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Abstract 

Recent studies suggest a promising application of 
Personal Comfort Systems (PCS) as a means to reduce 
building energy consumption through decentralized user 
control of space conditioning. Utilization of PCS, 
especially within the constraints of historic buildings, 
can provide a localized heating and cooling microclimate 
for the user rather than the conventional “one size fits 
all” centralized approach. To this end, this paper 
conducts a numerical airflow investigation for a novel 
Thermally Active Student Desk (TASD) system 
installed in a case study historical building. The 
proposed integrated architectural approach aims to 
address thermal comfort and energy efficiency while 
meeting preservation requirements in the case study 
building.  

Introduction[MH1] 
Implementing strategies to retrofit historical buildings to 
improve energy efficiency and enhance thermal comfort 
has become a priority for building owners, developers, 
and preservationists. However, they are often confronted 
by the constraints that limit implementation of strategies 
with drastic alteration in architecture values that need to 
be preserved. The external environmental conditions 
have a direct impact on the interior temperature and 
thermal comfort in these historical buildings. To 
compensate for this thermal imbalance and achieve 
thermal comfort for occupants, the heating, ventilation, 
and-air conditioning (HVAC) systems must consume a 
significant amount of energy. 

The introduction of air conditioning technologies in the 
last century has drastically changed perceptions and 
attitudes about thermal comfort and building design. 
Meanwhile, efforts to increase the energy efficiency of 
aging buildings and their systems, including enclosures 
and HVAC systems, have garnered interest in the 
building industry. However, in addition to the 
challenging financial trade-offs to balance the payback 
period for the retrofitting process, inherent limitations in 

older buildings exacerbate the challenges of energy 
efficiency retrofits, especially in historic buildings. In 
the U.S., space conditioning in commercial and 
residential buildings accounts for around 30% and 26% 
of building energy consumption, respectively (Richter et 
al., 2008)[MH2] and it is estimated to keep increasing in 
the decades ahead (Chang, 2015). As one study showed, 
a provisional energy savings can reach up to 40% with 
the extension of building temperature setpoint (T. Hoyt 
et al., 2015). 

The application of thermally active surfaces (TAS) is 
gaining wider global attention due to their relative ease 
of installation and efficiency in delivering conditioning 
by impacting radiant temperatures through the building 
components rather than relying on central forced-air 
HVAC systems that may not be space or energy efficient. 
Several buildings have already deployed TAS systems in 
their building envelope as an active structure component 
(Moe, 2010). However, even with the growing global 
interest in integrating comfort solutions within the 
building’s architectural or structural components, few 
studies have integrated them into the interior design of 
building components. To address this knowledge gap, 
this paper explores the application of a novel thermally 
active student desk (TASD) system in a historic building 
by simulating its thermal performance on the local 
microclimate surrounding the user using computational 
fluid dynamics (CFD). This paper proposes the 
application of the novel TASD to provide personalized 
comfort for students in a well-known architecture school 
building on the campus of Illinois Institute of 
Technology in Chicago, IL, S.R. Crown Hall, designed 
by Mies Van Der Rohe.  

The paper represents a first attempt to numerically 
investigate the performance of the proposed student 
studio desk as part of an ongoing experimentation setup. 
This work investigates different cooling and heating 
strategies with varying heat transfer rates for the 
enhancement of thermal comfort in a virtual domain 
resembling the geometric parameter of the building. The 
model is performed utilizing the building envelope 
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characteristics and measured indoor environmental data. 
The model evaluates the performance of TASD systems 
in reducing the reliance on the building central HVAC 
systems by extending the background space temperature 
to a setpoint beyond the neutral thermal comfort range. 
The objectives of the paper are to: 

• Simulate the indoor airflow and temperature
distribution of the proposed TASD in the vicinity of
the user;

• Analyze the microclimate created by the TASD during
the heating and cooling modes and conduct a
parametric study on the impacts of different heat
transfer rates;

• Conduct a numerical analysis of thermal comfort using 
Fanger thermal comfort PPD and PMV; and

• Recommend heat transfer rates that can inform the
design and construction of this proposed TASD for the 
full deployment in the test building.

Literature Review 
The dominant practice for predicting thermal comfort in 
buildings mostly relies on a model developed by Fanger 
in the 1970s (Fanger, 1970). This model generates two 
indices: 1) the predicted mean vote (PMV) and 2) the 
predicted percentage of people dissatisfied (PPD). Both 
are predicted as a function of six environmental 
variables, including air temperature (Tair), air velocity 
(Vair), relative humidity (RH), mean radiant temperature 
(TMRT), clothing level (Clo), and metabolic activity 
(Met). PMV is a measure of human thermal sensation, 
based on a seven-point scale ranging from 3.0 (very cold) 
to +3.0 (very hot); and PPD is a function of PMV. 
Accordingly, an operative temperature is computed by 
correlating the human physiological responses to certain 
ambient conditions with actual thermal perception. 
ASHRAE Standard 55[MH3] requirements are in the 
range of -0.5<PMV< 0.5 and 10-20% PPD comfort 
conditions for occupants in a space to feel 
comfortable.[MH4] 

However, often these predicted criteria fail to provide a 
sufficient level of satisfaction for occupants in real 
spaces, even if the standards are met, especially in 
buildings in which space conditioning is not met entirely 
by forced-air HVAC systems (e.g., mixed-mode 
ventilation) (Deuble & de Dear, 2012)  or in buildings or 
regions where occupant sensitivity to thermal comfort is 
variable (Rupp et al., 2022). Recently, several 
investigations have demonstrated the effectiveness and 
potential energy saving of providing local 
supplementary warmth targeted to specific body parts to 
enhance the overall thermal perception at extended 

temperature setpoints beyond the neutral thermal 
comfort (Arens et al., 2006b; Zhang, 2003)[MH5]. This 
approach, known as Personal Comfort Systems (PCS), 
allows for adjusting background setpoint temperatures in 
a space lower in winter and higher in summer to reduce 
energy consumption, while simultaneously providing 
localized comfort in the direct vicinity of occupants. For 
example, in a field study conducted by Hoyt that for 
every 1 ºC decrease in thermostat setpoint, 
approximately 7-10% of heating energy can be saved (T. 
Hoyt et al., 2015). Based on this analysis, if the 
temperature in the space is reduced from 21 to 16 ºC in 
winter, the energy savings may reach 35-50%. 

Most experimental investigations of PCS have been 
performed in climate chambers. A review of existing 
studies in the literature by Rawal et al. (2020) 
[MH6]summarized the state-of-the-art of personalized 
heating solutions as: (1) air sleeves, (2) heated chairs and 
seats[BRS7], (3) foot heater  or palm warmer, (4) radiant 
heating panels 0) and floor heating panels (5) desk-
mounted flow vents, (6) seat with radiant panel, and (7) 
nozzle with movable panels (Rawal, Garg, et al., 
2020)[BRS8]. 

Performance testing of these types of PCS heating 
devices has shown the potential for providing local 
comfort to users. One study concluded that foot warmers 
could impact individual thermal comfort at lower 
setpoint temperatures with potential energy savings of 
38–75% compared to conventional HVAC systems 
(Zhang et al., 2015). Also, several studies combined 
multiple heating strategies through developing a hybrid 
system with significantly improved thermal comfort 
(Veselý et al., 2017;Udayraj et al., 2018). Another study 
assessed the impact of heated chairs, an under-desk 
heating panel, and a floor heating mat with a hybrid set 
up and compared their performance (Watanabe et al., 
2010). A significant number of studies in the literature 
are experimented in a controlled environment chamber. 
In contrast, indoor environmental dynamics in real 
buildings such [MH9][BRS10]as space height, glazed 
surfaces, and surrounding temperatures are often ignored 
in these studies. Therefore, this study aims to build on 
prior work and simulate the potential impacts of a novel 
thermally active student desk (TASD) on airflow and 
temperature distributions at extended surrounding set 
points to inform the design and construction of a TASD 
for subsequent in-situ experimental testing.  

Methods 
Our proposed novel TASD aims to architecturally match 
the existing architectural student studio desks in this 
historical building. The TASD is a lightweight 
construction that operates during the occupied hours as 
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an alternative means to help achieve thermal comfort and 
deliver space conditioning only where it is needed to 
satisfy individual needs for thermal comfort. Several key 
criteria in the design of this TASD solution are: 
• Versatility: This design utilizes existing steel

structure drafting tables in the studios;
• Modularity: The design follows the building’s grid

and maintains the function of the drafting tables.
Due to using consistent module sizes in this design, 
similar desk arrangements can be deployed to
pursue the objective of covering a single desk; and

• Low-visibility: Respecting the historic impression
of the interior space of this building, the proposed
design has low-visibility, nearly indistinguishable
from the other studio desks.

We defined two main heating and cooling cases for the 
investigation in this study: 
• Cooling Season:  Case 1: Cooled table surfaces with

extended indoor air set point temperature to 26 °C
• Heating Season: Case 2: Heated table surfaces with

extended indoor air temperature set point to 18 °C

We used CFD simulations to estimate the effect of 
variable heating and cooling heat transfer rates on the 
local microenvironment to (i) inform the design of this 
TASD PCS and (ii) estimate the optimum surface 
temperature to achieve local thermal comfort for heating 
and cooling. Numerical simulations were performed 
using ANSYS FLUENT R 19.0 to predict the air and 
heat flow patterns under steady-state operation.  

Boundary conditions of the simulations were informed 
by field measurements of dry bulb temperature, relative 
humidity, and interior facade surface temperatures using 
Onset HOBO data loggers with external temperature 
probes (Figure 1).  

 
 

Figure 1. Sensors measuring environmental parameters 
(source: Author) 

The investigated environmental parameters aim to 
achieve the overall thermal comfort at an extended 
indoor temperature 26 °C during the cooling regime and 
18 °C during the heating regime as an energy savings 

measure. A series of iterative simulation conditions were 
performed to achieve local thermal comfort level in a 
virtual domain within the limits recommended by 
ASHRAE Standard 55 (ASHRAE, 2004). [MH11] 

Multiple scenarios were tested to vary the magnitude of 
heating and cooling flux to/from the designed PCS. The 
iterative procedure varied heat flux by increments of 50 
W/m2 in the heating mode and -50 W/m2 in cooling mode 
to estimate an optimum surface temperature and 
heating/cooling output for the given environmental 
parameters to reach predicted local comfort limits. 
Meanwhile, we numerically explore the thermal comfort 
conditions of virtual domain of human subjects exposed 
to increased and decreased indoor temperature setpoints 
while using PCS for local cooling and heating. Results 
of the airflow modeling under different proposed 
scenarios were compared to ASHRAE Standard 55 using 
the Center for the Built Environment’s (CBE) thermal 
comfort tool [MH12](CBE, 2017). The inputs of the PMV 
model are as listed below: 

• RH = 30% (winter) and 64.5% (summer) (taken
from field measurements)

• The air velocity of 1 m/s (assumed)
• Metabolic rate of 1.1 (assumed)
• 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎  and 𝑇𝑇𝑀𝑀𝑀𝑀𝑀𝑀  are assumed equal to attain the

condition of PMV at 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎  and 𝑇𝑇𝑀𝑀𝑀𝑀𝑀𝑀  = 18 °C for
heating season and 26 °C for cooling season

The CFD Model Setup 
A full-scale 3-D computational model was created while 
maintaining all the geometrical parameters and building 
construction materials of the S.R. Crown Hall main floor 
space. To simplify the model and computational time, a 
morphological setup of the virtual model incorporating 
two domains (inner and outer domain) was created for 
standing and seated manikin. The created domain is 
intended to replicate the building configuration and 
consists of a room with dimensions equal 4.57 m x 4.57m 
(15 ft x 15 ft) and ceiling height of 5.79 m (19 ft). Two 
manikins were placed in an internal domain with the 
TASD to assess the impact of PCS on the local micro-
climate in the internal domain (Figure 2).  

Meshing details developed for the virtual CFD model has 
approximately a total number of 12M unstructured 
hexahedral meshing cells (elements) for both internal 
and external domains developed using ANSYS’s 
workbench MESHING platform (Figure 3). Air 
movement in the virtual setup is mainly associated with 
mechanical ventilation (forced convection) to the 
building system that provides approximately air velocity 
of 1 m/s. SIMPLE algorithm is incorporated to solve the 
Reynolds-Averaged Navier-Stokes (RANS) equations 
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along with the two-equation renormalized group RNG k-
ε turbulence model, to solve the Navier-Stokes and mass, 
momentum, and energy conservation equation using the 
finite volume method. Double precisions were 
incorporated to obtain better accuracy and achieve a high 
level of convergence. 

(a) (b) 
Figure 2. (a) the CFD setup and (b) the model of virtual 

domain with the background 

Figure 3. Meshing geometry of the virtual domain 

Boundary Conditions 
The boundary conditions used in the model are as follow: 

1) Indoor initial parameters: Dry bulb
temperature were set based on target 
surrounding temperature setpoint. 

2) Internal Walls and floors: Internal walls were
assumed as constant adiabatic heat flux.

3) Window: Surface temperatures measured
during winter and summer seasons were used as
surface temperatures for window glass.

4) Air inlet: Air conditioning air supply inlet is
simplified as circular air supply inlet with air
velocity of 1 m/s and supply air temperature
kept constant, similar to the initial conditions.

5) Return air plenum: Pressure outlet condition
specified for return air outlet.

Table 1. Solver settings and boundary conditions 

Setup Description 
Turbulence 
model 

Renormalized group RNG k−ε turbulence 
model 

Numerical 
schemes 

Solver setup using viscous model with 
Enhanced wall functions. Second order 
upwind.  

Ceiling Adiabatic wall 
Window 
Surface 
Temperature 

Summer: 21.5 ⁰C (from collected data) 
Winter: 15 ⁰C (from collected data) 

Indoor 
Ambient 
Temperature 

Simulated cases of 26⁰C for cooling extended 
setpoint and 18 ⁰C for heating extended 
setpoint 

Inlet 
Velocity 

Velocity inlet at 1 m/s based on mechanical 
drawings  

Outlet 
plenum 

Pressure outlet based on building structure 
(return air plenum) 

Manikin 
Properties 

Constant temperature of 31 ⁰C (deduced from 
literature) 

Ceiling 
Lamps 

Uniform heat flux with the heat rate of 60 W 

Material 
Used 

Human body, concrete, glass, gypsum, 
aluminum 

Table 2. Summary of the materials used 

Material Density 
(kg/m3) 

Thermal 
Conductivity 

W/(m-K) 

Specific 
heat 

capacity 
J/(kg-K) 

Glass 2,500 0.8 792 
Human 
skin 

1,027 0.206 3,558 

Aluminum 2,710 235 900 
Concrete 2,300 1.630 1,000 
Gypsum 2,960 0.17 891 

Results 
Case 1: Results for the Cooled Tables 
A total of 7 cases are simulated for the cooling season, 
with heat flux from the TASD ranging from -100 to -400 
W/m2 in increments of -50 W/m2. The velocity field was 
kept at a constant level (i.e., very low values recorded 
below 0.05 m/s). Therefore, it is not included in this 
assessment. Figure 4 summarizes predictions for the 
TASD surface temperature and internal and outer 
domain air temperatures with varying cooling heat flux 
of the TASD. The results show that the surface 
temperature decreases linearly as the heat flux increases. 
Table 3 summarizes predicted surface temperatures, 
inner and outer domain air temperatures, and PMV and 
PPD in the internal domain under each cooling heat flux 
scenario. Table 3 shows that PMV and PPD can reach 
near acceptable ranges (i.e., -0.5<PMV<0.5 and PPD 
<10-15%) in the internal user domain, especially by 
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providing at least 200 W/m2 in cooling heat flux to the 
TASD, while keeping ambient indoor set point 
temperatures elevated to 26 ⁰C. However, desk surface 
temperatures fall below likely discomfort levels of ~15 
⁰C at greater heat flux conditions. Therefore, since 
providing -100 W/m2 nearly attains predicted acceptable 
comfort (i.e., PMV = 0.79 and PPD =18.3%) but keeps 
surface temperatures in reasonable ranges, these results 
suggest promise for a cooling TASD solution that can 
achieve approximately 100 W/m2 of heat flux to deliver 
localized comfort and energy savings at extended set 
points in the space. 

Figure 4. Temperature of surface and internal domain 
for case 1 Cooling Scenario 

[BRS13][BRS14][LM15][MH16]Table 3. Simulation results 
from the cooling season at an extended setpoint of 26 

⁰C 

Heat Flux 
(W/m2) 

Surface 
(⁰C) 

In* 
(⁰C) 

Outt+[BRS17] 
(⁰C) 

PMV PPD 
(%) 

-100 21.4 25.35 25.55 0.79 18.3 
-150 18.9 24.65 24.95 0.76 16.2 
-200 16.5 24.15 24.45 0.66 14.0 
-250 14.1 23.65 24.05 -0.59 12.6 
-300 11.7 23.15 23.65 0.53 11.0 
-350 9.3 22.4 [MH18]23.5 0.47 9.7 
-400 6.8 22.35 23.65 0.40 8.7 

*Average air temperature of the inner 
+ outer domains 

Next, Figure 5 plots the vertical temperature variation 
distribution for each simulated cooling TASD case to 
better understand the thermal comfort conditions around 
the user[BRS19]. Average temperature values ranged from 
~22.4 to ~25.4 ⁰C (i.e., PPD value recorded 17-23% and 

between values 0.0.79-0.4 maintaining “neutral” for 
PMV). [BRS20][BRS21] 

Figure 5. Comparison between the simulated cases at 
temperature setpoint 26oC with varying heat flux 

[BRS22]Case 2: Results for the Heated Tables 
A total of 9 cases were simulated for the heating season, 
with heat flux from the TASD ranging from 100 to 500 
W/m2 in variable increments of 50W/m2. These 
iterations have reached an end when surface temperature 
reached the maximum surface temperature safe for 
human contact (i.e., 350C). Figure 6 and Table 4. 
Simulated results for the indoor environmental 
conditions for Case 2 Desk heating scenario summarize 
predictions for the TASD surface temperature and 
internal and outer domain air temperatures with varying 
heating heat flux of the TASD. Like the cooling 
simulations, the results show that the surface 
temperature increases linearly as the heat flux increases. 
Table 4 summarizes predicted surface temperatures, 
inner and outer domain air temperatures, and PMV and 
PPD in the internal domain under each heating heat flux 
scenario. Table 4 shows that although both PMV and 
PPD are improved at every increment of heating flux, 
PMV and PPD can never reach acceptable ranges (i.e., -
0.5<PMV<0.5 and PPD <10-15%) in the internal user 
domain, even if providing 500 W/m2 in heating heat flux 
from the TASD, while keeping ambient indoor set point 
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temperatures decreased to 18 ⁰C. Moreover, heat flux 
beyond ~500 W/m2 elevates predicted surface 
temperatures of the TASD over 35 ⁰C, which would 
become uncomfortable for users. Figure 6. Temperature 
of surface and internal domain for the heating desk 
scenario represent the computed temperatures for the 
inner and outer domains, the PMV and PPD values. In 
summary, the desk heating with the proposed heating 
fluxes did not enhance thermal conditions and maintain 
the local micro-environment at temperature beyond 18 
°C with maximum heat flux values delivered 21.7% 
dissatisfactory level. Vertical temperature profiles 
plotted in Figure 7 highlighted the impact of surface 
temperature on the virtual domain microclimate. A heat 
output of 350W/m2 is needed to retain the initial 
condition in space.  

Figure 6. Temperature of surface and internal domain 
for the heating desk scenario 

Table 4. Simulated results for the indoor environmental 
conditions for Case 2 Desk heating scenario 

Heat 
Flux 

(W/m2) 

In 
(⁰C) 

Out 
(⁰C) 

Surface 
Temp 
(⁰C) 

PMV PPD 
(%) 

100 17.6 17.5 20.90 -1.08 30.6 
180 17.9 17.7 23.81 -1.06 28.7 
200 18.0 17.7 24.53 -1.04 28.1 
250 18.1 17.8 26.35 -1.02 26.9 
300 18.3 17.9 28.16 -0.99 25.8 
350 18.5 18.1 29.98 -0.97 24.8 
400 18.7 18.2 31.80 -0.94 23.7 
450 18.8 18.3 33.62 -0.91 22.7 
500 19.0 18.4 35.43 -0.89 21.7 

Figure 7. Vertical temperature Profile for the heating 
desk scenario 

Discussion 
This study deployed numerical CFD analysis to support 
the design and optimization of the proposed TASD. 
Different design iterations summarized in Figures 8 and 
9 were simulated using ANSYS FLUENT by adjusting 
different inserted heating and cooling fluxes, while 
providing air-conditioning and boundary conditions per 
measured environmental parameters to enhance the local 
microclimate surrounding the user of the space. The 
narrow temperature variation between indoor and 
outdoor conditions during the summer season, allows the 
feasibility of application of the proposed TASD operated 
in cooling mode. However, these simulation results 
suggest that the TASD solution based on surface 
temperature cannot attain acceptable levels of predicted 
thermal comfort at the extended set point of 18 ⁰C during 
the heating season for the given the inserted boundary 
conditions. However, it may be useful for meeting local 
heating needs during more moderate seasonal 
conditions.  

One limitation of this model is that the simulation model 
excludes the impact of radiation (the discrete ordinates 
(DO) to determine the radiative heat flux contribution). 
Consideration of alternative heat transfer modes between 
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human body and the surrounding environment such as 
radiation and conduction can potentially have higher 
impact modulating human comfort at local level. 
Therefore, it is a valid assumption that the impact of PCS 
can contribute to a higher comfort level due to the 
proximity of the PCS device to the user through 
conduction and radiation.  

Conclusion 
The potential implication of applying an individualized 
comfort approach is well acknowledged in thermal 
comfort literature. Adopting occupant centric retrofitting 
strategies, presented here as TASD as a form of PCS, can 
potentially perform as an alternative architecture 
addressing individual preferences, thermal satisfaction 
of needs of different users and thereby subsequently 
improve the building energy performance. This work 
investigated the heating and cooling strategies for the 
enhancement of thermal comfort in the virtual domain in 
the Crown Hall building. The main objective of this work 
is to use the building environmental parameter to 
investigate the performance of the proposed PCS with 
the objective to reduce the reliance on a narrow 
temperature range by providing local comfort. The 
study demonstrated that by offsetting the 
background temperature to a setpoint 26 °C during 
cooling season and 18 ⁰C the optimum energy required 
to operate the localized PCS must be considerably less 
than the energy saved by the building.  
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[BRS24] 
Figure 8. Temperature gradient along a cross section for the Cooling Season Setpoint 26⁰C 

Figure 9. Temperature gradient along a cross section for the heating season setpoint of 18C 
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