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Pushing the Envelope—Moving Dynamic Building Envelope Thermal 
Energy Storage Systems Mainstream 

Sven Mumme and Bandana Kar, US Department of Energy Building Technologies Office 
Som S. Shrestha, Zhenglai Shen, and Daniel Howard, Oak Ridge National Laboratory 

Ravi Anant Kishore and Chuck Booten, National Renewable Energy Laboratory 

ABSTRACT 

This paper discusses two novel thermal energy storage–integrated dynamic building 
envelope technologies that are supported by the US Department of Energy Building 
Technologies Office. This study focuses on their ability to harvest ambient energy, improve 
energy efficiency by reducing HVAC loads and peak electricity demand, and enhance thermal 
resilience in buildings during heat waves and cold snaps that coincide with grid failure. The 
paper also discusses the recent advancements that have made these systems more affordable and 
easier to integrate into new and existing buildings. 

The first solution is a thermally anisotropic building envelope system that can redirect 
ambient thermal energy (heat or coolness) from diurnal outdoor conditions, solar irradiance, and 
night-sky radiation from the envelope to a hydronic loop. The redirected thermal energy can be 
stored in a thermally anisotropic building envelope–integrated thermal energy storage system 
that can use the stored energy to offset HVAC energy use and peak demand. The second solution 
is an innovative plug-and-play thermal switch in the form of insertable plugs integrated with a 
phase change material. The plug can vary its thermal resistance based on indoor and outdoor 
conditions, thus allowing preferential directional heat flow and enhancing the use of ambient 
cooling and heating to charge and discharge the phase change material, much like a solid-state 
economizer. The first solution can be actively controlled to optimize the performance, and the 
second solution is passive, requires no external power, and works solely based on the ambient 
temperature. 

Introduction 

Out of approximately 40 quadrillion Btu (quads) of primary energy used in buildings in 
the United States, 15.5 quads, or 40%, of the energy used is attributable to heat transfer and air 
leakage through building envelope components (U.S. Department of Energy 2014). Globally, 
energy use for indoor temperature control is increasing faster than that of energy used in 
buildings for any other purpose (International Energy Agency (IEA) 2018). Considering that the 
United States has a goal to achieve a net-zero carbon economy by 2050 (The White House 
2021), energy efficiency improvements in buildings can play an important role in achieving 
decarbonization objectives (US Dept. of Energy 2024). Although significant efforts have been 
made to improve the performance of building envelopes to reduce operational energy use and 
associated CO2 emissions, opaque envelopes currently used in buildings are mostly static (i.e., 
they do not allow harvesting thermal energy [heat or coolness], and heat transfer through 
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building envelopes cannot be changed dynamically to fully benefit from favorable outdoor 
conditions such as diurnal temperature swing, night-sky radiation, or solar radiation). 

To tap this opportunity, the US Department of Energy (DOE) is working with national 
labs and industry to develop dynamic building envelope technologies. The objective of this paper 
is to discuss two novel thermal energy storage (TES)-integrated dynamic building envelope 
technologies that are supported by the DOE Building Technologies Office. The studies focus on 
their ability to harvest ambient energy, improve energy efficiency by reducing HVAC loads and 
peak electricity demand, and enhance energy and thermal resilience in buildings. The first 
solution is a thermally anisotropic building envelope (TABE) system that can redirect ambient 
thermal energy from diurnal outdoor conditions, solar irradiance, and night-sky radiation from 
the envelope to a hydronic loop. The redirected thermal energy can be stored in a TES system, 
and the system can use the stored energy to offset HVAC energy use and peak demand. The 
second solution is an innovative plug-and-play thermal switch in the form of insertable plugs 
integrated with a phase change material (PCM). The plug can vary its thermal resistance based 
on indoor and outdoor conditions, thus allowing preferential directional heat flow and enhancing 
the use of free ambient cooling and heating to charge and discharge the PCM, much like a solid-
state economizer. This paper also explores the recent advancements that have made these 
systems more affordable and easier to integrate into new and existing buildings. 

This paper first presents the technical description, laboratory and field evaluations, 
energy savings, peak demand reduction, and enhanced resiliency potential of a TABE integrated 
with a TES system. It also discusses a scale-up manufacturing option for TABE panels. The 
paper then presents the design details of an innovative plug-and-play thermal switch, which has 
been specifically developed for retrofit applications in existing buildings. The plug-and-play 
thermal switch contains a thermal actuator that selectively opens and closes the two thermally 
conductive surfaces to provide variable thermal resistance inside the insulation based on the 
operating temperature.  

TABE + TES System 

Oak Ridge National Laboratory (ORNL) has developed the TABE to enhance the thermal 
management of a building envelope (Biswas et al. 2019a; b; Shrestha et al. 2020). The TABE 
allows heat dissipation in a preferential direction by embedding high–thermally conductive, thin 
metal sheets, such as aluminum foil, in a building envelope and connecting the conductive layers 
to hydronic loops. These hydronic loops enable the collection of natural thermal energy (heat in 
winter and coolness in summer) from diurnal weather conditions, solar irradiance in the winter, 
and night-sky cooling in the summer on the exterior side of the TABE roof or wall. The energy is 
stored in the TES system, which can be used later for building heating and cooling applications. 
The TES system consists of a tank containing a PCM, allowing high–energy density storage 
through latent heat. A fin-and-tube heat exchanger fitted in the TES tank and connected to the 
hydronic loops of the TABE enhances the energy transfer between the fluid (typically a water–
glycol solution) circulating in the hydronic loops and the PCM. By regulating the flow rate in the 
TABE + TES system, the energy transfer to and from the storage medium can be controlled. 
Through laboratory and field evaluations (Biswas et al. 2019a; Howard et al. 2024), the authors 
have demonstrated that the TABE significantly reduced the cooling load by over 80% and the 
heating load by over 60% when it was connected to a regulated water bath that mimics the 
thermal loop connected to a ground loop. Additionally, the authors have calibrated a finite 
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element model of the TABE (Howard et al. 2023) and evaluated the demand-side management of 
the TABE + TES system using the calibrated models (Shen et al. 2024a). 

Figure 1 provides an overview of the development stages of the TABE + TES system. It 
includes conceptual design, laboratory and field evaluation at the component level, and 
simulation and field evaluation at the building level. The TABE + TES system has three modes 
of operation: harvest, store, and deploy. Harvesting involves collecting thermal energy from the 
TABE and delivering it to the TES. Storage mode retains thermal energy within the TES without 
exchanging with TABE. Deployment releases the stored thermal energy from the TES to the 
building via TABE. In winter, thermal energy is harvested (heat absorption) from the 
environment via warm afternoons and solar radiation (the lowest heating demand period), stored, 
and released at night to meet the heating demand. In summer, the coolness (cooling energy) from 
night-sky radiation and low outdoor temperatures at night (the lowest cooling demand period) is 
collected (heat rejection from the PCM), stored in the TES, and released to the indoor space 
during the peak cooling demand. To optimize the collection and use of thermal energy, the 
TABE’s exterior hydronic loop is used to collect heat in winter and coolness in summer, and the 
interior hydronic loop is used to release heat from the TES in winter and coolness in summer. 

Figure 1. Overview of the TABE-integrated TES system from conceptual design to component-level and 
building-level evaluations. 

To demonstrate the potential to harvest thermal energy from building envelopes, Figure 2 
presents the hourly average exterior surface temperatures for a DOE prototype single-family 
residential building (U.S. Department of Energy 2018) in Los Angeles (LA), California, for four 
summer (June to September) and four winter (December to March) months. The building 
complies with the International Energy Conservation Code (IECC) 2012 (IECC 2012) 
requirement. Figure 2(a) shows that the hourly average exterior side of the wall and roof surface 
temperatures are lower than the indoor air temperature for 12 h/day in the summer, marked by 
the green-colored boxes. This period allows the collection of cooling energy. Figure 2(b) shows 
that during winter, the exterior wall and roof surface temperatures are higher than the indoor air 

Conceptual design
TES system performance evaluation

Tank 
with HX

Pump

Pump

DAQ 
control

TABE+TES field evaluation

Component-level

MCA-TABE 
wall

TES units
Data 

acquisition 
and 

control

Building-level

TABE roof

Energy and thermal resilience assessment Building-TABE+TES field evaluation

TABE roof

TABE 
wall

Component design parameters

TES 

performance

Calibration

Prediction

TES

TABE

Prototype 
manufactured 
house



4 
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. 

temperature for 8 h/day (gold-colored box), enabling the collection of heating energy. However, 
a mismatch exists between the availability of useful thermal energy and the building’s peak 
demand. Therefore, a TABE + TES is conceptualized to store the thermal energy from the TABE 
and use the stored energy through the TABE to offset HVAC energy use and peak demand. 

Given the capability of the TABE + TES system to harvest, store, and deploy thermal 
energy for both cooling and heating benefits to the building, this system can be targeted to 
reduce energy consumption and peak electricity demand from the building’s HVAC sensible 
heating and cooling while also providing the benefit of thermal resilience to the building. 

 
Figure 2. Average exterior surface temperature for a residential prototype building in LA during (a) summer 
(June to September) and (b) winter (December to March). 

Performances Evaluation of a Manufactured House with the TABE + TES System 

Prototype manufactured house and retrofitting for the TABE + TES system. The 
EnergyPlus model of prototype manufactured house (U.S. Department of Energy 2018) was used 
as the baseline building to evaluate the HVAC energy consumption and thermal resilience both 
before and after adopting the TABE + TES system. The prototype building is a single-section, 
one-story building with the long side facing toward the south and a total floor area of 85.9 m2 
(924.3 ft2) (Figure 1). The building uses a ducted split system for cooling and an electrical 
furnace for heating with the set points of 22.2°C (72°F) and 23.9°C (75°F) for heating and 
cooling, respectively. Details of the HVAC system’s efficiency and the envelope’s thermal 
properties are summarized in Table 1. 

The TABE roof and wall panels were strategically incorporated to modify the baseline 
building. Only the roof and south-facing wall were modified to convert from baseline to TABE 
assemblies. A 35-gallon TES tank with a latent energy storage capacity of 5.63 kWh was 
integrated with the TABE thermal loops. PCM was used as the energy storage material with a 
latent heat capacity of 180 J/g and a density of 850 kg/m3. Two PCMs were used with a phase 
change temperature of 21°C for cooling and 26°C for heating (refer to Shen et al. 2024a for 
details of the PCM behavior). The building and TES modeled for this study mimic the integrated 
system being built by ORNL for a whole-house TABE + TES field evaluation. 
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Table 1. Envelope thermal properties and HVAC system of the manufactured house 

Category Description 
HVAC • Cooling: Split system coefficient of performance (COP): 4.07 

• Heating: Electric furnace COP: 1.0 
Envelope thermal 
properties 

• Roof: R-1.1, Ceiling: R-15.3, Exterior wall: R-9.4, Floor: R-18.5 
(h·ft2⋅°F)/Btu 

• Window: U-6.1 W/m2·K, SHGC-0.7 
TABE • Roofs: South and north roofs have the same area, 43.4 m2 (466.8 

ft2), as the baseline 
• Wall: Only the south wall has an area of 35.9 m2 (386.5 ft2) 

Annual energy consumption and peak demand reduction. The whole-building HVAC energy 
of the baseline and the one with the TABE + TES system were assessed using EnergyPlus. Their 
thermal resilience was also examined in terms of resistance to heat wave and cold snap 
coincidence with a power outage in LA. The charging and discharging of TES units were 
controlled by a rule-based controller (details can be found in Shen et al. 2024a). The controller 
considered the cooling season (May–October) and heating season (November–April) based on 
the heating degree days and time of use (TOU) to reduce the peak electricity demand. The 
charging and discharging times in a day for the heating season and cooling season are specified 
in Table 2. The TOU was adopted from the LA Department of Water and Power (Los Angeles 
Department of Water and Power 2024). For a workday, these data include three TOU periods 
(i.e., Base from 8:00 p.m. to 10:00 a.m., Low Peak from 10:00 a.m. to 1:00 p.m. and 5:00 p.m. to 
8:00 p.m., and High Peak from 1:00 p.m. to 5:00 p.m.).  

Table 2. Charging and discharging times in a day for heating and cooling seasons 

Seasons TES charging/discharging time in a day 
Heating season • Charging time: 9:00 a.m.–6:00 p.m. 

• Discharging time: 12:00 a.m.–9:00 a.m. and 6:00 p.m.–12:00 a.m. 
Cooling season • Charging time: 12:00 a.m.–9:00 a.m. 

• Discharging time: 9:00 a.m.–12:00 a.m. 

Figure 3 presents the HVAC heating and cooling loads of the baseline and TABE + TES 
system. Overall, the adoption of TABE + TES system reduced both heating and cooling loads. 
Specifically, the heating load decreased from a peak of 1.6 kW to around 1.2 kW, and the 
cooling load reduced from 3.4 kW to 2.3 kW, indicating a 32% reduction in HVAC size. The 
peak loads were determined as the 99.5th percentile of the annual cooling and heating demands, 
which is commonly used for HVAC sizing. It ensures the HVAC system can maintain 
comfortable indoor temperatures for nearly the entire year, except during the most extreme 0.5% 
of weather conditions, thereby balancing efficiency with performance. 

The annual electricity consumption is summarized in Table 3. As expected, the adoption 
of the TABE + TES system significantly lowers the HVAC electricity consumption. Annually, it 
reduced the electricity consumption from 3,519 kWh to 2,049 kWh (including the operation of 
TABE + TES pumps, which consumed 243 kWh), representing a 42% energy consumption 
reduction. Also, the High Peak period electricity consumption reduced by 258 kWh (38% 
reduction). The corresponding monthly HVAC electricity and peak electricity consumptions are 



6 
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. 

shown in Figure 4. Evidently, the heating season (November–April) has higher monthly 
electricity savings than the cooling season (May–October) (Figure 4[a]). This result is attributed 
to the low efficiency of the electric furnace, which has a coefficient of performance (COP) of 1, 
but the cooling system (split system) is very efficient (COP = 4.07) to remove heat during the 
cooling season. The monthly High Peak TOU results [Figure 4(b)] show that the cooling season 
has a much larger electricity reduction than the results in the heating season. The larger reduction 
in the cooling season is because the discharging of TES matches with the High Peak period in 
the cooling season, although it does not match its counterpart in the heating season. This result 
also explains why the TABE + TES system had a higher electricity saving during the Base period 
(Table 3).  

 
Figure 3. HVAC heating and cooling loads of the baseline and TABE + TES systems: (a) heating load and 
(b) cooling load. 

 
Figure 4. Monthly electricity and peak electricity consumption and demand as well as savings and 
reduction: (a) monthly electricity consumption and savings and (b) monthly High Peak–period electricity 
consumption and reduction. 
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Table 3. Annual HVAC Base, Low Peak, and High Peak periods’ electricity consumption 
and savings 

 Base Low Peak High Peak Total 
Baseline (kWh) 2,371 467 682 3,519 
TABE + TES (kWh) 1,314 311 424 2,049 
Savings (%) 45 33 38 42 

Thermal resilience assessment. The thermal resilience was assessed by using a 3-day heat wave 
and cold snap. The method developed by Ouzeau et al. 2016 and extended by Shen et al. (Shen et 
al. 2024b) was used to identify heat waves and cold snaps from historical weather data. The 
method analyzes the mean daily temperature and uses three temperature thresholds to find the 
occurrence, start, and end of the extreme temperature event. Figure 5 shows the selected heat 
wave and cold snap in LA based on the historical weather data of 2008. The peak outdoor air 
temperature climbed to 38.5°C (101.3°F) during the heat wave and dropped to 2.5°C (36.5°F) 
during the cold snap. 

The heat index and hour-of-safe (HOS) were used to quantify the thermal resilience of 
the baseline and TABE + TES systems during the selected heat wave and cold snap. The US 
Occupational Safety and Health Administration (OSHA) uses the heat index as an indicator to 
estimate heat stress (OSHA 2008). Additionally, HOS (Ayyagari et al. 2020) was adopted to 
estimate when the indoor air temperature reaches unsafe levels for various populations. The 
estimated heat index and indoor air temperature during the heat wave and cold snap are 
presented in Figure 6. Clearly, the TABE + TES system can enhance the thermal resilience by 
reducing the severity of an extreme-caution heat index [Figure 6(a)] while relieving the exposure 
of vulnerable people to an unsafe indoor environment during a cold snap [Figure 6(b)]. 
  

 
Figure 5. A 3-day heat wave and cold snap in LA: (a) heat wave and (b) cold snap. Dashed horizontal lines 
represent the temperature thresholds that the daily air temperature needs to meet to be identified as heat wave 
or cold snap, orange: peak temperature, red: occurrence temperature, green: start temperature. 
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Figure 6. Heat index and indoor air temperature during the heat wave and cold snap coincidence with a 1-
day power outage: (a) heat index and (b) indoor air temperature. Dashed horizontal lines represent the 
temperature thresholds to be categorized as (a) extreme caution during heat wave and (b) unsafe for 
vulnerable people and mild for healthy people. 

Scale-Up Manufacturing of TABE and Field Evaluation of TABE + TES System 

The high potential of the TABE + TES system to improve energy efficiency, reduce peak 
load, and enhance energy and thermal resiliency led to an investigation of a scalable and cost-
effective avenue for the TABE. Insulated metal panels (IMPs) emerged as a promising candidate 
because of their highly conductive metal skins, which align to the need for TABE to efficiently 
collect and reject heat through hydronic loops. Prototype IMP–TABE panels were designed, 
constructed, and connected with TES. Currently, two panels are being evaluated (i.e., a metal 
panel containing TABE, called the Metal Construction Association [MCA]-2, and a baseline 
panel [MCA-B] identical to the TABE panel but without hydronic loops) are being evaluated at 
the Natural Exposure Test (NET) Facility in Charleston, South Carolina (see Figure 7). The 
MCA-2 panel is connected to two 5-gallon TES tanks to form the TABE + TES system. 

The performance of the TABE panels is monitored using heat flux transducers to measure 
the heat transfer between the wall and the indoor space, thermistors to measure the temperature 
at various locations, and infrared turbine flow meters to measure the fluid flow rate. The 
hydronic loop is controlled by three-way flow control valves that allow the fluid flow to be 
altered between the TES and exterior or interior hydronic loops. The valves also allow the fluid 
flow rate to be controlled. The development of control strategies aims to optimize the charging 
and discharging of TES units. The field test results are expected to demonstrate the feasibility of 
the TABE + TES system and the scale-up manufacturing of IMP–TABE panels in an accessible 
and cost-effective manner. 
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Figure 7. Prototype IMPs containing TABE (IMP–TABE), construction, and field evaluation of 
TABE + TES system at the NET Facility. 

IMP Manufacturing of TABE Panels to Promote Accessibility and Affordability 

Although the prototype panels being tested at the NET Facility closely resemble the IMP, 
their construction still relied on manual and labor-intensive processes. To advance the 
accessibility and affordability of TABE panels, a manufacturing process has been conceptualized 
that only needs to slightly modify the current IMPs manufacturing process (Figure 8). The 
standard IMP manufacturing process begins with two metal coils (one for each interior and 
exterior metal skin). The metal coils are roll-formed to both flatten the metal and to add the 
desired profiling to each skin. Then, the two metal skins are brought together closely, and foam 
is applied between them using a foaming-in-place technique. After passed through the heat-
curing press in a continuous line, a traveling saw is used to cut each individual panel to size.  

ORNL researchers are collaborating with the MCA to modify conventional IMPs to a 
TABE with minimum modification in production lines. This process involves inserting hydronic 
loops between the interior and exterior metal skins during foam application and then using the 
foaming-in-place technology to secure both the metal skins and the hydronic loops in the IMP 
structure. 

Cost increases associated with TABE-equipped IMPs (over standard IMPs) are currently 
under estimation in collaboration with members of the industry partner MCA. Multiple factors 
contribute to the price differences, including panel-to-panel connections for hydronic loops and 
increased job-site labor during installation. A comprehensive review of the design details, 
manufacturing processes, and installation practices is planned to mitigate the increased costs. 
Moreover, the authors plan to conduct a cost–benefit analysis to assess the benefit offered by an 
IMP–TABE + TES system, including improved energy efficiency, reduced peak load, and 
enhanced energy and thermal resilience. 
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Figure 8. Continuous-line (foaming-in-place) IMP manufacturing process. Figure Source: MCA. 

Plug-and-Play Thermal Switches 

Unlike their electrical counterparts, directional control devices for heat transfer, such as 
thermal diodes, regulators, and switches, are not widely used, particularly at a large scale, such 
as in buildings. These devices can modify the heat flow depending on the temperature of the 
system and the magnitude and direction of the thermal gradient. As described in review articles 
(Wehmeyer et al. 2017; Wong et al. 2021), fundamental differences exist between the operation 
of a thermal diode, thermal regulator, and thermal switch. These terms, however, are used 
interchangeably in the literature; thus, this paper refers to them as the thermal switch. 

A thermal switch exhibits an adjustable thermal conductance; in other words, the heat 
transfer rate through the thermal switch is different when it is at a low-conductance (“OFF”) 
state versus when it is at a high-conductance (“ON”) state. In some cases, the existence of ON 
and OFF states is governed by the intrinsic material properties, which can be different based on 
the operating temperature or temperature bias. However, in other cases, the states are achieved 
using external excitation such as ultraviolet radiation, electric or magnetic fields, electrical 
heating, or mechanical stress or pressure (Hagen et al. 2007; Rodrigues et al. 2019). 

In previous studies, Kishore et al. (2021) and Kommandur and Kishore (2023) from the 
National Renewable Energy Laboratory described how the thermal switches can be used to 
achieve an operational dynamic wall, which when combined with a PCM layer, can provide a 
15%–72% reduction in wall-related annual heat gain and a 7%–38% reduction in wall-related 
annual heat loss. Other studies have reported that using switchable envelopes, which have 
variable resistance such as thermal switches, can reduce HVAC thermal load by up to 42% in 
residential buildings (Menyhart and Krarti 2017) and up to 17% in commercial buildings (Shekar 
and Krarti 2017). One of the operational designs of thermal switches for the dynamic building 
envelope was demonstrated by Miao et al. (Miao et al. 2022). The authors used a pair of shape 
memory alloy wires to achieve a bistable snap-through mechanism of a metallic beam that 
reversibly connected and disengaged between the two conducting plates, causing the variation in 
thermal conductance or, simply, thermal switching. This thermal switch was voltage-actuated 
and exhibited a switch ratio (ratio between on- and off-state thermal conductivities) of 
approximately 12 and an off-state thermal conductivity of 0.045 W/(m·K), which is comparable 
with fiber glass insulation. Another promising design of a solid-state thermal switch for a 
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dynamic building envelope was introduced by Iffa et al. (2022) and Kunwar et al. (2023), who 
employed a direct-current motor to connect and disengage two metallic U-channels placed 
between the insulation panels. Thermal bridging provided by U-channels between the conductive 
and resistive states was reported to provide a switching ratio up to 7.5. 

Although the thermal switches described here have been designed for building 
applications, they are active devices that require electric power to operate. This section describes 
a wax motor–actuated thermal switch for building envelopes similar to the paraffin-actuated 
thermal switches that have been explored for space applications (Sunada et al. 2002b; a).  

Figure 9 depicts the working principle of the thermal switch that consists of two 
thermally conductive (aluminum) cylinders, concentrically stacked with an insulating 
(polycarbonate) cylindrical spacer. A thermally conductive connector (aluminum) is inserted 
inside the three cylinders and slides to provide the required switching mechanism. In the OFF 
state (i.e., low-conductance configuration), the connector is located to contact the lower 
aluminum cylinder and the polycarbonate cylinder. The path of least thermal resistance to heat 
flow includes the low–thermal conductivity polycarbonate with, consequently, an overall low 
conductance. In the ON state (i.e., high-conductance configuration), the connector is moved up 
to connect with the aluminum cylinders. The path of least thermal resistance to heat flow in this 
case contains the high–thermal conductivity aluminum cylinders, therefore resulting in an overall 
high conductance (Kommandur and Kishore 2023). The movement of the inner cylinder is 
controlled by a preselected wax motor that has an actuation temperature of approximately 20°C; 
therefore, when the temperature is >20°C, wax melts and expands, whereas when the 
temperature is <20°C, wax solidifies and contracts. Two different designs are possible based on 
the nature of the climatic conditions. Figures 9(a) and 9(b) depict designs for cold and hot 
climates.  

This thermal switch design is suitable for retrofit applications because it can be inserted 
into existing building envelopes by creating small holes (about an inch in diameter). The design 
is passive in nature, requires no external power, and works solely based on ambient temperature. 
Additionally, the plug-and-play design allows existing insulation to remain in place and 
facilitates insertion of these switches in the building envelopes using simple processes such as 
drilling, plugging, and sealing. Thermal switch construction is also simply, scalable, and requires 
common materials such as a few aluminum tubes, an aluminum rod, and a wax motor. 

 
Figure 9. The working principle of the thermal switch in (a) a cold climate, (b) a hot climate, and 

(c) the laboratory prototype. 
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Figure 10 shows the experimental prototypes containing one (left) and more than one 
(middle) thermal switch into a single insulation panel. Preliminary experimental results from 
using a 10 × 10 in. (25.4 × 25.4 cm) insulation panel comprising of one thermal switch 
demonstrate an effective switching ratio of approximately 6 with an effective off-state thermal 
conductivity of approximately 0.05 W/(m⋅K). The effective thermal conductivity of the thermal 
switch–integrated insulation panel can be increased by increasing the number of switches per 
unit area. The preliminary analysis suggests that the on-state thermal conductivity increases 
linearly with the increase in the number of switches per unit area; however, this method leads to 
a linear increase in off-state thermal conductivity, as well. Additionally, the higher number of 
switches would result in a higher cost of the dynamic wall. Therefore, using more than a few 
switches per square foot of envelope surface area is not recommended. 

 
Figure 10. Experimental prototypes exploring the scalability of the thermal switches, along with preliminary 
experimental results demonstrating effective thermal conductivity for a 10 × 10 in. (25.4 × 25.4 cm) insulation 
panel comprising a single thermal switch. 

Previous studies have suggested that thermal switches, when combined with a PCM layer 
in building envelopes, provide better thermal performance and energy savings than PCM-
integrated static envelopes. A PCM layer can be in the middle of a wall cavity with a set of 
thermal switches on its two sides. In the summer season, for instance, ambient cooling during the 
nighttime allows thermal switches on the exterior side to transition to on-state, thereby 
solidifying the PCM based on its transition temperature. Later during the day, interior switches 
activate, allowing the PCM to discharge and thereby providing passive cooling. Modeling results 
show that depending on the climate, the PCM switch–integrated dynamic envelopes could 
provide a 15%–72% reduction in annual heat gain and a 7%–38% reduction in annual heat loss 
with one thermal switch per square foot of the envelope area. Additionally, the construction of 
these thermal switches is thoughtfully designed to be simple and scalable. For installation at 
large, only common materials are required, such as a few aluminum tubes, an aluminum rod, and 
a wax motor. The wax motor undergoes a phase transition to provide the required switching 
mechanism, and although the switching time can vary based on the available temperature 
difference, the activation time needed for the piston movement to switch from the off to on state 
or vice versa is approximately 2–3 min after the wax motor reaches the transition temperature. 
The plug-and-play design allows existing insulation to remain in place, providing minimal 
disruptions to existing buildings as well as occupants, which is typically challenging for any new 
retrofit technology. For new constructions, the commercial product is envisioned to be a 
panelized, switchable insulation board with built-in thermal switches, requiring no or minimal 
changes in the on-site installation processes. 
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Notably, the current version of the thermal switch is primarily designed for passive 
applications to maximize free ambient cooling and heating as an economizer to reduce a 
building’s thermal load. The thermal switch design can be easily modified to operate as an active 
system that can allow more operation control that would be needed for load shifting and 
resilience. One key feature of active thermal switches is that they permit heat flow only when 
they are activated; therefore, the stored thermal energy in the PCM-integrated envelopes can be 
locked with minimal scope for leakage. This method can be use pragmatically for demand 
response, load shifting from peak to off-peak hours, and providing passive cooling and heating as 
a retrofit measure during extreme weather events, such as heat waves and winter storms, 
concurrent with power outages. Given that such design is beyond the scope of this study, details 
on active thermal switches and their application for load shifting and resilience will be presented 
in future studies. 

Discussion: Policy Implications 

Building envelope is the main barrier between interior and exterior environments and 
responsible for maintaining indoor temperature, occupants’ thermal comfort, and reducing 
buildings’ energy consumption. The envelope technologies discussed herein have the potential to 
leverage diurnal temperatures to maintain indoor thermal comfort during extreme events like 
heatwaves and winter storms while maintaining demand flexibility and improving buildings’ 
energy and thermal resilience (Harris et al. 2021; Hong et al. 2023). Widespread adoption of 
these technologies can reduce energy burden of disadvantaged communities, improve their 
resilience, and meet decarbonization needs within the building sector (US Dept. of Energy 2024). 

The 2021 International Energy Conservation Code (IECC) calls for increased R-values 
and U-values of the building envelope while accounting for climatic zones to increase efficiency 
and reduce energy consumption (IECC 2012). Likewise, the American Society of Heating, 
Refrigerating and Air-Conditioning Engineers (ASHRAE) Standard 90.1 – the second code that 
sets the standards for building energy use in the U.S. –has provided guidelines to increase R-
values of insulation used in building envelopes (attics, slabs, walls). While these codes will 
benefit newer buildings, with 44% of the U.S. residential building stock being older than 1970, it 
is crucial to develop technologies for older homes to meet energy efficiency, thermal resilience, 
and demand flexibility needs. From a policy perspective, it is crucial to answer the following 
questions to ensure the widespread adoption of these novel technologies.  

1. Cost effectiveness: determine the cost effectiveness of using these technologies among 
different income groups based on production and installation costs.  

2. Feasibility of deployment: determine to what extent these technologies can be deployed 
in both newer and older buildings with minimum disruption to the occupants.  

3. Codes and standards: evaluate to what extent these technologies can be used to meet 
building envelope standards pertaining to energy efficiency.  

Conclusion 

With buildings accounting for 40% of primary energy use in the US, building envelope 
technologies play a key role in the nation’s energy portfolio and help manage energy 
consumption in buildings. Although significant efforts have been made to improve the 
performance of building envelopes to reduce operational energy use and associated CO2 
emissions, opaque envelopes currently used in buildings are mostly static (i.e., they do not allow 
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harvesting thermal energy, and heat transfer through building envelopes cannot be changed 
dynamically to benefit from outdoor conditions such as diurnal temperature swing, night-sky 
radiation, or solar radiation). 

This paper presented two novel envelope technologies that can be integrated with TES 
systems to harvest natural thermal energy from the building envelopes. The results presented in 
this paper demonstrate that these technologies can reduce the building’s heating and cooling 
energy use, reduce peak electricity demand, and enhance thermal comfort during a heat wave or 
cold snap that coincides with grid failure (i.e., the building’s resiliency). 

The first technology presented is the TABE integrated with TES systems that can harvest 
natural thermal energy from the exteriors of roofs and walls, store the energy in TES systems, 
and use the stored energy at a later time based on the building’s energy demand. A hydronic loop 
connected to the TABE integrated with TES system uses pump power to activate the hydronic 
loop to transport thermal energy. This active thermal energy enabled by the hydronic loop 
requires only a fraction of power compared with a conventional HVAC system. Therefore, the 
TABE integrated with TES system can be used during grid failure with a backup generator or a 
battery to regulate indoor temperatures and reduce adverse heat exposure effects. 

The second technology focused on thermal switches provides a passive, scalable, cost-
effective, retrofittable solution to reduce the energy use in existing buildings and enhance 
occupants’ thermal comfort. The plug-and-play design of the thermal switches allows inserting 
the technology into an existing envelope by drilling holes, followed by plugging and sealing. 
Because of its passive nature, the device requires no external power and works solely based on 
the ambient conditions. 
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