP index will be used to show the efficiency of
the PCSs.

2.8. Statistical analysis

The statistical analysis was performed using the R software. The
sample distribution was not significantly different from a normal dis-
tribution. The correlation between subjective features and comfort votes
was assessed by Spearman’s rank correlation coefficient. The significant
differences in comfort votes between desks were assessed by the Anal-
ysis of variance (ANOVA); the probability value threshold for statistical
significance was set at p = 0.05. The questionnaire’s experimental re-
sults are shown as the mean =+ the Standard Deviation (SD).

3. Results
3.1. Overall thermal comfort

Fig. 10 shows the effect of the two desks on overall thermal comfort
(whole-body). The Global thermal Comfort Vote (GCV) for desk 1is 1.17
+ 0.87 (good), which is slightly higher than the 0.83 + 1.05 (good) of
desk 2, but still significantly different (p = 0.04).

Fig. 11 highlights votes according to age group and sex. Men perceive
a slightly less comfortable than women at both desk 1 (p = 0.78) and
desk 2 (p = 0.29), although this difference is not significant, but still
with average ratings between good and very good. The age group
breakdown does not result in significant differences (p > 0.3), except for
women in group 46-60 who drop desk 2 perceptions to a ‘normal’ grade.

3.2. Overall thermal sensation

The overall thermal sensation votes (whole-body) for the two desks
are shown in Fig. 12. The TSV for desk 1 (0.23 £ 1.04) is significantly
lower than those of desk 2 (1.13 + 1.04) (p < 0.001), so indicating a
move from a neutral to a slightly warm condition.

No noticeable significant differences in the thermal sensation ratings
are shown in Fig. 13, with a TSV of 0.3 + 0.98 for men and 0.1 + 1.16
for women in desk 1 (p = 0.94) and 1.25 + 1.02 for men and 0.9 + 1.07
for women in the desk 2 (p = 0.92). The same observations apply to the

Excellent=
Very good 1
Good O
<
>
O Normal
G
Bad+ (]
Very bad
Terrible
Desk1 Desk2

Fig. 10. Global comfort votes for Desk 1 and Desk 2.
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Fig. 11. Global comfort votes for Desk 1 (a) and Desk 2 (b) as a function of age and sex.
The percentage of total votes in Fig. 16 leans toward a heat overload
Very hot- situation at desk 2 and a slighter demand for heat compensation at desk
1. Indeed, 43% of desk 2 users would prefer a cooler environment,
Wam-1 compared with 20% of desk 1. On the other hand, 43% at desk 1 and
_— 13% at desk 2 would like a warmer environment. These thermal pref-
warm’| erence votes match the thermal sensation votes (Fig. 12) where people
> o felt warmer at desk 2 than at desk 1.
) Neutral~
'—
Siighty | ! 3.4. Personal control
cool
codd . The prototypes lacked the capability of being able to independently
control the power of the desk, allowing only the on/off function.
Very cold Therefore, users were asked whether they preferred to be able to control
ow L the temperature themselves, to improve their thermal comfort sensa-

Fig. 12. Thermal sensation votes for Desk 1 and Desk 2.
age group results (p > 0.3).

3.3. Thermal preference

The desired changes in the thermal environment are shown in
Fig. 14. Although at ambient temperature as low as 17 °C, desk 2 pro-
duces a sense of warmth that results in a demand for a slightly cooler
environment (0.47 £+ 0.93). Desk 1 significantly produces the opposite
request (p < 0.001), with people asking for no changes, other than
preferring a slightly warmer environment (—0.27 £ 0.82).

The Thermal Preference Vote (TPV) and the GCV highlight a similar
trend, with people in the 46-60 age group preferring cooler conditions,
especially for desk 2 (Fig. 15). The TPV of desk 1 is —0.25 + 0.91 for
men and —0.3 + 0.66 for women (p = 0.19), and those of desk 2 is + 0.6
+ 0.94 for men and +0.2 £+ 0.89 for women (p = 0.37). Except for the
case already highlighted, all other groups report no significant differ-
ences (p > 0.3).

tion: the results in Table 3 show a clear path in the direction of “yes”.

Much |
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Cooler-

Slightly |
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Without |
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>
o
[

Slightly |
warmer

Warmer~

Much
warmer |

Desk1 Desk2

Fig. 14. Thermal preference votes for Desk 1 and Desk 2.
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Fig. 13. Thermal sensation votes for Desk 1 (a) and Desk 2 (b) as a function of age and sex.
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Fig. 15. Thermal preference votes for Desk 1 (a) and Desk 2 (b) as a function of age and sex.
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Fig. 16. Thermal preference votes for Desk 1 and Desk 2, shown as
a percentage.

Table 3
Personal control votes, desire for self-control.
Desk 1 Desk 2
Yes 27 25
No 3 5

3.5. Local thermal sensation

Local body sensation varies dramatically in the two configurations,
as expected. Fig. 17 shows all votes distribution, placing side by side the
two desks’ results for each body part, facilitating the comparison.

Each perceived TSV in front of the two desks is significantly different
(p < 0.01), except for the torso (although it does not deviate much from
the set cut-off percentage, p = 0.08) and legs (p = 0.88).

Fig. 18 shows thermal sensation using color gradients, starting from

cold (light blue), to neutral sensation (white), until warm (red). Desk 1,
the one that heats more the lower body parts, creates a more comfort-
able thermal sensation, with a slightly warming feeling toward the body
parts next to the heating surface. Desk 2, which warms more the upper
body parts, provides a warm feeling in the arms and hands thereby
creating an imbalance with the body parts below the desk, which feel
slightly cold.

3.6. Desk preference

In the last part of the survey, after the subject finished the two tests
with the two desks, people were asked which desk they preferred. Not
everyone made the same choice: 19 people (63%) preferred desk 1, and
11 people (37%) desk 2 (Fig. 19).

No clear differences emerged between the preference of males and
females (p = 0.08), however, a slightly more noticeable gap appeared
between the different age groups (p > 0.20). Desk 1 is preferred by 55%
of the 18-30 group, 64% of the 31-45 group, and 80% of the 46-60
group.

Fig. 20 shows that there is no clear distinction between groups and
desk preferences. All users perceived clear differences between the two
heating desks, albeit with a random selection of their favorite one.

3.7. Personal open answers

The most frequent complaint from the subjects was about the surface
temperature of desk 2 being too high (36 °C), with comments such as:
“Upper side of the desk 2 too hot”, “Desk 2 is too hot to the touch and legs still
feel slightly cold”, “2 is too hot. 1 appears to have the heat zones right where I
need”.

However, several people preferred desk 2 because of the greater
warmth provided: “Desk 2 feels slightly warmer and I find it warms whole
body rather than just arms”, “I felt slightly cold at desk 1, desk 2 had a
warmer environment”.

At the same time, preferences toward desk 2 were also directed to the
more uniform perception of warmth thermal sensation: “It felt warmer.

Verty hot-
Warm+ L] L]
Slightly
warm'] L] L] . L]
5 Neutral- — egymme <
@ - T
Slightly
cool ] (] L] L] L]
Cold~ L] L] L] L] L]
Very cold-{

ﬁ]eﬂ Sl

Head1 Head2  Torso1 Torso2  Armsi Arms2

Hands1

Hands2 Legsi Legs2  Ankles1 Ankles2 Feet1 Feet2

Fig. 17. Local thermal sensation votes for head, torso, arms, hands, legs, ankles, and feet, divided for Desk 1 and Desk 2.
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Desk 1 -0.03 -0.10 0.60 0.67
+£0.66 £0.71 £1.00 =1.03
Desk 2 -0.07 0.07
+0.74 +0.78
Head Torso Arms Hands

0.37 0.10 0.10
+0.76 +0.80 +0.88
TSV
. 15
1.0 Slightly warm
0.5
0.0 Neutral
-0.5
-0.03 -0.23 -0.10
+0.61 +0.86 +0.80
Legs Ankles Feet

Fig. 18. Local thermal sensation votes mean for head, torso, arms, hands, legs, ankles, and feet, divided for Desk 1 and Desk 2.

Sex Age

F 46-60

\ 3
35

75 25 75

50

(a)

20

Desk Preference (%)
Desk 1
Desk 2

Fig. 19. Desk preference, divided for sex (a) and age (b), and displayed as percentage.

30

Female 18-30
20 \
= Desk Preference
';3) Yes Desk 1
= Desk 2
31-45
10 Male
46-60
0
Differences Sex Age

Fig. 20. Desk preference, relationship among those who perceived differences,
sex, and age.

The heat seemed to spread to my torso more effectively”, “Although I feel desk
2 is too hot/warm, I feel overall better and my body is warm in a more ho-
mogeneous fashion”.

The preferences toward desk 1 are greater, as already highlighted,
and the main feedbacks are.

e Lower upper surface temperature: “D2 temperature is maybe too high
to work with the desk”, “The temperature on 1 feels optimal for my body”.

e Pleasant overall thermal sensation in warming the lower body parts:
“I preferred the warm more on my legs, with some residual heat on top
(Desk 1), “D1 legs are warmer”, “Desk 1 tended to warm up my legs
which I found more comfortable”.

3.8. Probes results

PMV values are calculated with environmental data measured by the
DeltaOhm data logger and their variability is due to the variation in each
participant’s Clo level (Fig. 21). The probes are in front of the desk, as
real desk user.

The assessment of radiant desks by means of PMV would seem to
provide little benefit to thermal comfort, moving from a cold to a slightly
cool sensation (Fig. 21). Actually, the results of the user test showed
quite different thermal sensations. Fig. 22 shows the differences between
PMV and TSV on each desk.

Fig. 22 shows a great variation between PMV and TSV for each desk.
The TSV values are those collected with the surveys, already shown in
Fig. 12. When PMV predicted slightly cool thermal votes (—1.3 + 0.35
for Desk 1 and -1.09 =+ 0.33 for Desk 2), the real thermal sensations are
averaged on the neutral rating for desk 1 (0.23 £+ 1.04) and slightly
warm for desk 2 (1.13 + 1.04).

A linear regression on the ability of the PMV to predict TSV showed
an R? of 0.004 and a Mean Absolute Error (MAE) of 0.83 for Desk 1, and
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Very hot -

Warm =

Slightly |
warm

Neutral -

PMV
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cool
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Cold - L

Very cold 4
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Fig. 21. PMV for the baseline scenario, without a heating desk, desk 1, and
desk 2.

an R? of 0.017 and a MAE of 0.80 for Desk 2. Cheung et al. found similar
results (R% = 0.08 and a MAE = 1.02) in comparing a larger sample of
PMV and TSV data contained in the ASHRAE Global Thermal Comfort
Database II [44].

Since the location of the probes was at the head height (1.10 m), the
PMV was compared with the local head TSV (Fig. 23).

The local TSV for heads is —0.03 4+ 0.66 (neutral) for desk 1 and
-0.07 £ 0.74 (neutral) for desk 2, still different from PMV which predicts
a slightly cool environment.

The model is somewhat more accurate than the previous one, with
R? = 0.012 and MAE = 0.33 for desk 1 and R? = 0.014 and MAE = 0.40
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for desk 2, yet still unacceptable.

Vertical temperature gradient did not contribute to discomfort: there
were no major temperature differences between the ankles and the head,
as the surface heats in both directions. The PD value due to temperature
stratification is 0.36 for desk 1 and 0.62 for desk 2, with vertical dif-
ferences below 1 °C.

3.9. CP and COP of the PCS

CP is calculated for both desks based on subjects’ thermal sensations.
Desk 1 creates a TSV of 0.23 + 1.04, so in the neutral range (—0.5/
+0.5). No tests were carried out to find the corresponding temperature
that recreates neutral sensation, without PCS. But since the experiment
was performed in a stationary environment, it is possible to assume the
temperature corresponding to neutral sensation using PMV, which was
found to be 24 °C. Therefore, CP; for desk 1 is 7K.

Desk 2 creates a TSV of 1.13 + 1.04 (slightly warm), which is warmer
than the neutral feeling. It is not possible to know the ambient tem-
perature at which the desk is able to recreate the neutral sensation, since
no tests were performed with the climate chamber air temperature
below 17 °C. It can only be assumed that the CP is greater than that of
desk 1, so CP, > 7K.

A Variac was used to set the electric power in order to obtain the
desired desk surface temperature. Each desk absorbs 170W of electrical
power. Hence, the COP; is 0.04, and COP, > 0.04.

R?=0.004

R?=0.017
Very hot1 maE=0.83 Very hot~ vag-0.80
Warm= Warm=
™ Slightly | A siightly | le)
3"‘) warm 3‘,‘) warm
a a
+ Neutral 4+ Neutral
L L
g Slightly | g Slightly | ®
(&) cool (&) cool
Cold . ° Cold-] »
Very cold 4 Very cold 4
T T T T
PMV TSV PMV TSV

(@

Fig. 22. PMV and overall thermal sensation votes for desk 1 (a) and desk 2 (b).

(b)

Indication of coefficient of determination R? and mean absolute error (MAE).
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Cold * ° Cold-| L °
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Fig. 23. PMV and local face thermal sensation votes for desk 1 (a) and desk 2 (b). Indication of coefficient of determination R? and mean absolute error MAE.
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4. Discussions
4.1. Overall comfort

The two desks met expectations, creating a comfortable environment
with a low room air temperature (17 °C instead of the usual 21 °C to
maintain a good level of average comfort'); desk 2 even provides a
slightly “too warm” feeling.

Generally, users perceived a comfortable environment, rating it as
“good” ("+1" value on the 7-point scale, see Table 1).

Whole-body TSV follows the trend of GCV, with people tending to
rate desk number 1 with values next to the neutral sensation, deeming
desk 2 too warm. Indeed, the mean TSV for desk 2 is 1 point higher,
which is a considerably significant difference (p < 0.001), even with a
standard deviation of 1.04. The higher temperature toward the upper
parts of the body causes a thermal sensation of being too warm for most
of those tested. In personal open-ended answers, this point was often
emphasized.

It is interesting, although the surface temperatures for desk 2 (30 °C
1, 36 °C 1) are lower than the surface temperatures for desk 1 (40 °C |,
30 °C 1), the overall sensation is warmer for desk 2 than desk 1. This
result is similar to the local thermal sensation on the whole-body ther-
mal sensation model presented by Zhang et al. [27] where it is shown
that in cold or warm environments, local body parts heating or cooling
has a dominant effect on the whole-body thermal sensation. This also
explains why PCSs work with less energy — they create a bigger effect by
focusing on local body parts. It also explains why the subjective votes in
PCS conditions are very different from the PMV predictions, as PMV is
designed for uniform environments.

However, more people prefer desk 1 to desk 2 in the cold ambient
temperature. Based on the subjective surveys, people like to have lower
body parts (legs and feet) feel warm. The same findings were also
observed by Zhang et al. [27] which show that cool hands and feet
discomfort dominate the whole-body discomfort in cool environments.
To make PCS work effectively and comfortably for the whole body in
cool conditions, the extremities need to be warmed.

The thermal preference rates reflect the GCV and TSV results: users
of desk 1 require almost no changes (—0.27 + 0.82), while on desk 2
people would like to be a little cooler (0.47 + 0.93), considering the
0 rates as “no changes”, —1 “slightly warmer” and +1 “slightly cooler”.

Standard deviations are always in the range of 1 point on a scale of 7,
so even though the mean values are very close to comfortable situations,
not quite all users were in their most comfortable condition. Further-
more, almost everyone would like to control and slightly change the
desk temperatures: out of 30 people, 27 for the desk 1 and 25 for the
desk 2. People have very personal and dynamic thermal sensations,
dictated by the activity preceding the use of PCSs, personal moods,
physiological characters, and so on. It is critical to be able to provide the
user with the ability to control the power of the PCS and not just the
ability to turn it off and on; moreover, this being able to control creates
pleasure sensation, the alliesthesia. Thus, the perception of a better
environment is by being able to control it. The higher standard deviation
further demonstrates that individual difference is big, and personally
controlled PCSs have a good potential to provide individual comfort.

Desk’s operation was evaluated during tests and by feedback, which
confirmed the initial hypothesis that a reduction in the heating surface
dimensions would optimize cost and system efficiency while yielding the
same thermal comfort. An initial estimate expects a heated area of no
more than 0.12 m2, which is 27% of the current desk heating surface.

Firstly, the top desk might have devices, such as laptops, which
would risk overheating and causing damage. Moreover, people tend to

1 It is to consider that a reduction of 1 °C in an office environment is able to
save up to 34% of winter energy load, depending on the volume of the office,
external climate, characteristics of walls and windows.
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always use the same portion of the desk, leaving objects in the remaining
empty spaces, which are unnecessarily heated. Therefore, the next step
of heating desk optimization should have a smaller heated surface area
located in front of the user’s position.

For the lower surface of the desk, it would be more energy efficient to
place the heating elements in a wider view factor to the lower body
parts.

There were no statistically significant differences in voting by males
and females, or among the 3 age groups highlighted. Except for a few
cases, p-values were often greater than 0.3.

4.2. Local thermal sensation and preference

Local sensations showed that the greatest desk contributions were
concentrated on the hands and lower body parts. Moreover, the two
desks’ contributions were significantly different: the face, arms, hands,
and feet thermal sensation votes vary with p-values in the order of 10~°.

The ranges of thermal sensation votes are wide and therefore it was
not possible to obtain a clear preference towards one of the two desks.
The average values of TSV and GCV suggest that desk 1 performs better
than the other. However, this is not always the case, as 37% of users
preferred desk 2, justifying the choice with several reasons.

Each PCS should be accessorized with the user’s ability to control
power. 90% of desk 1’s users and 83% of desk 2’s users would like to
independently and separately control the setpoints of the two heating
surfaces. According to the results and the open-ended answer, providing
the users the ability to independently control the desk’s top and bottom
surface temperatures, a rating range near 0 sensations would have been
obtained, being this the targeted neutral comfort value.

4.3. PMV vs TSV for PCS

The debate on PMYV efficacy in predicting the exact thermal sensation
is alight. The Authors wanted to investigate if, through the placement of
measurement probes near the PCS, the PMV was able to predict what the
user’s sensation is likely to be.

Results showed that PMV should not be applied in evaluating the
effectiveness of an asymmetric environment created by PCSs, because its
prediction accuracy is even lower than when applied to a steady, sta-
tionary environment. Part of the reasons is also explained above (under
the “Overall comfort” section).

When PMV predicted a slightly cool environment, the real users’
thermal sensation was between neutral and slightly warm. Moreover,
the stratagem of comparing the PMV with the thermal sensation of the
head did not solve the situation, although it did reduce the difference
(although the PMV was created as a global index, the probes were placed
at the face height of a seated person, 1.10 m). For the two models, R?did
not go beyond 0.012, with a MAE of 0.33/0.4.

4.4. PCS efficiency

Results showed good desk performance in terms of thermal comfort.
On the other hand, energy performance is average but can be optimized.

Table 4 shows the results of other PCS studies performed on similar
devices, thus transferring by radiation and conduction. Among others,
only the warm barrel has a higher CP than the heating desks, which is
very similar to a stove and works only with the radiant contribution.

The energy consumption is influenced by the PCS design. The sys-
tems working only through radiation are designed to operate at higher
temperatures, which is why consumption far exceeds the average of the
other PCSs listed in Table 4.

The power consumption must be compared with the possible
reduction in consumption of the main air conditioning system set at a
lower temperature. Indeed, a reduction of 3K-18.3 °C saves 32%-73%
[36]. From an energy efficiency point of view, PCSs are successful only
when coupled with a change in HVAC setpoints, otherwise, they are just
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Table 4
Comparison of the CP and COP of radiating and conductive heating PCSs. Update of table proposed by Tang et al. [55].
Research Device Air T (°C) Relative humidity (%) Clothing insulation (clo) TSV CP (K) Power (W) COP (K/W)
This study Desk 1 17 50 0.59 0.23% 7 170 0.04
Desk 2 17 50 0.59 1.13% >7 170 >0.04
Tang et al. [55] 2022 Radiant heater 18 50 0.60 —-0.20% 7.5 630.1 0.01
Heating chair 18 50 0.60 0.00% 7.5 43 0.17
Wang et al. [60] 2021 Floor heating mat 13 (1.2 met) 40 1.25 —0.72 >2 450 >0.004
13 (1.45 met) 40 1.25 -0.2% >2 450 >0.004
13 (1.69 met) 40 1.25 -0.1? >2 450 >0.004
Luo et al. [35] 2018 Heating chair 18 40 0.65 1.25 14 0.09
Yang et al. [61] 2018 Heating chair 14 50 0.95 -0.8% 2 <90 >0.02
16 50 0.95 —-0.4% / <90 /
18 50 0.95 -0.1% / <90 /
He et al. [59] 2017 Warm-barrel 9 50 1.00 —0.4* 13 165 0.08
12 50 1.00 -0.1* 10 140 0.07
15 50 1.00 -0.3% 7 104 0.07
18 50 1.00 -0.1% 4 50 0.08
Zhang et al. [34] 2015 Radiant footwarmer 18.9 / / -0.9% <2.2 21 >0.10

@ 7-scale thermal sensation
b 9.scale thermal sensation
¢ Hypothesis situation, following the results of the present study

an extra load.

COP values are highly variable depending on the type of PCS chosen,
its position, and its interaction with the person being warmed. The two
desks’ indices do not differ much from the average of the other PCSs, but
they can be significantly increased with minor modifications.

The current desk power consumption is 1770W. A commonly used
portable electric heater consumption is around 500/1500W. The com-
parison is intentionally given with a portable electric heater to provide
the maximum ranges of energy efficiency improvement, and because it
is the most accessible on the market and therefore the most widely used
in cold discomfort situations.

As per user feedback, the desks’ heating area needs to be reduced.
Power Q and heating surface S are directly proportional, so the reduction
of S also leads to the reduction of Q, and consequently to an improve-
ment in the COP index. With a heating surface located exactly in front of
the user, for a width of 60 cm and a length of 20 c¢m, the power required
by the desk would drop to 30W, resulting in a COP of 0.23. It is expected
that, with this reduction, the CP of desks should remain the same, since
the view factors of the heated surfaces do not decrease too much.
However, this needs to be further tested.

4.5. Limitations

Due to external constraints, the study was limited in the number of
personal questions that could be asked to participants (such as height,
weight, BMI). This limitation was overcome by increasing the number of
participant and randomizing the selection.

The authors used a 7-point comfort scale that is different from what
is considered standard, though used in other studies [55,59,62,63]. The
underlying rationale was to conduct a study that could be effectively
compared with existing research on similar PCS [55,59].

Finally, it was not possible to conduct a third experiment recreating a
homogeneous environment at 17 °C without PCS. This was deemed not
necessary as, in a homogeneous environment, it is assumed that the
current thermal comfort prediction models are effective in predicting
the required comfort results.

5. Conclusions

This paper investigated the heating performance of a new Personal
Comfort System, an innovative heated desk. This study was conducted in
a climatic chamber set at a temperature of 17 °C, where 30 test subjects
evaluated the thermal comfort provided by two desks with different
higher and lower temperatures between the top and bottom surfaces.
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The main findings of this study are summarized as follows.

eEven in a less conditioned space (17 °C), the desks created a neutral

comfort environment, heating efficiently hands by conduction and

the ankles and face by radiation; in some cases, participants felt even

slightly warmer than needed;

Both local TSV and open-ended feedback showed that hands in

contact with a surface at 36° can create discomfort. Hence, direct

skin contact-based PCS should keep surface temperature below 36

oc;

e The current PCS has a corrective power of 7K and a COP of 0.04. The

consumption of 170 W is still significantly lower than 500/1500W of

a common portable electric heater;

Reducing the heating area to 0.12 m? would reduce the consumption

to 30W, bringing the COP to 0.23. Further tests are needed to ensure

that the same CP is provided;

e Fanger’s rational method, thus the PMV index, cannot predict the
benefits brought by PCS, and therefore should not be used in asym-
metric environments.

Previous studies already demonstrate possible 20-40% energy sav-
ings by reducing the centralized heating setpoint of 3K [36,40]. PCS
standalone power consumptions are significantly lower when compared
to the HVAC energy savings. In addition, in a standard office setup, the
desks are not always occupied; PCS can provide more granular tem-
perature control, further reducing energy consumption.

Future developments

Future developments of this study include tests on an improved
prototype desk, in which the most important aspects to study are:
reducing the heating surface area, varying the locations of the heating
areas, and being able to independently control the surface temperatures
above and below the desk; the contribution of alliesthesia would further
improve the perceived comfort; Finally, tests should be performed in a
real office environment with heated desks and in a less conditioned
space to measure actual power consumption and savings.
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