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Abstract:  

Building cooling and heating accounts for a large portion of total global energy use and 

requires commensurate amounts of resources, which contribute significantly to global warming. 

Traditionally, addressing this issue has meant improving the efficiency of equipment supplying 

the thermal energy, reducing envelope heat transfer, and reducing air infiltration. However, this 

approach is already reaching practical limits. In this perspective, we explore (1) theoretically how 

to reduce thermal load in buildings and (2) practically how to achieve that reduction and 

dramatically lower the energy required to support building loads. First, we discuss our framework 

developed for calculating the theoretical minimum thermal load (TMTL) in buildings. Our analysis 

shows that current thermal loads in buildings are more than an order-of-magnitude higher than the 

TMTL. We also introduce an approximate formula to calculate energy savings from zonal control 

of thermal load, which shows that the majority of zonal control benefits can be achieved with fewer 

than 10 zones. Then, we discuss pros and cons of various approaches and strategies to achieve the 

TMTL. We conclude our perspective with some longer-term R&D ideas such as thermally 

adaptive clothing and thermal storage to help approach the TMTL while providing the additional 

benefit of interacting with the renewable grid of the future.  

 

Introduction 

The limit of energy efficiency is often viewed from the lens of maximizing the efficiency 

of technologies used to meet energy demand. While this approach has realized substantial energy 

and cost benefits, it only addresses half of the problem. Here, we examine the fundamental limits 

of energy demand, which could transform the approach to reducing energy use and unlock benefits 

mailto:rsprasher@lbl.gov
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far beyond what was previously imagined. Nowhere is this change in focus needed more than in 

heating and cooling (thermal energy) of buildings. We examine the fundamental premise for why 

thermal energy is used in buildings (i.e. occupant comfort) and, in doing so, we identify the 

physical limit of minimum thermal energy demand. This limit presents a new baseline for how 

thermal energy is used in buildings and highlights the associated energy savings opportunities.  

Heating and cooling of buildings is directly attributed to more than 10% of global energy 

consumption and anthropogenic CO2 emissions.1 Current energy consumption trends project that 

the share of CO2 emissions attributable to buildings will continue to grow in coming years, as 

heating and cooling loads are forecast to increase globally to more than 50% of building energy 

demand.2 For example, in developing countries, air-conditioning demand is expected to increase 

>4.5x.3 Biardeau et al.4 recently conducted an analysis of cooling degree days of 219 countries and 

found that highly populous countries such as India have a very high number of cooling degree 

days, leading to higher energy demand. Waite et al.5 analyzed the impact of this trend on both peak 

and annual energy demand globally.  In terms of heating, it is expected that due to cheaper 

renewable electricity generation, heating in developed countries will switch to heat pumps.2 Waite 

et al. pointed out that in many subtropical cities, heating is being delivered by resistive heating, 

which will further exacerbate electricity generation and delivery concerns.  

Global warming is accelerated by refrigerants used in air conditioners and heat pumps; 

these refrigerants have global warming potential more than 2,000 times that of CO2.6 Although 

there are active research and policy efforts to reduce the high global warming potential of 

refrigerants, the overall market growth for air conditioning and heat pumps is expected to increase 

dramatically, as noted above. The contribution from these refrigerants to greenhouse gas (GHG) 

emissions will be significantly more than 10% of total GHG emissions in the future.6 This 

confluence of factors brings building heating and cooling energy loads to the forefront of efforts 

to meet GHG emission reduction targets. Given the magnitude of the problem, a new way to think 

about energy use and energy savings in buildings is needed.  

The R&D community has traditionally concentrated its efforts on (1) improving the energy 

efficiency of the technologies and equipment that supply thermal energy and (2) reducing heat 

transfer across the building thermal envelope through conduction as well as air infiltration. For 

example, efforts have focused on optimizing the coefficient of performance (COP) of air 

conditioners/heat pumps and the annual fuel utilization efficiency (AFUE) of residential furnaces. 
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Improving COP and performance of air conditioning/heat pumps have captivated both 

fundamental scientists and practitioners for decades, as the COP theoretical limit is governed by 

the Carnot Limit and is deeply rooted in the second of law of thermodynamics.7 Similarly, using 

the first law of thermodynamics as a benchmark, the R&D community has been able to increase 

the AFUE of natural-gas-burning furnaces to greater than 90%, meaning that more than 90% of 

the enthalpy of natural gas can be transferred into the building as heat.8 However, we believe one 

area that needs further investigation is whether there is a theoretical minimum building thermal 

load that the energy supply technology must provide for occupant comfort. Analogous to how the 

Carnot Limit provides guidance to heat pump manufacturers on the opportunity for energy 

efficiency improvements relative to the theoretical limit, the theoretical minimum building thermal 

load can provide guidance to building designers on the energy reduction opportunity relative to 

current building thermal loads, while still providing a comfortable environment for people.  

Although a demand-side minimum theoretical load has not been established in the 

literature, there has been significant progress made in modeling and technologies to reduce whole-

building energy demand.9,10,11,12, The central premise of these studies is to achieve deep energy use 

reductions by minimizing undesired interactions between the building and the outside environment 

and by supplying energy to the building at efficiencies approaching thermodynamic limits. In 

general, this includes maximizing equipment efficiency, improving building envelopes, and 

implementing advanced control systems. For example, the U.S. Department of Energy (DOE) 

estimates that operating equipment at their thermodynamic limit (i.e., Carnot Limit) and perfectly 

sealing and insulating building envelopes would lead to a 59% and 62% reduction in U.S. 

commercial and residential building energy consumption, respectively, depending on the thermal 

resistance of the envelope and other characteristics.13  

Purely from a theoretical point of view, modeling thermal demand based on solving the 

coupled heat transfer (conduction, convection and radiation) equation has been achieved through 

many sophisticated analytical and numerical models over the past 50 years.14 These models have 

been used in the development of various building codes/standards such as ENERGY STAR®, 

ASHRAE 90.1, the International Energy Conservation Code, and Title 24 in California. The focus 

of these studies has been to understand the impact of envelope thermal properties on reducing 

whole-building demand. However, the basic question of the minimum theoretical thermal load in 

a building with a given set of parameters, such as building type, properties (e.g., thermal insulation 
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of the envelope, solar heat gain coefficient of windows), and ambient conditions, has not been 

answered. 

In this perspective, we establish a framework for determining the theoretical minimum 

thermal load (TMTL), which still maintains occupant comfort in buildings. In doing so, we identify 

a physical limit for reduced thermal energy use. Knowledge of this limit is used to highlight 

technology opportunities that can have a dramatic influence on the future of one of the most 

important and fastest growing energy services in the world: space conditioning in buildings. The 

concept of the TMTL is important for both energy technology researchers and practitioners. For 

example, a material scientist currently developing next-generation thermal textile materials for 

personalized cooling/heating will now have a framework to determine the performance metrics 

required to approach the TMTL. Additionally, energy system and building designers will be able 

to design buildings with thermal loads that approach the TMTL (e.g., distributed instead of 

centralized heating, ventilating, and air-conditioning [HVAC] systems).  

 

TMTL Concept 

A framework for developing a theoretical limit can be determined by first considering the 

primary purpose for delivering thermal energy in buildings—to provide comfort to occupants. 

However, the current paradigm requires conditioning the entire/partial building space to meet 

individual occupant comfort needs (see Figure 1). A theoretical limit would focus on only 

providing thermal energy sufficient to meet the needs of the occupant, which can be defined as the 

minimum thermal energy required to maintain the human body at 37°C for a given set of boundary 

conditions and thermal properties. In this framework, no thermal energy is actively supplied nor 

removed from the ambient building space via an HVAC system. Fundamentally, thermal energy 

is only needed to maintain the human body at a natural and healthy temperature. We define this as 

TMTL.  

Human thermal comfort is a well-studied topic15 and serves as the basis for widely used 

building standards like the ANSI/ASHRAE Standard 5516 and ISO 7730.17 The standard is 

fundamentally based on an energy balance around people; energy transfers are calculated based 

on metabolism, clothing and activity levels, humidity, and building temperature. The resulting 

calculation, combined with statistical correlations about people’s perception of comfort, provides 

a method to assess whether the prescribed conditions are “comfortable” for an average person. 
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However, the standard does not directly address the amount of energy that must be added or 

removed to turn an “uncomfortable” set of conditions into a “comfortable” set of conditions. In 

practice, achieving comfort is typically accomplished by changing the building conditions 

themselves (most often the temperature) to create a “comfortable” environment. This means that 

the whole or part of the building must be cooled or heated, which leads to thermal conditioning of 

the physical building as well as its contents, including unoccupied parts of the building. This results 

in supplying much more thermal energy than is minimally required to keep occupants comfortable. 

Recent research providing more localized heating and cooling18 is an initial step toward 

minimizing thermal energy while maintaining comfort. However, the concept of a theoretical 

minimum, or achievable energy minimum for localized heating and cooling while maintaining 

comfort, has not been addressed. 

 

 

Figure 1. Schematic of a typical building where only a small portion of the building space is 

occupied by people. Targeting space-conditioning energy to people (circled) instead of the entire 

building may significantly reduce the building thermal load.    

Framework for Calculating TMTL 

The purpose of the TMTL is to determine a theoretical minimum thermal energy for 

localized heating and cooling while maintaining personal comfort. Thermal comfort is still a hotly 

debated topic;19,20 however, the basis for our framework is the model used by ANSI/ASHRAE 

Standard 55 and ISO 7730, which provide recommended building set point temperatures based on 

the classic Fanger Model,21 a widely used methodology for estimating thermal comfort both in the 
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United States and internationally. In our framework for the calculation of the TMTL, we make the 

following assumptions:  

1. Occupants are inside the building. 

2. Heating and cooling equipment of the buildings are turned off.  

3. Internal heat gain from other equipment such as light bulbs and refrigerators are included 

in the calculation of building temperature (See Supplementary Information [SI] for details). 

4. The energy balance on a person is carried out using a localized control volume, as shown 

in Figure 2. 

 

With the heating and cooling equipment off, the building temperature (TBuilding) and relative 

humidity (RHBuilding) change according to fluctuating ambient temperature and relative humidity, 

as well as internal gains and other energy transfers between the building and the environment (Fig. 

2). For this analysis, the building temperature is calculated on an hourly basis for different climate 

zones (see SI for details), using the building energy modeling tool EnergyPlus™.22  

 

Figure 2. Schematic of thermal interactions with the environment and energy transfers that are 

needed for the TMTL calculation. The left side of the figure represents the building model and 

thermal interactions with the environment that influence TBuilding and RHBuilding in the absence of 

traditional space-conditioning systems. TBuilding and RHBuilding are determined solely by building 

internal heat gains and thermal interaction with the environment. The right side shows the localized 

TMTL control volume of an individual with energy transfers, which are the basis of Fanger’s 

comfort model and ANSI/ASHRAE Standard 55 as well QTMTL. 
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In the energy balance on the localized control volume (Figure 2), various types of heat 

losses and gains are calculated based on standard equations in ANSI/ASHRAE Standard 55 and 

ISO 7730. Pertinent heat loss and gain components per unit area of the body in the localized control 

volume based on Fanger model23 are QSkin, QRespiration_L, QRespiration_D, QSweat, QRadiation, and 

QConvection, which are defined as follows:  

(1) Heat loss (QSkin,) due to water diffusion through the skin is given by 𝑄𝑆𝑘𝑖𝑛 =

ℎ𝑤𝑚(𝑝𝑠𝑘 − 𝑝𝑏), where hw is the latent heat of vaporization of water, m  the permeance coefficient 

of the skin, psk the saturated vapor pressure at skin temperature and pb is the vapor pressure inside 

the building which can be calculated from TBuilding  and RHBuilding.  

(2) Breathing leads to latent (QRespiration_L) and sensible (QRespiration_D) heat loss from the 

body. Latent heat loss is given by  𝑄𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛_𝐿 = ℎ𝑤𝑉(𝑊𝑒𝑥 − 𝑊𝑖𝑛), where V is the pulmonary 

ventilation rate, Wex is the humidity ratio of the expiration air, and Win is the humidity ratio of the 

inspiration air (depends on TBuilding and RHBuilding). Similarly, sensible heat loss is determined by 

𝑄𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛_𝐷 = 𝑐𝑝𝑉(𝑇𝑒𝑥 − 𝑇𝑖𝑛), where cp is the specific heat of dry air at constant pressure, and 

Tex and Tin are the temperatures of the expiration and inspiration air, respectively. In our analysis, 

we define Tin = TBuilding.  

(3) Heat loss due to sweating (QSweat) for thermal comfort is given by 𝑄𝑆𝑤𝑒𝑎𝑡 =

 0.42(𝑀 − 58.2), where M is the metabolic rate.  

(4) Heat loss/gain by radiation (Qr) from the clothed body is given by 𝑄𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 =

𝑓𝑒𝑓𝑓𝑓𝑐𝑙𝜀𝜎(𝑇𝑐𝑙
4 − 𝑇𝑚𝑟𝑡

4 ), where feff is the effective radiation area factor (view factor), fcl is the ratio 

of surface area of the clothed body to the surface area of the nude body,  the emissivity of the 

outer surface of clothing, Tcl the temperature of the outer surface of the clothing, and Tmrt is the 

mean radiant temperature.  

(5) Heat loss/gain by convection (Qc) from the clothed body is given by 𝑄𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 =

𝑓𝑐𝑙ℎ𝑐(𝑇𝑐𝑙 − 𝑇𝐵𝑢𝑖𝑙𝑑𝑖𝑛𝑔), where hc is the convective heat transfer coefficient. Note that Tcl is 

dependent on the thermal resistance of clothing and can be calculated by equating the energy flow 

between the skin and clothing to the energy flow between clothing and the ambient.  

Assuming thermal equilibrium, the skin temperature (Tsk), measured in oC, required for 

thermal comfort is given by24 

𝑇𝑠𝑘 = 35.7 − 0.0275𝑀 (1) 
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and energy conservation for the control volume shown in Fig. 2 leads to the thermal 

neutrality equation: 

𝑄𝑀𝐸𝑇 − 𝑄𝑆𝑘𝑖𝑛 − 𝑄𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛_𝐿 − 𝑄𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛_𝐷 − 𝑄𝑆𝑤𝑒𝑎𝑡 − 𝑄𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 − 𝑄𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 

+ 𝑄𝑇𝑀𝑇𝐿 = 0        (2) 

where QMET is the metabolic heat generation ( = M) and QTMTL is the energy theoretically added or 

removed to the localized control volume to maintain thermal comfort. It should be noted that in 

Fanger’s original formulation, QTMTL does not exist making it equal to 0 and thermal neutrality is 

maintained only by adjusting TBuilding and RHBuilding (strategy used in current practice). In our 

formulation shown in Eq. (2), TBuilding and RHBuilding are floating parameters decided by the 

characteristics of the building. Furthermore thermal neutrality is maintained by adding or removing 

QTMTL from the localized control volume shown in Fig. 2. Addition of QTMTL to the localized control 

volume and treating TBuilding and RHBuilding  as floating parameters is the main difference between 

our formulation and Fanger’s formulation. A positive value of QTMTL means that heat is added to 

the person (i.e., heating), and a negative value means that heat is removed (i.e., cooling).   

Eq. (2) assumes a complete thermal balance. However, standard practices such as 

ANSI/ASHRAE 55 are based on Fanger’s predicted mean vote (PMV) methodology that instead 

determines a range of conditions where thermal comfort is met. ANSI/ASHRAE 55 defines a 

building space as “comfortable” when the PMV ranges between -0.5 and 0.5.  In this range, the 

PMV methodology predicts 80% of building occupants will be comfortable. When PMV = 0, 

thermal neutrality is met (i.e., Eq. 2); however, for other values of PMV there is a net thermal load 

(L) on the body. As a result, the thermal balance for the localized control volume that incorporates 

QTMTL is given by  

  

𝐿 = 𝑀 − 𝑄𝑆𝑘𝑖𝑛 − 𝑄𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛𝐿
− 𝑄𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛𝐷

− 𝑄𝑆𝑤𝑒𝑎𝑡 − 𝑄𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 − 𝑄𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 

+ 𝑄𝑇𝑀𝑇𝐿     (3), 

where PMV is related to L by 

𝑃𝑀𝑉 = 𝑇𝑆 × 𝐿     (4) 

and TS is the thermal sensation coefficient. Based on data collected on human subjects, Fanger 

empirically determined TS as:   

𝑇𝑆 = 0.303 × 𝑒(−0.036𝑀) + 0.028  (5). 
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From Eqs. (4) and (5), L is calculated for PMV = -0.5 and 0.5 for various values of 

metabolic rate, M, which sets a range for acceptable thermal comfort conditions. Consequently, 

thermal comfort can now be maintained by adjusting QTMTL or TBuilding and RHBuilding to meet the 

range of thermal load conditions as defined in Eq. (3). In standard practice, thermal comfort is 

maintained by adjusting TBuilding and RHBuilding through centralized cooling/heating of the whole 

building or large control volume (e.g., room), and localized thermal control is not considered (i.e., 

QTMTL = 0), leading to significantly higher thermal load than is necessary to achieve thermal 

comfort. Alternatively, QTMTL can be adjusted while leaving TBuilding and RHBuilding constant; details 

on how QTMTL is iteratively calculated are given in the SI.  

Note that the PMV methodology leads to a less stringent requirement of QTMTL as compared 

to the thermal equilibrium defined by Eq. (2). This is because 0.5<PMV<0.5 ensures 80% of 

occupants are comfortable, while Eq. (2) ensures15 ~95% of the occupants are comfortable.  In this 

perspective we have chosen to use the PMV methodology to be consistent with existing widely 

used standards. 

Although we have chosen Fanger’s PMV method, we acknowledge the range of debate on 

thermal comfort; therefore, it warrants some discussion. Equation (5) is empirical as well the 

relationship between PMV and the predicted percentage of dissatisfied people. The current PMV 

model is based on data collected on students and people in sedentary activity,15 whereas real 

buildings involve much larger and more diverse samples of occupants. Fanger also found that 

women were more sensitive to fluctuations in optimum temperature than men. For precise comfort 

assessments, a precise measurement of metabolic rate is needed because the empirical coefficient 

in TS (Eq. 5) depends on the value of metabolic rate, M, used to fit the data. In a recent paper, 

Kingma et al.20 concluded that M for women can be off by as much as 30% when compared with 

the values recommended in ASHRAE for certain activities.  

Furthermore, there are also questions on whether the PMV model is applicable to naturally 

ventilated residential buildings25,26. According to ISO 7730, the PMV model cannot be used 

without error for naturally ventilated buildings, because it only partly accounts for thermal 

adaptation to the indoor environment.15 Therefore, a model of adaptive thermal comfort has been 

proposed for naturally ventilated buildings, which relates the neutral temperature indoors to the 

monthly average temperature outdoors.27 Van Hoof15 has provided a comprehensive review of 

controversy related to the PMV model by Fanger. Furthermore these correlations were also 
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developed for centralized cooling/heating systems as compared to the localized control volume 

shown in Fig. 2. Given the existing debate on PMV, if someone wanted to remove the empiricism 

and other related concerns inherent in the PMV methodology, the TMTL could still be calculated 

based on the thermal neutrality Eq. (2), because it is derived from first principles without any 

empiricism. 

It is worth noting that unlike the Carnot limit, which only depends on the temperature of 

the cold and hot reservoirs, TMTL depends on the properties of various components, such as 

clothing resistance and convection heat transfer coefficient. It is also dependent on the building’s 

characteristics and design, since TBuilding and RHBuilding are a function of building characteristics. 

Therefore, it is important to remember that boundary conditions and thermal properties must be 

specified to provide proper context for TMTL. As a result, TMTL is the theoretical minimum 

thermal load for a given set of boundary conditions and properties.  

TMTL for the United States 

The parameters used to calculate QTMTL for the United States are given in Table 1; these 

values are representative of a person quietly seated in an indoor environment for summer (clo = 

0.5) and winter (clo = 1.0). These values are based on ANSI/ASHRAE Standard 55. Parameter 

values given in Table 1 are considered nominal values. We have also performed a sensitivity study 

of QTMTL for various parameters such as clo, met, and air velocity. A flow chart for the calculation 

of TMTL is given in the SI. Detailed calculations have been performed for representative 

residential and commercial buildings in Chicago and Houston. These were chosen as being 

representative of cold and hot-humid climates, respectively, which bound the common climate 

zones in the United States. It should be noted that because TBuilding and RHBuilding depend on building 

configurations and design, TMTL can be calculated for new design practices using the 

methodology outlined in this perspective.  

 

Table 1. Nominal parameter values for ANSI/ASHRAE Standard 55 TMTL calculation. Values 

are typical for a seated person in an indoor environment. A moderate, representative interior air 

velocity is assumed. Summer clothing level is assumed if PMV was initially > 0.5, and winter 

clothing level is assumed if PMV was initially < -0.5. clo is the clothing insulation unit = 0.155 

Km2W-1. met is metabolic equivalent of the activity level. Metabolic rate (M) = 58.2 × 𝑚𝑒𝑡. 

Air velocity 

[m/s] 

Clothing, 

summer [clo] 

Clothing, 

winter [clo] 

Metabolic 

rate [met] 
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Residential Buildings: Figure 3 shows the average and maximum thermal loads per person for both 

heating and cooling a 2,000-ft2 house in Chicago and Houston. Details of these houses are given 

in the SI. We have reported the results on a power (kW) basis rather than an energy (kWh) basis, 

because the power basis normalizes the assumption of number of hours spent in the building to 

some extent. The normalization is based on the number of hours of active heating and cooling; 

either for traditional HVAC systems for existing buildings or for hours where QTMTL is non-zero. 

We also divided the building HVAC thermal load for existing buildings by the number of 

occupants. The number of occupants for each house was specified by the simulation between 1 

and 6 with a mean value of 2.67 occupants/house, which is very similar to the known average of 

2.73 across the United States, based on DOE’s Residential Energy Consumption Survey.28 The 

overall thermal energy load (kWh) was divided by the number of heating or cooling hours to get 

the average kW. The results show that the TMTL provides dramatic energy and power savings 

opportunities—between 19 to 40 times lower than using the current space-conditioning practice of 

heating or cooling an entire building for occupant comfort. This is true for both climates and both 

heating and cooling.  

Furthermore, we can define different types of TMTL for various constraints using Eq. 3, 

such as assigning limits on TBuilding or RHBuilding. For example, we can put limits on TBuilding for 

practical constraints such as objects/components in the house becoming too hot or cold. In that 

case, the load required to maintain the building in a prescribed temperature range needs to be added 

to the TMTL.  

 

Figure 3. Existing thermal load per person and the TMTL for cooling and heating in a single 

residential home in Chicago and one in Houston using nominal values of parameters from Table 
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1. The houses are both 2,000 ft2, 1990s–2000s vintage homes with typical characteristics and 

energy usage. The reduction associated with moving to the TMTL is between 19x and 40x under 

all conditions: average load, peak load, heating and cooling, and climate. 

 

Figure 4 shows the variation of TMTL with respect to different parameters. TMTLnominal  

(same TMTL as shown in Fig. 3) is based on values given in Table 1. The metabolic rate chosen 

represents a wide range of activities (e.g., sleeping, cooking, house cleaning). The clothing 

insulation represents clothing that ranges from shorts and dress-suits in the summer to trousers 

with long sleeve shirts and insulated overalls in the winter. Similarly, the selected air velocity 

represents a range from natural convection to forced convection heat transfer, which accounts for 

air draft in the building.  

The results are intuitively clear. With increasing metabolic rate, heating TMTL goes down 

and the cooling TMTL goes up (Fig. 4 a,b) because of increased internal heat generation. With 

increasing air velocity (Fig. 4 c,d) heating TMTL goes up because of increased heat loss to the 

environment. The cooling TMTL is less sensitive to air velocity because the ambient indoor 

temperature is closer to the skin temperature than for heating; therefore, the impact of a higher 

convective heat transfer coefficient due to higher air velocity is mitigated due to the lower driving 

force (temperature difference between skin and ambient). This effect is most pronounced in 

Houston where the ambient temperature is frequently closer to skin temperature than in Chicago. 

Finally, increased clothing insulation (Fig. 4 e,f)  leads to lower heating TMTL and increased 

cooling TMTL due to decreased heat loss to the environment.  
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Figure 4. Variation of TMTL with respect to various parameters for residential homes. In each 

graph, other parameters are kept the same as those given in Table 1.  

Figures 5a and 5b show the variation of the TMTL for different values of thermal insulation 

(R-values) of the building. Nominal R-values are given in the SI (Table 1). Results for cooling 

TMTL show that cooling TMTL increases with increasing R-value. The reason for this behavior 

is that with increasing R-value, with the centralized cooling system switched off, TBuilding increases 

due to internal and solar heat gain; this leads to a higher cooling TMTL. In the case of the existing 

practice of maintaining the whole building at a fixed temperature set point lower than the ambient 

temperature, increasing R-value leads to lower cooling load because the heat gain from the 

envelope decreases. The heating TMTL decreases with increased R-value due to reduced loss of 
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internal heat load and the solar heat gain  from the windows to the ambient. Figures 5c and 5d 

show the impact of scheduling in the building for 24-hour occupancy vs. 15 hour occupancy (6.00 

PM – 9.00 AM). It shows that scheduling has limited impact on average TMTL power (in kW).  

 

 

Figure 5. Variation of TMTL for residential homes with respect to R-value of the building for (a) 

Chicago and (b) Houston. Impact of scheduling/hours (24 hrs vs. 15 hrs) of occupancy is shown 

in (c) Chicago and (d) Houston. Calculations are based on parameters given in Table 1.  

 

Figure 6 shows the ratio of existing load and TMTL across the entire United States. We used 

ResStock™ to generate statistically representative building characteristics to be used as inputs to 

EnergyPlus, based on archetypal homes across the United States.29 Hourly thermal simulations 

were performed over an entire year for each of 500 homes. This number of homes was chosen to 

balance computational efficiency with granularity. Agreement between Figure 3 and Figure 6 

demonstrates that the order-of-magnitude reduction in loads observed in the individual homes in 

Chicago and Houston is also broadly observed across the country.  
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Figure 6. Ratio of existing load and TMTL for 500 representative residential homes across the 

United States. The existing building characteristics are described in the SI, and the parameters 

chosen for the calculations are based on Table 1.  

 

Commercial Buildings: The commercial buildings modeled were medium office buildings based 

on DOE’s commercial reference buildings, with characteristics of a “post-1980” construction for 

Chicago and Houston. Simulation input files and a description of building characteristics of the 

buildings are publicly available from DOE.30 The number of people per medium-sized office 

building was calculated from commercial building energy consumption survey.31 There are 

1,012,000 office buildings with a total of 33,756,000 workers, which gives an average of 33.4 

people/office building. Figure 7 shows the comparison between TMTL and existing load due to 

centralized heating/cooling. Similar to the residential building, the TMTL is significantly smaller 

than the existing load due to centralized heating/cooling.  
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Figure 7. Existing thermal load per person and TMTL for cooling and heating in medium-sized 

office buildings in Chicago and Houston using nominal values of parameters from Table 1. The 

reduction associated with moving to the TMTL is large (more than 25x for both average and peak 

load).  

 

Near-Term Strategies to Reduce Thermal Load 

The TMTL calculations demonstrate the vast opportunity for energy savings when 

optimizing for occupant comfort. However, similar to how the Carnot COP in a heat pump cannot 

actually be achieved in practice, achieving the TMTL is not practical for several reasons. First, it 

does not account for other aspects of comfort, such as discomfort from touching a very hot or cold 

object inside a building or having the mean radiant temperature dramatically outside of what is 

comfortable. It also does not account for required ambient temperatures for building materials and 

equipment to operate properly, such as water pipes and refrigerators. Interestingly, there are no 

specific recommendations from any professional societies on lower and upper acceptable 

temperatures for buildings to avoid malfunction of equipment. Lastly, it does not account for 

energy required to maintain safe humidity levels in buildings for durability and indoor air quality. 

To approach a practical limit of the TMTL and address the limitations above, several possible 

strategies are discussed next. These strategies may be implemented in the near term as their 

technical feasibility has been demonstrated to some extent and the technical risk is low because 

the ideas are based on known materials and well-established technologies.  

Expanding temperature set points: Recently, the DELTA program by DOE’s Advanced 

Research Projects Agency-Energy (ARPA-E) funded several projects to develop localized cooling 

and heating technologies that would enable expanding building temperature bands.18 Extended 

temperature set points demonstrate a savings of ~10% of total HVAC energy for each degree 
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Celsius increase or decrease in the set point (~5% for each °F).32 Technologies funded under these 

programs fall under three categories:  

(1) Use of thermal storage integrated with a vapor compression system. Thermal storage 

was used either to store cold by being integrated on the evaporator side33 or to store heat on the 

condenser side.34 The cold was created during the night, and the heat on the condenser side was 

dumped when cooling was not needed. The thermal storage integrated portable coolers to provide 

localized individual cooling, which in principle can approach the TMTL. One of the biggest 

challenges with this type of system is that energy density of commonly used thermal storage is 

low, which makes the system very bulky. There is a critical need to develop high-energy density 

thermal storage material.  

(2) Providing localized thermal comfort by utilizing the fact that physiologically, overall 

comfort follows the warmest local sensation (head) in warm environments and the coldest (hands 

and feet) in cool environments.35 An example of technologies developed using this approach 

includes a climate-controlled chair with integrated heating and cooling devices.36 

(3) Use of thermally adaptive clothing, which is the focus of a significant number of funded 

projects and is discussed in detail later in this perspective.  

 

Zonal control of thermal loads: The TMTL is based on a control volume aligned with the 

ultimate level of spatial control of thermal loads (i.e., the personal level). In practice, spatial control 

can be provided at different length scales. In general, the current practice for the design and 

operation of residential and commercial HVAC systems in many countries, including the United 

States, is to have a centralized system that does not use occupancy as an explicit control parameter. 

One strategy that could lead to dramatic reductions in thermal loads is to spatially control the 

temperature based on spatial occupancy within the building. This type of zoning has been applied 

to commercial buildings and is beginning to make its way into advanced residential systems as 

well.37  

To understand the impact of spatial control on building thermal loads, we developed an 

approximate analytical model that simplifies building thermal loads and estimates energy savings 

when conditioning is based on occupancy. This model should be taken more as a guiding tool to 

understand the overall impact of greater spatial control rather than an accurate calculation of net 

thermal energy savings. This simplified model is based on the ratio of the occupied floor space to 
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the unoccupied floor space and their associated temperature set points. The theoretical limit is 

when the occupied floor space is equal to the floor space upon which all occupants could stand. 

Shown in Eq. 6 the model calculates energy savings by dividing the energy required to condition 

the spatially controlled building to occupied and unoccupied set points by the energy required to 

condition the entire building to a single set point. The complete derivation of the simple model and 

its validation against the commercial software, eQuest can be found in the SI. 

 

𝑟 =
𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑 𝑠𝑖𝑛𝑔𝑙𝑒 𝑧𝑜𝑛𝑒 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔
=

𝛽

𝑛
+ (

𝑛 − 𝛽

𝑛
 ) 𝑥,              (6) 

where r is the ratio of energy consumption due to zonal control and energy consumption without any 

zonal control (i.e. single zone),   = the number of occupied zones, n = number of zones and  

𝑥 =  
|𝑇𝑢𝑛𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑−𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡|

|𝑇𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑−𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡|
       (7) 

The first term on the right side of Eq. 6 represents the energy consumption of the occupied zone, 

and the second represents the energy consumption of the unoccupied zone(s). The model assumes 

Tunoccupied ≥ Tambient in heating mode and Tunoccupied ≤ Tambient in cooling mode.  Examining the limits 

of this simplified model when  << n (i.e., when the building has many zones) shows the 

importance of climate conditions and the temperature setback in the unoccupied zones. In this 

limit, the first term goes to zero and the second term reduces to: (Tunoccupied - Tambient) /(Toccupied - 

Tambient). Eq. 6 effectively goes to zero as Tunoccupied  reaches Tambient, which is qualitatively in 

agreement with the findings for the energy consumption under TMTL and is negligible compared 

to the current energy consumption.  

This simple model was used to estimate achievable energy savings when leveraging 

available technologies. Figure 8 shows that depending on the climate zone, reduction in the thermal 

load can range from 32%–63% for five zones when only one zone is occupied. The simple model 

shows that most of the benefit from spatially controlling thermal loads is achieved with fewer than 

10 zones. These results are not comprehensive, but rather demonstrate that even moderate 

improvements to spatial control of thermal loads in buildings can produce substantial energy 

savings. The simple model estimates average energy savings across multiple climate zones, 

assuming that the occupied zones are conditioned to 25°C (77°F). The model also assumes the 

unoccupied zones are conditioned to 19.4°C (67°F) during the heating season (when ambient 
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temperatures are colder than the unoccupied zone) and 30.5°C (87°F) during the cooling season 

(when ambient temperatures are warmer than the unoccupied zone). The use of moderate set points 

in the unoccupied spaces reflects the need to consider practical limitations when considering the 

potential for reaching the TMTL. 

 

Figure 8. Potential energy saving by spatially (zonal) controlling the thermal load using Eq. (6). 

The energy savings are expressed with respect to the energy consumption of a single-zone 

building. Most of the energy savings is realized with fewer than 10 zones. The details of this model, 

including its derivation and validation, can be found in the SI.  

 

To achieve this level of spatial control and increase energy savings, researchers have 

already started developing advanced control systems and new building materials. For example, 

researchers are producing advanced control systems coupled with occupancy sensors and 

controllable or smart vents.38,39,40,41,42 These systems include incorporating fan sensors on building 

HVAC systems, using wirelessly controlled vent dampers coupled with occupancy sensors, and 

implementing decentralized HVAC systems such as improved portable and window units. 

Furthermore, implementation of commercially available technologies, such as smart thermostats 

and sensor-enhanced vents, would initiate building spatial control. Smart thermostats already come 
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with individual room sensors and may be controlled by local utilities to expand temperature set 

points during peak energy demand periods.43 When coupling smart thermostats with sensor-

enhanced vents, the climate of individual rooms can be adjusted (up to 8°F difference between 

rooms) to meet comfort needs.44  

Another approach to achieve zonal control is to use a decentralized HVAC system, such as 

a multihead minisplit AC system45 or room-based AC system,46 which can be configured into 

multiple zones. Often, large-scale centralized systems have higher COPs than small-scale 

decentralized systems; however, due to the ability to switch off decentralized systems based on 

occupancy, the thermal load is reduced for the decentralized system, thereby resulting in 

significant energy savings. For example, Xia et al.47 compared the use of building thermal energy 

consumption in the United States and China with similar climates. The researchers found that U.S. 

buildings consumed ~3–5 times more energy compared to Chinese buildings, primarily because 

of lack of zonal control in unoccupied spaces. This finding was also discussed in detail by Jiang 

of Tsinghua University at the International Colloquia on Thermal Innovations by the 

Massachusetts Institute of Technology.48 

 

Longer-Term Opportunities for R&D: Using Energy Storage as a Means to Approach the 

TMTL  

In this section we discuss a few long-term R&D opportunities that have the potential to 

revolutionize thermal energy management of buildings. (1) Thermally adaptive clothing: As 

mentioned earlier, the DELTA program of ARPA-E funded advanced material-science-based 

research to develop passive and active thermally adaptive clothing for localized thermal 

management. Thermally adaptive clothing  has the potential to approach the TMTL because it can 

mimic the control volume shown in Fig. 2 (discussed later). (2) Radiative heaters: Radiative 

heaters have the potential to work as effective localized heaters because of their ability to transmit 

heat without the need of a physical medium and have high energy efficiency due to lack of air 

transmission losses. (3) Advanced Thermal Energy Storage: Research is also being conducted in 

developing high-energy-density thermal energy storage materials, which can potentially be used 

for thermally adaptive clothing and for providing localized thermal management. Early-stage as 

well as significantly advanced long-term research is also being conducted to thermally isolate 

zones (e.g., insulation in interior walls), while simultaneously integrating thermal storage for space 
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conditioning. Thermal storage integrated into walls provides thermal isolation between zones with 

tunable properties, along with controllable discharge and charge rates, which can provide on-

demand occupancy-based zonal heating or cooling.  

For example, through funding from DOE’s Building Technologies Office (BTO), Mumme 

and James49 started a large program to develop materials and devices with adjustable/tunable 

properties (e.g., thermal conductivity, phase-change temperature). Some examples include 

development of a thermal switch50 (analogous to an electrical switch) and dynamic insulation 

materials,51,52 which can actively control the release of thermal energy. BTO also funded projects 

on phase-change thermal storage with tunable phase-change temperature, so that same material 

can be used to store thermal energy over a range of temperatures. A combination of thermal 

switches and tunable transition temperatures has the potential to dramatically decrease the thermal 

load and increase the utilization of thermal storage, which has direct impact on reducing the cost 

of storage. However, as will be discussed later, significantly more R&D is needed to advance 

thermally controlled wall storage technology before it is ready for commercialization. 

 

Thermally adaptive clothing: Recent years have seen significant interest and progress in 

passive and active thermally adaptive clothing. Peng and Cui53 have written a comprehensive 

review of advances in this field. Here we highlight a few of those studies and discuss future R&D 

opportunities. Passive thermally adaptive clothing can control conductive,54,55 radiative,56 and 

hygrothermal57 related properties of clothing. Passive control of these textile properties allows for 

the expansion of the building temperature band/set point. Analyzing passive control of infrared 

properties by using nanoporous metallized polyethylene, Cai et al.58 showed a 7.1°C decrease of 

the building heating set point compared to conventional textiles. Recently, Cui’s group at Stanford 

University has fabricated a textile that can independently control heat transport due to sweat and 

due to passive conduction, which significantly boosts thermal performance.59Active thermally 

adaptive clothing can provide additional cooling60 and heating.61 A combination of passive and 

active thermally adaptive clothing closely aligns with the control volume used to calculate the 

TMTL and could come closest to realizing the theoretical energy savings predicted by the TMTL. 

Finally, the use of phase-change materials (PCM) woven into the fabric for thermoregulation of 

textile material has also been attempted.62,63 Use of PCM allows for control of heat flow by 

melting/solidifying, depending on the ambient temperature. One of the biggest challenges is the 
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effective energy density (latent heat of fusion) of PCM woven into the textile, which is very low. 

For example, Nejman and Cieślak62 showed effective energy density of only 14–28 J/g, whereas 

Iqbal and Sun63 showed an energy density of only 9.2 J/g. A material with high energy density can 

dramatically reduce the weight for PCM weight textiles (discussed later).  

Despite these advancements, significant challenges remain. To a large extent, choice of 

clothing is individual and depends on many factors,64 including social psychology. Therefore, a 

textile can be very energy efficient, but that does not mean that it will find wide acceptance. 

Washing and drying performance of clothing is equally important. To the best of our knowledge, 

we have not seen the washing and drying performance of these energy-efficient textiles under 

relatively harsh conditions of high temperature and use of detergents. Washing and drying itself 

will necessitate optimization of other features, such as mechanical properties.  

For active thermally adaptive clothing, incorporating heating is relatively easier than 

incorporating cooling, as cooling requires a heat pump, whereas heating can be done simply by 

Joule heating. Researchers have tried to use flexible thermoelectric devices as localized heat 

pumps,65 which show promise. For example, Hong et al.65 showed 10oC cooling using a flexible 

thermoelectric device, which is an impressive performance, compared to a passive cooling effect 

of 3.1°C, shown by Hsu et al;66 however, the COP in Hong et al.’s research was only 1.5. Recently, 

other flexible solid-state heat pumps, such as those using the electrocaloric effect, have shown 

significant promise with a high COP. For example, Ma et al.67 developed a flexible electrocaloric 

device with a COP of 13, but the temperature lift was only 1.4oC as compared to 10oC achieved 

by Hong et al.65. The relative Carnot efficiency for both thermoelectric devices by Hong et al.65 

and Ma et al.67 are ~5%. The COP could be significantly higher if a thermoelectric device with a 

high figure of merit at ambient temperature is discovered. Solid-state heat pumps for localized 

cooling are ripe for further innovation. Practical considerations such as those mentioned above for 

passive clothing are equally valid for active thermally adaptive clothing.  

Finally, in ANSI/ASHRAE Standard 55, radiation heat transfer is dependent on the surface 

temperature and emissivity of the clothing. This is accurate if the clothing is opaque to radiation 

between the skin and clothing. Some of the passive textiles in which radiative properties are altered 

have properties such that they are infrared (IR)-transparent and visibly opaque.53 The radiation 

heat transfer model in ASHRAE Standard 55 is not valid for these types of textiles, highlighting a 

research opportunity for comfort modeling.  
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Radiative heater for localized heating: Radiative heaters can work as localized heaters 

because focusing radiation energy in a given direction does not require a physical medium. For 

example, Chuah et al.68 showed that implementing a localized radiant heating system, which 

enables a lowered central heating temperature set point, resulted in estimated average energy 

savings of 52% (75% maximum). However, currently available IR heaters suffer from two 

problems:69 (1) their strong visible emission, which makes them aesthetically unappealing for 

building interiors, and (2) the emission peak of commercial IR heaters at ~2–3µm, which coincides 

with strong radiation absorption by water. As a result, when IR heaters are placed overhead, they 

tend to overheat the exposed areas of the human body (face and head) while underheating clothed 

areas (feet and legs), creating discomfort because of the resulting thermal asymmetry.  

To solve this problem, Wang et al.69  recently proposed a near-IR (NIR) heater by putting 

an NIR filter made of a multilayer photonic structure in front of an IR source. This NIR filter can 

be applied to any radiative heating source to transform it into a NIR radiative heater. Wang et al. 

demonstrated this with a simple prototype by applying it in front of a tungsten-based incandescent 

lamp where significant reduction in white glow (glare) was observed. However, the energy 

efficiency of their prototype was not experimentally measured. More research is needed both at 

the material and the device level. At the material level, the degradation of the materials at high 

temperature needs to be investigated, whereas at the system level, integration challenges as well 

as overall energy efficiency of the prototype needs to be investigated.  

 

Advanced thermal energy storage: With significantly more penetration of variable and 

non-dispatchable renewable energy sources, energy storage70 is increasingly important, and 

thermal energy storage (TES) can play a consequential role. Combining TES while enabling 

significant thermal load reduction will have two advantages: (1) significantly increased energy 

efficiency and (2) on-demand control over charge and discharge of thermal energy, depending on 

various factors such as intermittency due to renewable energy and variable cost of energy. TES 

provides a means to approach TMTL at three length scales: (1) at the level of clothing (see section 

on thermally adaptive clothing); (2) at the level of localized cooling by integrating TES with 

technologies such as portable vapor compression (see section on expanding temperature set 

points); and (3) at the level of various zones in the building by integrating TES in the walls of 

buildings (Fig. 9). Despite its significant promise, TES brings some unique challenges, which 
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require significantly advanced R&D at the material, device, and system levels. The energy density 

of current PCM TES is very low, leading to bulky systems at the clothing level and localized 

cooling technology level.71 TES with very high energy density can lead to a significantly lighter 

system of energy storage for a longer time with the same weight and volume. For TES integrated 

in the walls of the building, the challenges are how to control the charge and discharge of energy 

from the walls and how the same material can be used to store energy for both heating and cooling. 

R&D challenges and opportunities of TES for these length scales are discussed next. 

 

Figure 9. To achieve the level of spatial and temporal control required to approach the TMTL, 

advances in technology and control systems are needed. Examples include thermal energy 

storage (TES) and thermal switches, regulators, or diodes that can store thermal energy in the 

building envelope and regulate thermal flows for maximum energy efficiency or thermal energy 

flexibility. 

 

1. High-energy-density TES for clothing and localized cooling technology: Gur et al.71 

showed that various type of TES (thermophysical and thermochemical) have different 

issues. Thermophysical TES can have relatively higher volumetric energy density but very 

low gravimetric energy density, whereas thermochemical TES has very high gravimetric 
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energy density but very low volumetric energy density. Overall, both these approaches 

have significantly lower energy density (either gravimetric or volumetric) compared to the 

Li-ion battery. However, research in TES is far behind compared to electrochemical energy 

storage, where new advances in innovative experimental tools with higher spatial and 

temporal resolution, in situ and operando characterization, first-principles simulation, high-

throughput computation, machine learning, and artificial intelligence work collectively to 

reveal the origins of the electrochemical phenomena and enable new means of energy 

storage.72 In fact, for electrochemical energy storage, DOE has funded the multi-million-

dollar Joint Center for Energy Storage Research for the past 10 years. Recent progress has 

already been made in TES research, such as using first-principle calculations to identify 

molecules that can provide high-energy-density thermochemical TES. For example, 

Spotte-Smith et al.73 used the density functional theorem to identify molecules for a Diels-

Alder reaction, which can increase the heat capacity of fluids. BTO recently funded 

multiple projects on TES for enhanced energy density.74  

2. Zonal control, charge, and discharge of thermal energy using TES: As shown in Figure 9, 

TES can be potentially integrated into the walls of a building. For example, in the United 

States, the interior wall area is 3x the floor area.75 Assuming the TES with an energy density 

of only 100 kJ/Kg (50% of typical PCM) and thickness of only 1 cm for 2,000-ft2 house 

(6,000-ft2 interior walls), walls can store 44 ton hours (~150kWht) of thermal energy. This 

is the equivalent of 9 hours of storage, assuming 5 tons of cooling. Therefore, this approach 

offers enormous potential to store a significant amount of energy. Wall-integrated TES will 

also be distributed throughout the building, which automatically makes it suitable for zonal 

control of thermal energy release. One can imagine that TES is charged and distributed 

throughout the building. Depending on occupancy in various zones, thermal energy from 

the TES can be released on-demand in the occupied zone, while it is still stored in the 

unoccupied zone. This allows for responsiveness to the grid, particularly with a high 

penetration of renewables, as TES in different zones can be charged, depending on the 

pricing/other signals from the grid. This will require the development of a thermal switch 

(analogous) to an electrical switch distributed throughout the building so that the TES can 

be charged/discharged on a zonal basis. Development of thermal diodes, regulators, and 

switches is an active and promising research field.50 The desired characteristics of a thermal 
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switch are: (1) high contrast in thermal resistance between on- and off-state, (2) low 

absolute thermal resistance in on-state, (3) fast switching time, and (4) low cost of the 

switch. These R&D challenges offer exciting opportunities to researchers to develop a 

thermal switch.  

 

There is another major R&D opportunity associated with the idea of wall-integrated TES. 

Depending on the climate, a typical building will require both heating and cooling. That means 

wall-integrated TES should be able to store energy for both heating and cooling. Currently, all 

PCM have a fixed phase-change temperature, meaning that they can either store energy for heating 

or cooling, but not both. Therefore, centralized TES systems typically have two TES, one for 

providing cold and one for heat, which is not possible for wall-integrated TES. That means for 

wall-integrated TES, a material with dynamically tunable phase-change temperature will be 

needed.76,49 The transition temperature can be adjusted depending on climatic conditions.  

Another advantage of tunable transition temperature TES is that it will increase the 

utilization of the TES throughout the year. Because the levelized cost of storage is inversely 

proportional to the utilization factor,70 this will reduce the cost of levelized cost of storage. Mumme 

and James49 provide an overview of the potential energy savings of several categories of advanced 

materials with controllable thermal properties. As mentioned earlier, BTO has started a major 

program on this approach of wall-integrated tunable transition temperature TES with thermal 

switch. This is a very nascent field, and advances will require revisiting the thermodynamics of 

phase transitions to look for ways that such transitions can be manipulated using external fields 

(e.g., an electric field, pressure, or light). There are already promising examples of research in this 

direction. Li et al.,77 for instance, demonstrated a large effect (~10–20°C) on the transition 

temperature by applying pressure in plastic crystals. Han et al.78 added azobenzene to common 

PCMs. Azobenzene changes molecular structure when exposed to light and consequently changes 

the interaction with the PCM. This, in turn, changes the bulk material property. The unactivated 

(no light exposure) azobenzene-PCM mixture exhibits crystallization at one temperature, whereas 

when hit with ultraviolet light, the crystallization temperature changes. This allows for storing and 

discharging thermal energy at different temperatures. The authors of this paper have also received 

a research grant from DOE to develop a thermal switch and tunable transition temperature TES 

using electric fields.  
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Conclusions 

In this perspective, we presented a methodology for calculating the lowest possible thermal 

load while maintaining thermal comfort for a given set of boundary conditions and building 

properties. We discussed potential ideas on how to approach energy efficiency, specifically as it 

relates to thermal energy use and savings in buildings. This new outlook and approach to studying 

thermal energy use in buildings directly address one of the most complex and fastest growing 

energy use systems in the world. We also introduced an approximate formula to calculate the 

energy savings from zonal control of thermal energy, which shows that the benefits of zonal 

thermal control can be largely realized with fewer than 10 zones.  

Although the impact in the United States is significant, the global impact is much larger 

when considering the rapid growth of air-conditioning use in the rest of the world. For example, 

the United States only comprises 2% of the global share of population-weighted cooling degree 

day exposure, whereas India and China make up 28% and 10%, respectively4. As a result, the 

impact of approaching the TMTL is substantially larger in these countries. Employing air-

conditioning technologies and strategies that approach TMTL in these and other emerging markets 

would not only reduce the electrical infrastructure investment required to meet global cooling 

demand but would also dramatically reduce associated GHG emissions resulting from power 

generation. 

In this paper, we also discussed practical methods for approaching the TMTL, such as 

thermal zoning. However, the energy savings potential can only be realized with an ability to 

temporally match thermal demand in parallel with increased spatial control. In other words, all 

thermal energy must be added or removed where and when it is needed. Possible exemplary 

technological strategies such as thermal switches and storage devices as well as thermally adaptive 

clothing and textiles are discussed. However, to realize this vast opportunity for energy savings, 

further advancements in technologies that provide both spatial and temporal control of thermal 

energy are needed. It is likely that a combination of technologies will be required to approach the 

TMTL. Yet to achieve real penetration of technologies in the market, there are still large capability 

gaps that cannot be filled with available technologies. In addition, many advanced technologies 

that can be useful in approaching the TMTL require substantial maturation in terms of, 

performance, reliability and durability as well as cost.   
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The focus of our perspective is on technologies to provide more granular control of the 

load; however, bringing these ideas into design and building practices need further investigation 

and discussion. The building industry also has a long history of being slow to change and relies on 

entrenched practices even when alternatives are available. Therefore, more research is needed on 

how to accelerate adoption of energy-efficient technologies. Some of the ideas discussed in this 

paper, such as thermal textiles or localized radiative heaters, may be easier to implement than 

tunable thermal storage and switches in the walls of the building, because they do not require major 

infrastructure changes and have fewer integration issues. However, even for these ideas, more 

research is needed on social psychology of technology adoption.  

While the approach described in this paper directly addresses the ability to reduce global 

energy demand in buildings through extremely granular control of thermal loads, it also facilitates 

a new, broader way for how buildings can interact with the electric grid. Because greater control 

enables greater flexibility of loads, buildings could be used to mitigate operational stresses on the 

electric grid due to growing electricity peaks, transportation electrification, and an increase in 

variable generation. This new paradigm of grid-interactive efficient buildings79 will enable science 

and technological breakthroughs in the control of thermal energy, such as those described in this 

paper, and propel us into the next generation of energy efficiency, in which energy efficiency is 

dynamic and depends on the conditions of the grid. 
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