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ABSTRACT

The thermally anisotropic building envelope (TABE) is an active building envelope that redistributes
thermal loads in response to weather conditions and building energy demand. Conductive layers
throughout the TABE distribute low-grade heat among hydronic loops, altering heat flow direction
and intensity. Finite element models of TABE roof and wall panels were developed and calibrated
using field evaluation data. The calibration results showed that heat flux differences between the
experimental data and finite element models averaged —0.42% and 3.57%, with a maximum mean
square error of 1.78 and 3.96 for roof and wall panels, respectively. A reduction in heat flux from
the environment to the building living space over the entire testing period (weeks in July/August)
was found to be 85% for roof panels and 335% (load reversed) for wall panels. These results indicate
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TABE can effectively harness low-grade thermal energy sources to achieve high energy efficiency

and promote demand-side management.

1. Introduction

Thermal management is of paramount importance in
reducing energy consumption and associated CO; emis-
sions in buildings, which account for nearly 40% of total
energy use and 30% of total CO; emissions in the world
(Yang, Yan, and Lam 2014). Heating, ventilation, and
air conditioning (HVAC) energy savings can be realized
by proper thermal management of the building enve-
lope without compromising thermal comfort (Bhamare,
Rathod, and Banerjee 2019; Sadineni, Madala, and Boehm
2011;Yang, Yan, and Lam 2014). The appropriate balance
between energy savings and thermal comfort in build-
ings is critical to developing sustainable cities. In build-
ings, thermal management involves the regulation of
transient heating and cooling loads to achieve a desired
HVAC energy profile. Thermal management in buildings
has been explored with both envelope- and equipment-
based approaches. However, further research is needed
to move beyond the current state of the art in build-
ing energy performance. The objective of this paper is
to demonstrate building envelope thermal management
using the thermally anisotropic building envelope (TABE)
through field evaluation and calibrated finite element (FE)
models.

Numerous methods have been explored as potential
solutions to tackle the challenge of building envelope
thermal management. Thermally insulative materials
have traditionally been used as the primary means
of reducing unwanted heat flow through the opaque
building envelope. Increases in thermal insulation have
diminishing returns and can, in certain cases, have a
negative effect on the energy performance of a build-
ing (Kosny et al. 2010). In most climate zones, there
are times when increased contact with environmental
conditions would be favourable toward maintaining the
desired indoor temperature. For instance, during summer
months, a building may still be very warm when the out-
door temperature falls in the evening; therefore, having
less thermal insulation would be beneficial to allow heat
exchange between the indoors and outdoors. This high-
lights the importance of a dynamically adaptable enve-
lope integrated with an advanced control strategy. A few
other explored methods include phase change materials
(PCMs), high thermal mass, solar control and shading, and
ventilation (Bhamare, Rathod, and Banerjee 2019; Kosny
etal. 2014; Sadineni, Madala, and Boehm 2011). However,
high cost, low durability, and lack of large-scale studies
in real building applications have raised doubts about
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high-performance building insulation materials and pas-
sively controlled PCM as effective solutions for build-
ing envelope thermal management (Baetens et al. 2010;
Baetens, Jelle, and Gustavsen 2011; Biswas 2018; Biswas
et al. 2018; Kosny et al. 2014).

Thermal energy storage (TES) has immense poten-
tial for redistributing energy in response to demand.
Although several methods have been explored to embed
phase change materials (a type of TES) within the building
envelope, alack of active control has prevented these pre-
vious studies from fully realizing the potential for efficient
collection and redistribution of thermal energy (Carpen-
ter et al. 2014; Elnaijar 2017; Lakhdari, Chikh, and Campo
2020; Pasupathy and Velraj 2008; Saffari, Roe, and Finn
2022). Actively controlled TES integrated with HVAC and
other residential and industrial equipment has also been
explored (Hirmiz et al. 2019; Tarumi, Fujii, and Ito 1991).
Some of these concepts show significant energy savings
potential. The recently developed TABE harnesses the
benefits of active thermal management integrated with
the building envelope, thus allowing envelope-based
thermal management systems to reach equal or greater
widespread impact when compared with equipment-
integrated thermal management systems.

At the US Department of Energy’s Oak Ridge National
Laboratory (ORNL), researchers Som Shrestha and
Kaushik Biswas proposed a TABE, an effective thermal
management method for building envelopes (Biswas
etal. 2019). They demonstrated that the TABE is a promis-
ing technology for reducing peak heat gains/losses and
overall heat transfer when compared with insulative-only
measures. In contrast to typical building envelope con-
structions, TABE uses conductive metal layers embedded
in building envelopes in conjunction with a hydronic pip-
ing network to create a thermally anisotropic construc-
tion that redirects heat transfer from out-of-plane to in-
plane. The TABE design was inspired by techniques used
for heat dissipation and hot spot remediation in electron-
ics (Cometto et al. 2017; Huang et al. 2016; Ren and Lee
2018; Suszko and El-Genk 2016; Termentzidis 2018). In
the work of Biswas et al. (2019), the thermal anisotropy
was accomplished by alternate layers of polyisocyanurate
foam board (polyiso) with thin aluminum foils connected
to hydronic loops. These highly conductive aluminum
foils redirected heat along the building envelope to heat
sinks composed of hydronic loops. By selective control
of the fluid flow rate and temperature, the magnitude
of redirected heat flux can be dynamically controlled as
dictated by the thermal loads imposed on the envelope.

The TABE is similar in some aspects to a typical
hydronic heating/cooling system (Mokhtari, Ulpiani, and
Ghasempour 2022; Xing and Li 2022). Like a typical
hydronic system, TABE uses a fluid flowing through

piping to provide radiant heating or cooling. Additionally,
TABE can be tailored to boost the insulative properties
of a building envelope. This is accomplished by prevent-
ing a significant portion of heat or coolness from pass-
ing through the building envelope owing to redirection
of heat along the aluminum foil layers. One key advan-
tage of TABE over typical hydronic systems is the utiliza-
tion of a thermally anisotropic construction, which allow
a much larger spacing between the individual hydronic
loops than what would normally be possible for desired
performance. Whereas typical hydronic systems require
loop spacing of several inches, thermally anisotropic con-
struction of TABE can allow the spacing between loops to
be increased to 16in. or more. This leads to a significant
decrease in material and construction costs associated
with the fabrication of panels containing TABE, compared
with the costs of other hydronic systems.

To verify the TABE system’s potential, field evaluations,
numerical parameter studies using calibrated models,
and whole-building energy simulations in multiple cli-
mate zones were all required. The calibration of FE mod-
els with field evaluation data was of high importance in
quantifying building energy performance. Owing to the
small scale of the field evaluation TABE panels, only heat
flux data could be collected. FE modelling was required to
analyze the heat flux effect and to scale this heat flux up to
predict the whole building’s thermal load and energy sav-
ings. Additionally, the calibrated TABE FE models provide
immense flexibility in determining the optimal water flow
rate and control strategy for different operation cases in
various climate zones.

This study focuses on the field evaluations and FE mod-
elling of TABE panels to quantify the thermal load reduc-
tion potential. First, field evaluations were conducted in
two test sites—Oak Ridge, Tennessee, and Charleston,
South Carolina—for the TABE roofs and walls, respec-
tively. Subsequently, FE models were developed in COM-
SOL multiphysics and calibrated by using field evalua-
tion data. The FE calibration included the adjustment of
convergence tolerance, hydronic loop convection, and
sensor locations. Accuracy was quantified as the aver-
age error and maximum mean square error for each test
period. The thermal performance of TABE panels was
then assessed relative to the panels’ cooling thermal load
reduction under different operating conditions.

2. Methods
2.1. Experimental design

The field evaluations were conducted at two loca-
tions—Oak Ridge, Tennessee, and Charleston, South
Carolina. In the Oak Ridge field testing, TABE roof panels
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Figure 1. Field installation of TABE roof panels at the RTRA in Oak Ridge: (a) lifting panels into place and (b) after installation; and (c)

exterior of the RTRA test facility.

were designed and installed in a roof thermal research
apparatus (RTRA). A baseline roof panel was prepared
without thermal anisotropy, and two TABE roof panels
were prepared with different arrangements of thermal
anisotropy (A1 and A2). In Charleston, TABE wall pan-
els were built and installed in a natural exposure test
(NET) facility. Similarly, a baseline wall panel was prepared
without thermal anisotropy, and three TABE wall panels
were prepared with different arrangements of thermal
anisotropy (A1, A2, and A3). In both locations, the build-
ings were unoccupied and exposed to natural weather
conditions. The TABE test sites with installed TABE roof
and wall panels are presented in Figures 1 and 2.

FE models were developed to simulate TABE perfor-
mance and were calibrated against experimental data
collected from the two test sites. The development of FE
models primarily served two purposes. First, developing
TABE FE models alongside the collection of experimen-
tal data allows for a sanity check to identify potential
errors in the complex experimental data collection con-
figuration. The temperature predicted by the FE models

between each material layer could be compared with that
obtained from the experimental setup to determine if
potential sensory or calibration concerns were present.
Second, because the TABE panels were installed only in
small portions of the building envelope, energy savings
potential could not be directly measured. Therefore, only
thermal load savings through each panel in the form of
heat flux could be obtained. Calibrated FE models enable
scaling up these thermal load savings to predict whole-
building energy savings. The calibrated FE models could
also be used to extrapolate energy consumption to vari-
ous climate zones.

2.1.1. Experiment setup and instrumentation

The experimental setup at the RTRA was designed to eval-
uate the performance of the TABE in a commercial build-
ing roof application. The setup included three roof panels
(a baseline and two panels with TABEs). The panel assem-
blies consisted of an ethylene propylene diene terpoly-
mer (EPDM) roofing membrane as the outermost layer.
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A2 A1 Baseline
e

Figure 2. Field installation of TABE wall panels at the Charleston NET facility: (a) panel preparation and (b) panel installation; and

(c) exterior of the NET facility.

Directly below this layer, two layers of 0.5 in. (1.3 cm) poly-
iso were installed, followed by one layer of 3in. (7.6 cm)
polyiso, one layer of 0.5 in. (1.3 cm) wood fibreboard, and
last, a metal decking. Figure 3 shows layering of the mate-
rials in the panel formation.

The first roof panel containing TABEs (A1) used three
layers of nonperforated aluminum foil. The foil layers
were 10 mils (0.254 mm) thick and were mounted above
each layer of polyiso. To achieve heat conduction along
the TABE panel to the heat sink, these aluminum foils
were connected to a hydronic tubing network. The cop-
per tubes used were 0.5 in.(1.27 cm) in diameter and were
connected to the aluminum foils using copper taping
with conductive adhesive.

The second roof panel containing TABEs (A2) used
two hydronic loop systems (an interior and an exterior
hydronicloop). The exterior hydronic loop was connected
to three layers of perforated aluminum foil. The choice for
perforated foils was made for this panel to assess if the
perforations were necessary to maintain moisture migra-
tion through the building envelope. As before, the foils

chosen were 10 mils (0.254 mm) thick and were mounted
above each polyiso layer. An additional fourth nonper-
forated aluminum foil layer was added above the wood
fibreboard layer to provide heat redirection specific to
the interior hydronic loop. Each of these four aluminum
foil layers was again connected to 0.5in. (1.27 cm) cop-
per tubing via copper tape with conductive adhesive. By
connecting the outer three foils to a separate hydronic
loop from the interior foil layer, the design allowed the
use of only the exterior hydronic loop or only the interior
hydronic loop. All panel assemblies met ASHRAE 90.1-
2010 R-value requirements for commercial building roofs
in climate zone 4.

Ten heat flux transducers (HFTs) and 40 type T ther-
mocouples were installed to monitor heat flux and tem-
perature distribution at various locations. Two HFTs were
mounted at the centre of the panels, one on top and
one on the bottom of the wood fibreboard. The HFT
mounted on the bottom of the wood fibreboard (on top
of the metal deck) represented the heat flow between
the roof and indoor air. Because of the potential high
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Figure 3. Cross sections of the TABE panels installed at the RTRA: (a) baseline, (b) A1, and (c) A2. Heat flux transducers (HFTs) 1, 2, 3, and

4 are numbered counterclockwise starting at the lower HFT.

noise that can cause a low signal-to-noise ratio when
installing HFTs on metal surfaces and on top of the metal
deck, a set of HFTs was also installed on top of the wood
fibreboard.

The HFTs were calibrated using ORNL's heat flow metre
apparatus. Water temperatures at the inlet and outlet of
each hydronic loop, as well as the water flow rate for each
hydronic loop, were recorded. In addition, a weather sta-
tion was installed at the RTRA to collect local weather data
to be used as boundary conditions for FE simulations.
The weather data included dry bulb temperature, relative

humidity, wind speed, global horizontal irradiance, and
incident infrared radiation from the sky.

The experiment at the Charleston facility was designed
to evaluate the thermal performance of TABE panels
installed on walls. Four wall panel assemblies, one base-
line and three TABE panels, were constructed. Figure 4
shows the constructed layout for each panel at the
Charleston facility. The exterior surface of the panels con-
sisted of exterior horizontal vinyl siding. Beneath the sid-
ing, two layers of 0.5in. (1.3 cm) polyiso were used. The
studs used in these panels were 2 x 4 studs spaced
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Figure 4. Cross sections of the TABE panels installed at the Charleston NET facility: (a) baseline, (b) A1, (c) A2, and (d) A3. HFTs 1, 2, 3, and

4 are numbered from left to right.

at 16in. (0.41 m) in the centre. Between these studs, R-
13 fibreglass batt cavity insulation was used. The inner-
most layer of the TABE panels consisted of 0.5in. (1.3 cm)
gypsum board. All wall panel assemblies met the Inter-
national Energy Conservation Code (IECC) 2018 R-value

requirements for residential building walls in climate
zone 3.

All TABE panels (A1, A2, and A3) were constructed
with three layers of aluminum foil. Like the RTRA roof
panel foils, the selected foils were 10 mil (0.254 mm) thick.



Table 1. Reflectivity and emissivity of exterior cladding.

Solar reflectance (-) Thermal emittance (-)

RTRA 0.044 0.837
Charleston 0.505 0.881

These three foil layers were placed to sandwich all lay-
ers of polyiso in the construction. The foil layers were
connected to 0.5in. (1.27 cm) copper tubing via copper
tape with conductive adhesive. The A2 panel had a fourth
foil layer attached above the gypsum board. This fourth
foil layer was connected to the internal hydronic loop as
at RTRA. A1 and A3 were identical except for the spac-
ing of the hydronic loop tubing. In the case of A1, the
copper tubing was spaced at 18in. (0.46 m). In the case
of A3, the copper tubing was spaced at 24in. (0.61 m).
This allowed the evaluation of performance losses associ-
ated with larger spacing between TABE hydronic loops. In
addition, 4 HFTs and 11 thermistors were used to monitor
heat flux and temperature distribution at various loca-
tions on each panel. Thermistors were used to measure
air temperatures adjacent to each panel. These thermis-
tors protruded 3in. (76 mm) from both the interior and
exterior faces of each panel.

The plumbing system to control the TABE panels had a
nearly identical design for both the RTRA and Charleston
NET facility field evaluation sites. Figure 5 shows the
plumbing system of the TABE panels at the Charleston
facility, including the pipe layout and control system.
This plumbing system includes three flow metres, eight
water temperature sensors, three flow control valves,
three manual valves, six solenoid valves, a reservoir, a
chiller, a water tank, two pumps, and water pipes con-
necting them. The circulation of water in TABE started
with a chiller that cooled the water temperature from a
reservoir to the desired temperature. Then, the chilled
water was pumped into a cold-water tank, which was
used as the water source. Cold water stored in the tank
was then pumped into TABE panels (i.e. A1, A2, and A3)
for heat exchange. The outlet water was stored in the
reservoir for heat dissipation and used as a water source
for the chiller. The plumbing system of A1, A2, and A3
was independently controlled. For A1 and A3, only an
exterior hydronic loop and the plumbing system were
included. The system also included (1) the solenoid valve
that turned the exterior hydronic loop on/off, (2) the
flow control valve that controlled the water flow rate
to the panels, (3) the thermocouples that measured the
inlet and outlet water temperatures, and (4) the flow
metre that measured the water flow rate. For A2, both
the exterior and interior hydronic loops and a bypass
loop were included. The inclusion of a bypass loop was
important to ensure the plumbing system could be set
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to a desired water flow rate. The RTRA plumbing layout
was identical except for the exclusion of the loop asso-
ciated with A3. It should be noted that all experimental
field testing relied on a chiller to maintain water temper-
ature at the desired level. After initial field performance
evaluations, further studies will be conducted using low-
grade energy such as geothermal or integration with TES
systems.

2.1.2. Material property measurements

During construction of the TABE panels for field evalua-
tions, thermal properties were measured for the primary
insulative material layers. These measurements were nec-
essary because the thermal conductivity of some mate-
rials used in the RTRA and Charleston facility panel con-
structions was temperature dependent. Therefore, exper-
imental measurements were conducted to determine the
thermal conductivity of the materials over a wide tem-
perature range following ASTM C518 using a heat flow
metre apparatus. Figure 6 presents the measured ther-
mal conductivity as a function of temperature for TABE
construction materials used for roofs at RTRA and walls at
Charleston.

To correctly account for the effects of solar and infrared
radiation, solar reflectance and thermal emittance were
measured using solar spectrum reflectometers and emis-
someters (Table 1), respectively. These measurements
were conducted for the RTRA’s EPDM roof membrane and
the Charleston facility’s exterior cladding.

2.2. FEmodelling

Modelling of active building envelopes presents signif-
icant challenges owing to dynamically adjustable ther-
mal behaviour and complexity. Although passive build-
ing envelopes are dominated by one-dimensional heat
transfer and a consistent thermal path, active building
envelopes may employ heat redirection via two- or three-
dimensional heat transfer paths. For TABE, capturing
the full thermal performance characteristics precisely is
important. Before the development of FE TABE models,
various other methods were explored.

EnergyPlus, known for its capability of creating com-
plex envelope assemblies, was initially considered. It has
successfully demonstrated the potential in modelling a
PCM-embedded envelope (Feng et al. 2022). However,
EnergyPlus uses a one-dimensional heat transfer model
with limited capability for handling complex, 3D heat
transfer. Owing to TABE's 3D heat transfer, specifically the
in-plane heat propagation along the conductive layers of
TABE, this software was not selected as a solution for this
application.
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Figure 5. Plumbing system of TABE panels at the Charleston NET facility showing the pipe layout and control system.

A network of thermal resistors and capacitors, or RC
model, has previously been used to develop complex
active building envelope models, including hydronic sys-
tems. For example, Nestor Dias assessed the energy per-
formance of integrating hydronic tubes into a ceiling
application using the RC model (Dias 2011). In this study,
the dispersion of thermal energy from the hydronic tubes
was considered using a fin approximation. However,
implementing this methodology for TABE modelling is a
challenge owing to the difficulty of approximating a mul-
tilayer construction by a fin. Additionally, capturing the
precise temperature and heat flux data at points at sen-
sor locations of the field experimental setup would be
impossible with this approximate model. Thus, FE mod-
elling was chosen for developing the detailed TABE mod-
els. FE modelling has been previously used to investigate
hydronic systems. For instance, Alghamdi used FE mod-
elling to study hydronic systems combined with encap-
sulated PCM in a flooring application (Alghamdi 2024).

Unlike many previous FE models of hydronic and
active envelope systems, the FE models created for the
TABE analysis required use of real-world weather con-
ditions as the boundary conditions for model calibra-
tion. Detailed FE models for the baseline (Figure 7[a])

and TABE panels (Figure 7[b] and [c]) at the Charleston
facility and RTRA test sites were developed in COMSOL
multiphysics. The detailed models contained all material
layers and properties used in each experimental panel.
Temperature-dependent thermal conductivities of each
material were input into the FE models. Exterior and inte-
rior surface boundary conditions were applied based on
outdoor temperature, solar radiation, infrared radiation,
and indoor temperature. Data for these boundary condi-
tions were obtained from each field test site and imported
into the FE models.

To fully capture all heat transfer components associ-
ated with the TABE panels, multiple boundary conditions
had to be applied to each panel surface to handle the var-
ious sources of convection and radiation for each respec-
tive case. A description of the equations used to assign
each boundary condition follows.

The heat flux applied to the interior surface of the
panel, g1, is

q1 = hine(TSE — T34T), (1)

where hj, is the film coefficient of the interior sur-
face, which can be calculated by matching the modelled

interior surface temperature (T,.‘n“r’f) with its experiment
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counterpart; and T,.‘,’f{ is the indoor air temperature.
The selected hj,; is the effective film coefficient, which
includes various unknown effects, such as the radiation
on the interior building surface and air velocity induced
by the HVAC system. This parameter was verified to fall
within ASHRAE accepted ranges for both wall and roof
surfaces (ASHRAE 2017).
The convection heat fluxapplied to the exterior surface
of the panel, g3, is
gs = hint(Tair _ Tsurf)’

ext ext

()

where hey; is the convection coefficient of the exterior sur-
face, which is automatically calculated by COMSOL using

5 in. polyiso at Charleston.

inputs of ambient temperature, wind speed, atmospheric
pressure, and humidity; Te")’('g is the exterior (outdoor) air
temperature; and T5U is the exterior surface temperature
of the panel.

For the exterior surface, the total radiation heat flux,
g3, includes the heat flux owing to solar radiation and
infrared radiation; it can be calculated as

4
G3 = Gsolar(1 — S¢) + e(qur,, — O'(Té)l(ltrf) ) 3)

where gso/qr is the incident solar radiation on the build-
ing surface, S, is the solar reflectivity, ¢ is the emissivity of
the panel’s exterior surface, gjg,, is the infrared radiation
from the sky and ground, and ¢ is the Stefan-Boltzmann
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(@) /

(b)

(c)

Figure 7. COMSOL FE models: (a) baseline panel at the RTRA
with enlargement of temperature and heat flux sensors; (b) wire-
frame view of A1 at the RTRA showing three anisotropic layers and
surrounding piping system; and (c) wireframe view of A2 at the
RTRA showing one lower and three upper anisotropic layers and
surrounding piping systems for interior and exterior loops.

constant. The values of S, and ¢ are provided from experi-
mental measurements conducted before panel construc-
tion. Some adjustments were made to S, because dust
accumulation over time will affect the reflectivity of the
surface.

In addition, the heat flux between the fluid in the pipe
and the inner surface of the pipe, gpipe, Needs to be con-
sidered and can be calculated as

dpipe = hpipe(Twater — lint_surf. J)ipe)r 4)

where hpipe is the convection coefficient between the
water fluid and the inner surface of the pipe. It can be
calculated by COMSOL based on an internal forced con-
vection flow correlation derived from the pipe diameter
(D) and fluid velocity (U). Also, Tint_surf_pipe is the interior
surface temperature of the pipe, and Ty qzer is the water
temperature, which can be estimated as the average of
the inlet and outlet water temperatures.

3. Results and discussions

Results at the RTRA and the Charleston NET facilities were
evaluated to compare the simulated heat fluxes with their
measured experimental counterparts. Additionally, com-
parisons were made with respect to heat flux savings
from various anisotropic configurations on a test-specific
basis (1 week test period) and on a total test period basis.
Because field data was used to calibrate the FE mod-
els, some model modifications were necessary to more
accurately capture the real-world heat transfer effects and
sensor placements.

Moreover, sensitivity analysis was conducted for each
of the adjusted parameters to demonstrate the effect of
each on the mean square error (MSE) between the exper-
imental and FE model heat flux. The mean square error
was calculated for each test period and is given by

N
1
MSE = ; (fi —yi)?, (5)

where N is the number of data points, f; is the value cal-
culated by the model, and y; is the experimental value for
data point .

Figure 8 presents the MSE comparisons for the sensi-
tivity study of the convergence threshold, surface solar
reflectance. Setting a proper convergence threshold was
critical to capture the time-dependent thermal effects of
the TABE accurately. The convergence threshold for the
simulation was controlled by the solver tolerances within
the FE analysis environment. The default solver tolerances
of COMSOL were insufficient to capture the transient heat
flux with a 10 min resolution. Therefore, a smaller con-
vergence threshold of 1073 was imposed to ensure the
transient heat fluxes were calculated accurately.

The solar reflectance on the exterior surface of the pan-
els at the Charleston NET facility also had to be adjusted
within the FE models. Although solar reflectance data
were collected for these materials before field evaluation,
some modification is required owing to uncertainty in the
weathering of the material and in measurement of the
solarirradiance on the panel surface. Solar reflectance val-
ues for the exterior surfaces of Charleston panel models
were increased from 0.505 (measured) to 0.75 to achieve
the best match between experimental and simulated
data.

One of these modifications was to adjust the heat con-
vection calculated on the interior of the piping surface.
To model flow through the piping system, a defined con-
tinuous temperature was required on the interior of the
piping surfaces. However, because the experimental pipe
flow temperature sensors were located outside of the
panel, these readings could not be used in the model dur-
ing periods of no fluid flow. During periods of fluid flow,
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Figure 8. MSE between experimental and simulated wall panel heat fluxes: sensitivity to solver tolerance and solar reflectance.

the temperature measured by sensors outside of the TABE
panel should be approximately identical to that at the
beginning of the hydronic loops. In this small region of
piping, the travelling fluid would not experience appre-
ciable heat transfer. On the other hand, during periods
of no fluid flow, the experimental sensors measured the
temperature of the stationary fluid in the piping at the
exterior surface of the panel. This temperature did not
reflect the temperature inside the TABE panel, where the
stationary fluid would quickly approach the surrounding
piping surface temperature. This was addressed by using
a condition to select temperature readings from exper-
imental flow sensors during periods of flow and from
simulation probes surrounding the pipe structure during
periods of no flow. This setup effectively resulted in no
convection occurring on the interior of the pipe surfaces
during periods of no flow.

An additional model modification was made for the A2
panel model at the Charleston NET facility. The sensitivity
of the distance parameters is shown in Figure 9. To align
with the experimental heat flux, the HFT sensors in the
FE model were positioned 0.1 in. (2.5 mm) away from the
inner anisotropic layer surface. In the experimental setup,
a small gap likely exists between the actual HFT sensors
and the inner aluminum layer. This adjustment led to a
substantial changein the heat flux results and allowed the
model to effectively track the heat flux pattern observed
in the experimental data.

3.1. RTRA results

To understand performance of the TABE roof system
under various operating conditions, specific testing
periods were identified and are presented with their test-
ing parameters in Table 2. Data from four summer weeks
were used to test the performance of TABE consider-
ing the variations of water tank temperature, anisotropic
loop used (for multi-loop configurations), and fluid flow
rate through the panel piping systems. Additionally, the

8-
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0 T T T T
0 1 2 3 4 5
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Figure 9. MSE between experimental and simulated wall panel
heat fluxes: sensitivity of HFT proximity to the metal surface.

schedule for TABE use was varied to explore hours in
which TABE would provide the most benefit.

The experimental and simulated interior and exterior
surface temperatures are compared in Figure 10(a) for
July 3-10, 2020. The exterior surface temperatures of the
FEM model at the RTRA closely matched their correspond-
ing field evaluation data and demonstrated that both
solar and infrared radiations were applied correctly. These
results are evidenced by the excellent match between
the peak (afternoon) temperatures of each panel and the
slight differences between the measured and simulated
temperature peaks. The interior surface temperatures
agreed well during most of the diurnal cycle but exhibited
some systematic differences in the peak temperatures for
all TABE panels. The peak daily interior surface temper-
ature had a magnitude for all simulation results lower
than that of those experimentally measured. This discrep-
ancy is likely caused by radiation acting on the interior
face of the building. No instrumentation was installed
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Table 2. RTRA panel test matrix.

Start Active TABE on Inlet water IDP temp. OD¢ temp. Flow rate
date loop? A2 schedule (h) temp. (°C) average (°C) average (°C) (1075 m3/s)
July 3,2020 (Test 1) Interior loop 6-21 10 23.2 26.8 3.15
July 21,2020 (Test 2) Interior loop 6-21 15.6 233 26.5 3.15
August 3, 2020 (Test 3) Exterior loop 6-21 15.6 233 255 3.15
August 17,2020 (Test 4) Interior loop 6-21 15.6 233 243 3.15
20nly the active loop of A2 was listed, and A1 follows the same schedule; PID: indoor air; <OD = outdoor air
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Figure 10. Experimental and simulated temperatures at the RTRA site for July 3-10, 2020: (a) roof panel surface temperatures and (b)

measured inlet and outlet water temperatures.

in the experimental test to measure the radiation fluc-
tuations on the interior panel surface. Numerous factors
could have contributed to radiation changes on the inte-
rior panel surfaces, including lighting, equipment, and

reflected solar radiation. Based on a reasonable bound-
ary condition implementation, the heat flux comparison
through the TABE demonstrated that conductive heat
transfer was sufficiently accounted for throughout the



modelling of the TABE system. Figure 10(b) presents the
measured water temperature for the same experiment
period. Note that we presented the water temperatures
only when the hydronic loops were activated, and tem-
peratures outside of the y-axis limits are the times when
the system has no water flow. When water flow is occur-
ring in the TABE hydronic loops, the outlet water tem-
peratures are consistently higher than those of the inlet,
demonstrating the effective heat removal from the TABE
roof via the water flow. As shown in the figure, the out-
let water temperature of the A1 panel was significantly
higher than that of the A2 panel. This is because dur-
ing this time, the A2 panel used the interior hydronic
loop, which is insulated from the environment and col-
lects much less heat than the exterior loop of the A1 panel
collects.

Heat flux comparisons are presented in Figure 11. HFT
sensor 1 was excluded from the comparison because
it had some contact with the metal sheathing, which
led to a low signal-to-noise ratio compared with that
of the other HFTs. Consistent patterning and magni-
tude between experimental and simulated data were
observed. Figure 12 compares the total heat flux for
each testing period. The discrepancies between experi-
mental and simulated total heat flux likely resulted from
variations in convection on the interior panel surface
caused by nonuniform airflow because of the irregular

73 T4 75 76 T T8 719

-10 ; : ; ; ; : :
73 74 75 76 7T T8 79 7MO

=—BaselineExp  ------ Baseline Sim
==Aniso2Exp  ------ Aniso 2 Sim
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placement of interior fans. The net accumulative heat flux
was obtained by adding the heat flux of each test and is
listed in Table 3. Again, the results show a good match
with a maximum difference of 6.2% for A1.

Using the calibrated TABE roof model, the total heat
flux was calculated for the selected periods with sav-
ings compared with the baseline roof panel, as shown
in Figure 13. A1 has the largest savings, more than 80%
for all the tests. Meanwhile, A2 has relatively smaller. The
performance difference between A1 and A2 may have
resulted from the discrepancy in interior surface temper-
atures between these two panels during some testing
periods. Surprisingly, we did not find much influence of
the inlet water temperature on the behaviour of heat flux
savings. This may be because the large water flow rate in
current tests is sufficient to remove heat if the water tem-
peratureis lower than a threshold (in this case, a threshold
of 15.6°C).

3.2. Charleston facility results

Following the same process applied for the evaluation of
RTRA panels, results for the NET facility were evaluated
to compare experimental and FE model simulated heat
flux data. Table 4 lists the testing periods and their spe-
cific testing parameters. It includes the start date for the
weekly testing period, activated hydronic loop (interior or

73 74 75 16 TT T8 79 710

-15 T T T T T T
713 714 715 7/6 77 718 719

7110

Aniso1Exp  ------ Aniso 1 Sim

Figure 11. Experimental and simulated roof panel heat flux at the RTRA site for July 3-10, 2020.
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Figure 12. RTRA experimental vs. simulated cumulative heat flux for each testing period.

Table 3. Experimental and predicted cumulative net heat flux of
RTRA roof panels during the evaluation periods.

Cumulative net heat flux (Wh/m?)

Percent Mean square
Panel Experimental COMSOL difference (%) error
Baseline 2,524 2,419 —4.2 0.82
Al 342 364 6.2 0.46
A2 1,127 1,090 —3.2 1.78

exterior), scheduled hours for TABE panel operation, tem-
perature set point for the chilled fluid, average indoor and
outdoor panel surface temperatures, and fluid flow rate
through the TABE wall system.

Comparisons between experimental and simulated
interior and exterior surface temperatures are shown in
Figure 14(a). The exterior surface temperatures were com-
pared to assess effectiveness of the imposed boundary
conditions on the surface to model the experimental envi-
ronment. Discrepancies between the experimental and
simulated temperature data were observed and are pri-
marily related to the deviation in the magnitude of the
peak surface temperatures. Some of these discrepancies
are likely attributed to shading from nearby trees at the
Charleston facility. Trees casting shadows on the TABE
panels would have a significant effect on radiation inci-
dent to the surface and, thus, peak temperature. Inte-
rior surface temperatures also showed some variations

(particularly for A2), but they were relatively small. The
inlet and outlet water temperatures of the same test peri-
ods are presented in Figure 14(b). Similarly, the outlet
water temperatures of A1 and A3 panels were signifi-
cantly higher than that of A2 panels owing to the use of
its interior hydronic loop during this time.

Figure 15 compares the heat flux behaviour of the
simulated data and their corresponding field evaluation
counterparts. Overall, they matched very well (particu-
larly in A2) and showed excellent agreement in magni-
tude. A small phase shift was observed for the baseline
panel (HFT sensor 3), which likely results from the exterior
radiation boundary conditions. As discussed earlier, this
may be caused by shading effects. Cumulative heat flux
for each testing period (Figure 16) shows that when run-
ning the exterior hydronic loop, the performance of A2 is
comparable to that of A1 and A3 (Test 3). During the tests,
a large cooling heat flux gain was achieved by using the
interior hydronic loop of A2 for the summer weeks. HFT
sensor 4 was excluded from the analysis because it was
located outside the anisotropic region of the panel. Mul-
tiple factors may contribute to the anomalies in experi-
mental heat flux data collected from this region, including
the degree of thermal contact between the stud and the
HFT. It was expected that the measured heat flux outside
of the anisotropic region would experience large 3D heat-
ing effects emanating from the perimeter of each panel.



Table 4. Charleston facility panel test matrix.
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Begin Active TABE on Water IDP temp. OD¢ temp. Flow rate
date loop? A2 schedule (h) temp. (°C) average (°C) average (°C) (1075 m3/s)
June 30, 2020 (Test 1) Interior loop 6-21 10 22.6 28.6 2.52
July 21,2020 (Test 2) Interior loop 6-21 15.5 22.6 28.7 2.52
August 3, 2020 (Test 3) Exterior loop 6-21 15.5 22.6 28.2 2.52
August 17,2020 (Test 4) Interior loop 6-21 15.5 22.7 264 2.52

20nly the active loop of A2 was listed, and A1 follows the same schedule; PID: indoor air; <OD = outdoor air
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Figure 13. Predicted heat flux and savings during different test
periods at the RTRA.

In modelling, these boundaries were assigned to be adi-
abatic because no data regarding heat transfer across
these boundaries were collected.

Table 5 quantifies the cumulative net heat flux and
the percentage difference between the experimental and
simulated heat flux at the Charleston NET facility, along
with the associated mean square error during the stud-
ied cooling weeks. The results show that the percentage
difference in the cumulative net heat flux between them
is less than 20%. As mentioned earlier, the difference
is mainly due to the uncertain shading effects and the
assumed adiabatic boundary condition along the perime-
ter of the panel. This adiabatic boundary condition had
to be assumed because no data were collected regarding

experimental heat flux in this region. In addition, the total
heat flux and savings with respect to the baseline panel
are presented in Figure 17. All the TABE panels led to sig-
nificant thermal load reductions because of their ability
to reverse the heat flux direction (indicated by the nega-
tive sign). Therefore, the weekly cooling load reduction of
TABE will also be significant, which indicates its superior
performance.

3.3. Discussions

The authors noticed that advanced model calibration
techniques such as the Kennedy and O'Hagan method
(Kennedy and O’Hagan 2001), ordinary least squares
estimation, and Bayesian history matching are available
(Sung and Tuo 2024). However, implementing these
methods in complex FE models presents significant chal-
lenges. The FE models of the TABE panels require several
hours of computation time to simulate each 1 week test-
ing period, which is a considerable computational load.
Given this computational expense, advanced methods
become impractical owing to their high demand for com-
putational resources and the complexity involved in their
application.

Moreover, these advanced techniques often necessi-
tate a high degree of precision in model setup and data
quality, which can be difficult to achieve consistently in
real-world scenarios. The intricate nature of the FE mod-
els, combined with the variability and potential errors in
experimental data, complicates the calibration process.
Additionally, the iterative nature of advanced calibration
methods can lead to extensive computational cycles, fur-
ther increasing the strain on time and resources.

Therefore, to balance accuracy and feasibility, we
manually tuned the model parameters. The parame-
ter tuning process was guided by observable trends
and comparisons between the models and their exper-
imental counterparts. By focusing on manual adjust-
ments, we could directly address discrepancies and
fine-tune the models more efficiently, thereby enabling
us to account for real-time data variations and model
behaviour nuances that might be overlooked by auto-
mated calibration techniques. Ultimately, this practi-
cal approach ensured that the FE models accurately
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Figure 14. Experimental and simulated wall panel surface temperatures at the Charleston facility for July 3-10, 2020.

represented the real-world behaviour of the TABE panels
while remaining computationally manageable.

Building on previous work with FE modelling of
hydronic systems, the TABE models created for this
analysis used real-world weather data to develop the

boundary conditions. These detailed FE models also
allowed for location-specific data corresponding to the
placement of temperature and heat flux sensors in the
experimental setup. Owing to the incorporation of these
complex details, multiple adjustments were required to
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Figure 16. Charleston facility experimental vs. simulated cumulative heat flux for each testing period.
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Table 5. Experimental and predicted cumulative net heat flux of
the Charleston facility wall panels during the evaluation periods.

Cumulative net heat flux (Wh/m?)

Percentage Mean square
Panel Experimental COMSOL difference (%) error
Baseline 1,706 2,001 17.3 1.43
Al —788 —900 14.2 0.27
A2 —5,603 —4,694 —16.2 3.96
A3 —817 —809 —-0.9 0.26
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Figure 17. Predicted heat flux and savings during different test
periods at the Charleston facility.

parameters and techniques to capture all heat transfer
physics of the experimental counterpart.

Properly assigning boundary conditions was impor-
tant to address the heat flux phase shift observed in
modelling. For example, the Charleston facility models
showed a considerable amount of phase shift between
the experimental and simulation heat fluxes (see
Figure 16). To determine the potential causes of such
a phase shift, several simulation cases were conducted.
First, simulations were conducted with explicitly defined
interior and exterior surface temperatures (per experi-
mental data), and there was no observed phase shift.
This phase shift was also not apparent when using
the measured exterior surface temperature and only
applying convection and radiation boundary conditions

to the interior surface. This indicated that the phase
shift resulted from the imposed convection and radi-
ation boundary conditions on the exterior panel sur-
faces. Both solar radiation and exterior convection were
independently validated against EnergyPlus outputs and
showed no discrepancy. The incoming infrared radiation
then was determined as the cause of this phase shift.
Because no data regarding ground temperatures were
available from the Charleston facility, infrared radiation
exchange between the exterior surface and the ground
was neglected.

Excellent agreement between the experimental and
simulated heat flux was obtained for both the TABE roof
panel at RTRA and the TABE wall panel at the Charleston
facility. Large thermal load reductions were achieved by
using the TABE system. At the Charleston facility, the
TABE system did not just reduce the thermal load—it
reversed the load entirely. This means that the building
envelope wall areas containing TABE panels could effec-
tively be used to supplement a portion of HYAC demand
because of the negative thermal load impact. On the
other hand, the roof applications of TABE panels were
not able to reverse the heat flux direction because of the
much larger thermal loads (from larger solar radiation
exposure) present in roofing configurations. Achieving
heat flux reversal in roofing configurations like that of wall
configurations would require increasing the TABE sys-
tem’s capacity for heat redirection. This could be achieved
by using lower inlet fluid temperatures or by increas-
ing the piping (heat sink) density throughout the TABE
panels.

4. Conclusions

In this study, FE models of TABE roof and wall panels were
calibrated using field evaluation data. Furthermore, the
thermal load reduction potentials of TABE panels were
quantified to evaluate performance. The following con-
clusions can be drawn:

(1) To achieve a high degree of accuracy from the
calibrated FE models, multiple modifications were
necessary during the calibration process. Adjust-
ment to convergence tolerance, hydronic loop con-
vection calculation, aluminum foil connectivity, and
model sensory placement were all critical contribu-
tors in achieving the excellent agreement between
the TABE models and their experimental counter-
parts.

(2) The surface temperature and heat flux of TABE pre-
dicted by the FE models match well with the experi-
mental data following adjustments made during the



calibration process. The average percentage differ-
ence between the experimental and FE modelled
heat fluxes was found to be —0.42% for roof panels
and 3.57% for wall panels.

(3) Compared with the baseline panel, TABE panels
demonstrated a massive reduction in heat flux pene-
tration through the envelope and, therefore, a reduc-
tion in the associated thermal load. For the roof pan-
els, heat flux reduction was up to 85% of the thermal
load. Wall panels were capable not just of heat flux
reduction; the panels entirely reversed the direction
of heat flux. TABE roof and wall panel load reductions
both allowed for significant reductions to building
HVAC loads.

(4) The hydronic loop control strategy has a substantial
effect on TABE roof and wall panels. When the exte-
rior loop is active, the thermal load reduction poten-
tial is not highly dependent on the water flow rate.
This is because TABE (in this operating condition)
effectively acts as an insulation that separates the
outdoor environment from the indoor environment.
On the other hand, when the interior loop of TABE is
active, larger water flow rates correlate to higher ther-
mal load reductions. In this operation mode, TABE is
directly utilized as a radiant heating/cooling system.

(5) Compared with TABE wall panels, TABE roof panels
show a smaller reduction in heat flux. This is likely due
to high solar radiation heat gain overwhelming the
capability for TABE to redirect the heat.

The calibrated TABE FE models can be applied in dif-
ferent future research, such as the following:

e Layout optimization of the TABE roof to achieve ther-
mal load reduction similar to that of the TABE wall. The
current TABE roof layout is not sufficient to reduce the
high thermal loads from solar radiation.

e Whole-building energy simulation to predict the
energy-saving potential of TABE when applied in dif-
ferent climate zones and building types.

e Use of low-grade energy sources, such as geothermal
or TES devices, to supply the heating/cooling energy
in the hydronic loops.

e Integration of the thermal loads redistributed by the
TABE with a TES system to store heating energy in the
daytime for indoor heating in the nighttime or to store
cooling energy in the nighttime for indoor cooling in
the daytime.
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