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4. Introduction

4.1. Space Heating in the United State and the State of New York  

One of the major energy consumptions in the United State is household heating energy. Since the 

weather in New York is cooler than most other areas of the United States, space heating makes up 

a greater portion of energy use in homes compared to the U.S. average, and air conditioning makes 

up (54%) and only 1% of energy use on other factors. In New York households consume an average 

of 103 million Btu per year, 15% more than the U.S. average. New York homes are typically older 

and, with a higher percentage of apartments, which consume more than an average household in 

other parts of the country [5]. 

 

Level of CO2 emission in the US: 

The United States produced 16.49 billion metric tons of carbon dioxide equivalent greenhouse gas 

(GHG) emissions in 2014, however in 2017 it produces 5.14 billion metric tons of carbon dioxide, 

but still the second-largest in the world after CO2 emitted by China and amongst the worst countries 

by greenhouse gas emissions per person. From year to year, emissions rise and fall due to changes 

in the economy, the price of fuel and other factors. The US Environmental Protection Agency 

attributed recent decreases to a reduction in emissions from fossil fuel combustion, which was a 

result of multiple factors including switching from coal to natural gas consumption in the electric 

power sector; warmer winter conditions that reduced demand for heating fuel in the residential and 

commercial sectors; and a slight decrease in electricity demand [6]. 
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The trend to go solar 

According to preliminary data from the US Energy Information Administration, renewable energy

accounted for about 11% of total primary energy consumption and about 17% of the domestically 

produced electricity in the United States in 2018. Hydroelectric power is currently the largest 

producer of renewable electricity in the country, generating around 6.5% of the nation's total 

electricity in 2016 as well as 45.71% of the total renewable electricity generation. The next largest 

share of renewable power was provided by wind power at 5.55% of total power production, 

amounting to 226.5 terawatt-hours during 2016. Solar power provides a growing share of electricity 

in the country, with over 50 GW of installed capacity generating about 1.3% of the country's total 

electricity supply in 2017.  As a contribution from the United States government to encourage the 

homeowner to purchase renewable energy products, the

as New York State. Homeowners are eligible for the federal solar tax credit if they buy their own 

solar system outright. Currently, the federal solar tax credit gives out a dollar-for-dollar reduction 

against federal income tax equal to 30% of the final cost of solar systems, which install on house. 

New York offers a generous state tax credit for people who purchase solar systems. New Yorkers 

are eligible for a credit worth 25% of their system cost, or $5,000 
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4.2. Commercial FIR heating elements 
 

Ceramic panels 

 
Heating panels in office 

Electrically heated FIR panels generating 
far-infrared radiation (8-9micron 
wavelength) are available from several 
manufacturers [e.g. eco2heat.us/, 
prestylusa.com/]. The panels are easily 
installed on the walls and plugged into a 
standard 110V outlet. Several panels may 
be clustered and controlled by a smart 
thermostat. 
The cost of panels varies between $150 
to $500 per 500W panel and depends on 
the material used and heating efficiency.

 
Plastic panels 

 
 
Advantages of commercial FIR heating technology include: 

2 - 5W/ft2 instead of current 8-10W/ft2, Unlimited number of heating zones, Easy installation/de-

installation, Scalable, Maintenance-free, long lifetime, Reduction of CO2 emission is 0.25 MT per 

year per 100 sq. ft. of heated space (5 MT per 2,000 sq. ft. house). 

One can expect a progressive reduction of CO2 emission over the life cycle of the FIR heating panels 

due to changing the profile of the electricity generation. Indeed, it is planned that the share of 

renewable sources in the generation of electricity in NYS will grow from the current 25% to 50% 

in 2030 [https://www.governor.ny.gov/news/governor-cuomo-launches-5-billion-cleanenergy-

fund-grow-new-york-s-clean-energy-economy]. 

The major disadvantage of the commercial EIR heaters is a rather long time (about an hour) for the 

space preheating. This is why currently FIR heaters are mostly used for a supplementary rather than 

primary heating. 

4.3. Commercial smart heating control systems 

There are various commercial smart climate control systems that have comparable performance and 

prices (see illustration below): 
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Smart thermostats save a considerable amount of money by reducing heating and cooling costs. 

Some thermostats are designed for simple heating and cooling systems and offer basic scheduling 

and programming options, while others are designed for complex multi-stage systems that control 

heating, cooling, humidity and ventilation systems. As is the case with most smart home devices, 

prices vary depending on features and capabilities. 

In contrast to all other systems, Herschel thermostats focus on infrared heaters. Unlike central 

a thermostat 

controller in each room (or for each FIR element). This ensures you only heat the rooms you need 

heated when you want them heated. Precise heating in this way avoids wasting energy and 

minimizes your heating costs. -control system requires a separate controller 

located away from the heater to accurately measure the air temperature in the room and send 

commands to turn the heater on or off depending on the desired room temperature and the heating 

schedule. Thus, like in all other T-control systems, the FIR heaters are turned either on or off 

depending on the deviation of the air temperature from the set point. Thus, none of the commercial 

systems provides the type of T-control, that would support an optimum combination of the air and 

radiant temperatures, that is needed for the LTM. 

Therefore, our goal is to find a heating control method and to implement a smart T-control system 

that would be able to support thermal comfort conditions in dynamics based on the measurements 

of the varying air temperature and the adjustment of the powering of FIR heaters. 

5. Customers and their requirements 

The potential customer segments for the proposed FIR heating system are residential and 

commercial spaces. The major pain points of potential customers of the proposed LTM FLIR 

system are (i) high heating costs and (ii) high GHG emission (especially for the NY State-funded 

spaces). Currently, one of the most economical ways of space heating is the use of commercial FIR 

heating wall panels that demonstrate increased energy efficiency {(2W-to-5W) per sq.ft. compared 

to (8W-to-10W) per sq.ft. for conventional heating systems}. The unique value of the proposed FIR 

heating technology over current solutions is a high-speed FIR heating that enables localized thermal 

comfort management and provides significant savings of heating costs and CO2 emission (Table 1). 
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1) The calculation of required heating power for conventional FIR heating wall panels can be found on FIR 
 

 
However, all commercially available FIR heating wall panels require a rather long time (hours) for 

the space preheating. Thus, FLIR heaters are mostly used as supplementary rather than primary

heating devices. 

 
Competition:  

The water heating panels are the ones that have been used regularly during the last few years since 

it showed a safe way of reducing heat. However, in some studies found that the water heating panels 

that had been the most predominant, the excess of water vapor on cold surfaces produce pollution. 

This shifts the market of the product making it lose value; giving advantage to the renewable energy 

source to become the dominant product in the market. This had become the main competition of 

the final prototype. Knowing the fact that some healthy way of conserving energy has failed in 

insignificant areas, the final project should prove that there are other ways to keep the building in a 

comfortable environment near the same price as the recent product but with extra advantages, 

efficiency and safety. 

 

 

6. Engineering specifications of the LTM system 

FLIR one pro camera used for measuring the amount of infrared radiation reflected from the 

spherical methods refer to appendix C. 

Specifications by product FLIR ONE Pro 
Thermal pixel size 12 µm 
Thermal resolution 19,200 pixels (160 × 120) 
Thermal sensitivity 70 mK 
Object temperature range 20°C to 400°C (-4°F to 752°F) 
Operating temperature  0°C to 35°C (32°F to 95°F) 

TABLE 1.  
CO2 emission 

reduction 
Cost 

savings 
ASSUMPTIONS  
-- Boiler efficiency = 78%  
-- Heat delivery pipe loss = 15% 

-- FIR heat is 50% of the conventional heat1 

-- Heating Zone Occupancy (FIR heating) is 
50% 
-- Baseline room temperature is 55oF 
-- Cost of Natural Gas     - $1.5/CCF 
-- Cost of Oil                   - $3.03/gallon 
-- Grid electricity             - $0.19/kWh 
-- Solar electricity            - $0.15/kWh 

0% renewable electricity 

FIR versus oil heating 25% 36% 

FIR versus natural gas heating  0% 11% 

50% renewable electricity 

FIR versus oil heating 77% 71% 

FIR versus natural gas heating  69% 60% 
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Non-operating temperature -20°C to 60°C (-4°F to 140°F)
Spectral range 8  14 µm 
Visual resolution 1440 × 1080 
Focus Fixed 15 cm  infinity 
Accuracy ±3°C (5.4°F) or ±5%, typical percent of the 

difference between ambient and scene 
temperature. Applicable 60 sec after start-up 
when the unit is within 15°C to 35°C (59°F 
to 95°F) and the scene is within 5°C to 
120°C (41°F to 248°F) 

Measurement correction Emissivity; Reflected apparent temperature 
(22°C / 72°F) 

As you can observe from the speciation table the operation temperature range for this specific 
equipment is satisfying our project needs. Since we will perform our measurement indoors such 
as office, lab, classroom. Thermal resolution is high to increase the efficiency of the 

measurements. 
 

Globe thermometer used for measuring the temperature and humidity indoor as verification of 

the spherical methods refer to Appendix C. 

Specifications by product Lutron WBGT Wet Bub Globe 
Thermometer 

 temperature range (TG)  32° to 176°F (0° to 80°C) with 0.1° 
resolution 

temp. accuracy plus, or minus 1.1°F (0.6°C) 
Humidity range 5 to 95% RH with 0.1% resolution 
Humidity accuracy (within)  3% of reading 
Dew point temperature range -13.5° to 121.1°F (-25.3° to 48.9°C) with 

0.1° resolution 
Wet bulb temperature range  -6.9° to 122.0°F (-21.6° to 50.0°C) with 

0.1° resolution 
Data transfer  USB cable USB-01 
Settling time  20 Minutes  

The black globe thermometer is a great tool to measure temperature and humidity indoor and 
outdoor as you can observe from the Specifications table temperature, humidity range and 
accuracy are satisfying our project needs. Globe thermometer is used as a verification tool 
because of the long settling time, which does not satisfy our project needs. Since we are looking 
for instantaneous measurements. 
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FIR elements 

 FIR element  

1. FIR heating element electric power Up to 600W 
2. FIR heating element surface temperature 15oC  90oC 
3.  FIR heating element heating speed 4oC/s 

 Temperature control system  

1 
Wireless T-control system  
(Wi-Fi, ZigBee or Z-Wave format) 

Programmable from mobile phone 

2 Wireless power switches  Up to 600W  

3 A programmable wireless smart thermostat Air temperature within 0oC  50oC Set-
point change speed 0.1 Hz 

 
7. Design concept 

We propose a novel localized thermal management (LTM) system that minimizes the consumption

of the heating energy due to the optimum heating of space occupants. The proposed system is based 

on the novel, electrically powered FIR heating elements that are capable of emitting radiant power 

in the wavelength range of 7 -

the range between 50oF and 180oF). The proposed FIR heating elements will comprise a heating 

fabric woven by our proprietary design as well as an embedded proprietary electronics enabling the 

 elements will 

support a substantial emission of the radiant heat practically instantly after the elements are 

electrically turned on. Thus, the inhabitants who enter a cool room will immediately feel thermal 

comfort due to the radiant heat provided by the FIR elements: 

 

 

Operation of LTM system. The local thermal-comfort 
zones are created by FIR elements that emit higher far-
infrared power (red color) in the proximity of the occupants, 
while other elements remain cool (blue color). Ultimately, 
groups of FIR heating elements will be organized in a smart, 
localized thermal management system with accurate 

 
 

 
The positioning of the FIR elements will ensure that each relevant part of the space is within the 

effective distance of a heating source. The localized thermal management system will provide a 

substantial economy of heating energy due to the combination of the reduced baseline room 
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temperature (e.g. 55oF instead of the typical 70oF) complemented by a radiant heat that is localized 

around room occupants.  

In order to design the LTM system, we will  theory of thermal comfort. According to 

this theory, in case of constant air velocity, water vapor pressure, clothing insulation, and metabolic 

rate, equal thermal comfort may be obtained at certain combinations of air and radiant temperature.

 

Variations of air and mean radiant 

temperature, providing thermal comfort 

with PPD below 5%. 

Equal thermal comfort can be obtained at low 

TAIR by raising TMRT. 

 

In order to determine the measurement methodology, we have conducted a literature study that 

included heating in the US, thermal comfort, measurement of MRT in steady-state conditions using 

the globe thermometer and in dynamics, using the Infrared Sphere method (see Literature list in 

Appendix B.  

We plan to perform a detailed study of the dynamic thermal comfort in the selected spaces (an 

office, a classroom, and a hallway). We will determine the discomfort  comfort transition time and 

the relationship between TAIR and TMRT. The obtained data will allow the implementation of the 

smart T-control system that will be able to provide dynamic LTM. The verification of the thermal 

comfort conditions will be done by direct dynamic measurements of the air and radiant temperature 

using an infrared sphere method (see Appendix C). 

8.  Design optimization  

The optimization of the LTM design will be performed after obtaining experimental data on the
creation of localized thermal comfort management using fast FIR heaters. 

We plan to choose the most inexpensive FIR heating elements and develop temperature control 

algorithms that will minimize the number of parameters required for the successful LTM.  

We believe that ultimately, the LTM system will be controlled by inexpensive commercial smart 

thermostats with temperature set points that provide an optimum balance of the air and mean radiant 

temperatures. 
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9. Design evaluation  

The design evaluation and the design trade-offs will be done after the collection and analysis of the 

experimental data.  

The design, implementation, and measurements of mean radiant temperature by using the Infrared 

Sphere and Hemispherical mirror methods will be done by Lin Yao and Ehab Elrawi. The 

development of the thermal control system will be done by Junqi Qu. 

10.  Experimental Results 

Our major goals were to characterize the panels (power consumption, temperature dynamics, and 
emissivity) and to determine the potential of the new (Yellow) panels for localized thermal 
management (LTM). 

Panel Characterization Method 

 

 
Fig. 10.1. The schematic of the 
measurement setup 

Fig.10.2. Radiation from the panel with Aluminum 
reflector and cardboard heat insulation. 

In the measurement system in Fig. 10.1, the heating panels provided by Eco2Heat LTD., Germany 

are mounted on the tripod system and powered by the grid voltage (110V) through the plug-in 

thermostat, variable step-up transformer (110-220V, 2kW) and smart plug (Wemo, Belkin, US), that 

is controlled through Wi-Fi. The temperature of the panels is measured using FLIR One Pro camera 

and the environment mean radiant temperature and air temperature are controlled by the globe 

thermometer (Kestrel 5400) that is positioned in the proximity of the panels. 

In contrast to commercial heating panels, the panels studied in the experiments were made of a 

heating fabric that is weaved from the glass fiber and carbon fiber threads and coated by a plastic 

film. The panel size is 2000mm×600mm×2mm. On one of the tested panels, we installed the 

aluminum foil reflector and the cardboard insulator (Fig.10.2.). 
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The tested yellow panels and commercial white panel are shown in the Fig.10.3. 

 

 

 
 
 
 
 
 

Fig.10.4. Visible and infrared image of the heating panel (left, middle) and processed infrared 

panel image (right). The color on the processed image indicates areas of equal temperature.  

 
  

 
 

Fig.10.3. Tested yellow panels and white panel (left) and Installation of FLIR OnePro 

Camera (right). The black tape on the surface of the panels is attached for the calibration of the 
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Characterization of the measurement environment 

 

Fig. 10.5. Overnight measurements of room thermal conditions. 

We have installed a globe thermometer in the middle of our measurement site and performed 

overnight recording of the mean radiant and air temperatures. The thermometer was brought 

from the heated room to the cool measurement room. As can be seen, the temperature at the 

measurement site was stable overnight. Our further measurements showed very small variation 

of this temperature both in the day and night time. 

 

Panel characterization in steady state regime 

 
Fig.10.6. Panel temperature versus applied electric voltage/power in steady state. 
As can be seen, the dependence of the panel temperature from the applied electric power is almost 
linear within the range of the applied voltage. 

 
 
 
 



Page 15 of 26
 

Panel characterization in transient regime 

  
Fig.10.7. Characterization of the heating speed of new, yellow panel (left) and commercial 

white panel (right).  As can be seen, the half-maximum temperature is reached during 25 

seconds and 300 seconds for new panel and commercial panel respectively. 

Fig.10.8. 

temperature response (right). As can be seen, the panel heating and cooling dynamict is well 

described by the solution odf the linear heat balance equation  
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Increasing Panel Efficiency by installation of aluminum reflector 

  
 

Fig.10.9. a. 

Schematic of the IR radiation from 

yellow panel with aluminum 

reflector and cardboard insulation. 

Fig.10.9. b. 

Heating speed of yellow panel 

with and without Al reflector. 

Fig.10.9. c. 

Front and back FLIR image of 

the panel with a band of the 

aluminum reflector. 

TFRONT=69C and TBACK=21.8C 

 

Comparison of IR radiation directionality for yellow panels with and without 

aluminum reflector 

  

Twall=34.3C 

  

Twall=55.4C 
Fig.10.10. Temperature table (left) and graphs (middle) of the first 30 min of panel  heating 

(V=220V) and FLIR images of the wall behind the panels (right).  

As can be seen (upper table and graph), TBACK temperature of the aluminum panel with reflector is equal 

to the room temperature. It means that the Al reflector that has emissivity of about 5% reflects 

practically entire backward radiation from the panel. So, the difference TFRONT-TBACK 40C. The 

reflected radiation goes through the panel and increases the TFLIR by ~13C. For the panel without the 

reflector (lower table and graph), there is practically no diference between TFRONT TBACK and 

TFLIR.  

We also observed a significant (~21C) difference in the temperature of the wall behind the panels. This 

result means that the panel with aluminum reflector reduces significantly the heat flow towards outside 
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of the room. The decreese in the heat loss may be from 70% to 40% for the temperature range from -

15C to 15C. 

 
Determination of panel emissivity 

 

 
 

Fig. 10.11. Photograph, FLIR images, cooling table and cooling graph of the measured FLIR 

temperature for Yellow panel with black tape. 

As can be seen, the measured FLIR temperature is different for the panel and the black tape, although real 

temperature of these surfaces is the same. 

What has been observed is an artifact of the FLIR camera settings for emissivity, that cannot be changed. 

This is why we wrer not able to recalibrate the camera, that assumes emissivity=0.6, but knowing the 

emissivity of the black tape, we were able to conclude that the actual panel emissivity is lower than 0.9.
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11. Conclusion and discussion

We have already finished the study of literature and found that the preferred measurement 

techniques for dynamic MRT measurements are based on the detection of the infrared radiation that 

is reflected by spherical or hemispherical surfaces that have a very high reflection coefficient in far-

infrared wavelengths range. The verification of the obtained MRT values will be performed in a 

steady state using a globe thermometer. 

Our preliminary analysis shows that the LTM regimes can be obtained with fast heating FLIR 

elements in conjunction with the use the power switches that are controlled by a smart thermostat 

with programmable 

Major technical challenges of the project include (i) design and implementation of ultrafast FIR 

heating elements that will be able to provide highly efficient, localized thermal comfort for a variety

of floor plans and (ii) design and implementation of a smart control system that manages a network 

of fast and individually addressable FIR heating elements and provides thermal comfort in the 

heated spaces. 

Our future work will include the measurement of dynamic MRT by Infrared Sphere, Mirror 

hemisphere methods and Globe thermometer. We will perform dynamic and steady-state MRT

measurements with various configurations of FIR elements, targeting maximum view factors and 

minimum power consumption. Data processing, analysis, and visualization will be done in 

collaboration with our partner team. 
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15. Appendix C 
 
Techniques for determination of MRT 

Nusselt (infrared) sphere technique for calculation of view factors 

 

The view factor of a plane area to a small plane element is the 

two-

area.                                 

The infrared sphere method [2] 

Experiment Design 

The structure of the experiment is based on a stainless-steel sphere with a radius of 101.6 mm (4 

inches). It elevates on a 76.2 mm (3 in) pedestal above the cantilever that forms the base. The 

cantilever arm is extending far away from the center of the sphere and supports with two extended 

arms that in term of holding each of the infrared sensors. The measurement setup comprising the 



Page 23 of 26
 

Infrared sphere and two temperature sensors are shown below. The IR sensors are positioned so 

that the extremity of the cone is receiving reflected energy orthogonal to the sensor (red beam).  For 

the sensor viewing angle  = 14.036o, the missing fraction of the IR radiation is about 3%. 

The MRT is directly measured by the sensors (the emissivity of the room walls is 0.95) 

  

 

R = 101.6mm, a radius of a sphere 
 = 14.036o, the viewing angle of the infrared sensor 

 
 = reflection law line angle 

x = distance to viewing cone extremity 
L = distance from the sensor to the center of the 
sphere 

+  
L = R cos + x 
R sin  = x tan  
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The Mirror Hemisphere Method 

Experiment Design 

The experimental setup consists of a metallic hemisphere of low emissivity that is fixed exactly 1.1 

m above the ground corresponding to the average height of the center of gravity for adults. A camera 

is placed 0.5 m above the hemisphere. The setup is shown in Figure. The results are validated by 

comparison with the temperature measured by the Black Globe method using Kestrel 5400 Heat 

Stress Tracker has shown in Figure. After the images are captured at the given time, the data are 

numerically processed to obtain the view factors and consequently the MRT at the point of interest. 

In general, MRT can be calculated using the following equation: 

 

-Boltzmann constant equal to 5.67·10-8 Wm-2 K-4
p is the emissivity of

the human body with a standard value of 0.97 and Sstr is the mean radiant flux density of the 

the human body, which depends on the short-wave and longwave radiant fluxes as shown below:

 

k is the absorption coefficient for short-wave radiation with a standard value of 0.7, Ki 

and Li are respectively the short-wave and long-wave radiation fluxes of radiant surface I in

W/m2, Fi is the view factor of surface I with respect to the reference point, and n is the number of 

surrounding surfaces. 

 

The Numerous Vector method is the numerical technique used to process the images. The 

procedure is as follows: a unit sphere is placed at the point of interest, which is also the center of 
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the hemisphere. N number of points are homogeneously distributed on the sphere. The fraction 

of points inside each surface on the sphere yields the view factor of that surface with respect to 

the point of interest. Moreover, the value of radiation fluxes can be easily recorded at each point 

on the sphere by using the IR and HDR images. In fact, for this particular application of the NV 

method, there is no need to separately find the view factors and radiation fluxes for each surface 

to find Sstr in Eq. If enough points are distributed on the sphere, it would be computationally more 

efficient to assume a constant flux on a small surface that each point centered and therefore, assign 

a flux value to each point. Subsequently, KiFi and LiFi are calculated for each point I and then Sstr

can be obtained. 

 

 

 

 

The Black Globe Method  

The black globe thermometer is representing the view factor ratio of a human body. The equation 

of the global temperature (Tg) and MRT is given by: 
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The globe temperature is representing the operative temperature for the person who is seated in the 

room. The MRT needs the air velocity to be defined; this is actually working with a hot-sphere 

anemometer that is calibrated to measure low velocities such as free convection. Hot-sphere 

anemometers equipment is usually very delicate and is very expensive to procure. To eliminate the 

need for measuring air velocity, a dual globe method is applied. 

In summary        

The infrared sphere approach in the determination of the MRT(mean radiant temperature) shows 

promise and should be further explored. More tests and comparisons should be performed, 

especially the calibration of the infrared sphere method in a controlled environment in comparison 

to other methods, prior to accepting the infrared sphere method as an accurate approach to 

determine the MRT. More importantly, the definition of MRT should be further refined. 

The success of the infrared sphere method also suggests the reflector approach is viable and more 

practical for HVAC control. The relative simplicity of the infrared sphere also lends itself as a much 

more economical and rugged design than the black globe method, which requires an expensive, 

sensitive, and fragile anemometer to determine air velocity and temperature. 


