
Non-Imaging Optics for Improving Waste Heat Collection with Thermoelectrics

Waste heat is often dumped into the environment and there have not been many cost-effective ways so far to harness it especially if it is of a 

low grade. Thermal radiation is the predominant form of heat transport between Space and Earth but it is often not considered to be efficient 

for waste heat applications. Here, we utilize the concept of non-imaging optics to enhance the capture of waste heat from a hot object in the 

form of thermal radiation. We designed and fabricated a compound parabolic concentrator (CPC) that is purely reflective in the mid-infrared 

using geometric non-imaging optics. With the CPC present, in between a hot plate and a target separated 10 cm apart under ambient 
oconditions, we were able to increase the temperature of the target by as much as 20 C. At the same time, our simulations and experiment 

demonstrate remarkable improvement in thermoelectric (TE) efficiency and output power compared to a bare TE exposed to the same 

radiative heat flux. Our work serves as a proof-of-concept for demonstrating the potential to collect waste heat remotely using pure thermal 

radiation.
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1. Introduction 
We are generating more waste heat each day from burning of fossil fuel 

but these waste heat are frequently discharged into the environment. 

There exist various grades of waste heat depending on the temperature 
o 1of heating process. High grade waste heat, which are above 600 C,  can 

be used for other heating processes due to their high temperature. Often, 

waste heat recovery using heat exchangers or thermoelectrics can turn 
2 high grade waste heat into electricity. However, for medium to low 

ograde waste heat which are less than 600 C, it is often not efficient or 

cost-effective to convert them into other forms of energy using heat 
3exchangers or thermoelectrics.  Thus, a lot of times low-grade waste 

heat is discharged into the environment.

Compared to conduction and convection used in heat exchangers, 

thermal radiation has been viewed as the most inefficient way to 

transfer heat between two objects. This is in part due to the difficulty in 

controlling the heat transfer as thermal radiation does not require a 

medium. Recent advances in optics and photonics have enabled the use 
4-7of thermal radiation to effectively control heat transport.  However, 

many of these works were carried out under vacuum with precise 
4,5control of physical separations between objects.  Geometric optics have 

been widely used for imaging but have generally been ignored for 

applications in radiative heat transfer.

It turns out that geometric optics have been the most practical 
8,9method available to improve efficiency of solar thermal systems  and 

10solar energy harvesting  in general. Non-imaging optical design such as 

concentrators are routinely used to enhance the amount of captured 
11,12sunlight.  The sun is a blackbody, albeit at much higher temperature 

than the Earth. Thus, it is conceivable that waste heat in the form of 

thermal radiation can be harvested from hot objects more effectively by 

using similar optical techniques. Here, we report on an experimental 

demonstration of using a non-imaging compound parabolic concentrator 

(CPC) designed to harness thermal radiation from hot objects. We 

designed and fabricated a CPC in the mid-infrared (MIR) regime that 

has a 1.4 times enhancement for a diffused thermal source. Then, we 

experimentally demonstrated a consistent temperature rise by as much 
oas 20 C when the CPC is placed in between a heat source and a 

receiver. At the same time, we found via simulation and experiment that 

just concentrating heat flux can improve a thermoelectric (TE) module's 

efficiency by more than 1.5 times. Our method is non-contact, requires 

no moving parts, can work at a distance and does not occupy much 

physical space compared to heat exchanger systems. 

2. Simulation and Experimental Setup of Non-

imaging Optics
In order to use the design for collection in the mid-infrared, we decide 

to use a hollow design instead of IR transparent materials such as zinc 

selenide. Non-hollow design will naturally be subjected to more losses 

due to reflection and material absorption. However, there is a trade-off 
11between the size of the CPC versus the collection efficiency.  
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Furthermore, the manufacturing process of creating a reflective CPC 

with optically smooth surface and precise curvature is easily achievable, 

thus some sacrifices are needed such as restriction on minimum length 

of the diameter of the exit and entrance apertures and the height of the 

CPC. To maintain the large geometric concentration ratio with a 

relatively large acceptance angle, the exit aperture is set to be as small 

as 2 mm. The acceptance angle is set to be 17.5 degrees, which will 

result the entrance aperture to be 6.66 mm to the height of 13.7 mm 

(see Fig. 1(a)). With these parameters, the geometric concentration ratio 

is calculated to be 11, based on a collimated source which emitted 
11,12parallel rays like the sun.  The CPC was custom made by Delta 

13Optics Technologies Ltd.,  involving diamond turn polishing to ensure 

good surface quality and gold coating of the inner surface. 

With the custom-designed CPC, we would like to know how well 

our design performs under a constant thermal radiation emitted from a 

heat source. This was carried out using a ray-tracing program 
14ZEMAX.  Most simulations of CPCs were conducted using sources 

emitting parallel rays so as to simulate the sun. However, waste heat 

from hot bodies around us are much smaller and much closer to us than 

the Sun, thus the emission will be more diffuse similar to a Lambertian 

source. Rather than using a collimated source, we have decided to use a 

Lambertian source which represents the thermal emitter more 

accurately. Note that we purposely chose a CPC with a relatively large 

acceptance angle which has been optimized for the range of separation 

(20-80 cm) between source and emitter. Fig. 1 (b) shows the simulated 

power received at the detector as a function of separation. We note that 

the received power is consistently higher with the CPC than without. 

Furthermore, the received power is consistently higher at all separations. 

However, we note that a concentration ratio of 11 is only valid for a 

collimated source. Under a diffuse illumination, we only achieved about 

40% enhancement in power received and this enhancement decreases 

with increasing separation of the source from the emitter (Fig. 1(b)).

Next, we perform an experiment in a setup illustrated in Fig. 2(a). 

In this experiment, we used a 12 by 12 cm black ceramic heater placed 

a distance away from a thermocouple with and without the presence of 
oa CPC. The temperature of the heater is measured to be 400 C after 

ºFig. 1 (a) Schematic of the simulated compound parabolic concentrator (CPC). The acceptance angle is designed to be at 17.5 . The concentration ratio 
is around to 11. (b) Simulation results of received power using ZEMAX. The source is a 12 by 12 cm random emitter mimicking a blackbody and the 
receiver is 1 by 1 mm. The heat source is modeled as a randomize diffuse source emitting at 1 Watt of optical power. 

oFig. 2 (a) Schematic of experiment setup to test collection of radiation waste heat. A black heated plate stabilized around 400 C is directed towards a 

point receiver which is a thermocouple. The thermocouple is shielded from other radiation sources. The entire setup is enclosed but the compartment is 

not purged not made into vacuum to mimic applications under ambient condition. (b) The comparison between the numerical results and the 

experimental results of the temperature change of receiver after using CPC. The case with CPC is always higher than the case without CPC in both 

cases. 

(a) (b)

(a) (b)
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temperature is stabilized. The experiment is carried out under ambient 

conditions within an enclosure. The CPC will be placed right in front of 

the detector and the separation between the detector and the source is 

varied. The measurement process is performed by placing and removing 

the CPC from the detector for about 1 minute each, this whole process 

will be repeated for about 5 times to ensure that the results received 

remain constant. The CPC is occasionally removed from the path and 

put back into the path. We can see that the drop in temperature is 

concurrent and almost instantaneously correlated with the removal of 

the CPC. Likewise, the rise in temperature is also instantaneous.

In order to verify the reliability of the experimental results, 

numerical analysis is carried out by using the commercial software 

Fluent based on fluid computational analysis. According to the 

calculation of heat transfer based on blackbody radiation, we have 

calculated the proportion of thermal radiation in total heat transfer under 

natural ambient condition is 40 %. Therefore, we assumed the diffuse 

source as the blackbody emitter in simulation calculation. In the 

simulation process, the simulation of temperature change caused by 

using CPC was realized though changing the temperature of diffuse 

source which attained according to the simulation results of ZEMAX in 

the optical part ( the results shown in the Fig 1 (b)), so as to better 

compare the simulation results with the experimental results. The  

comparison between the numerical results and the experimental results 

is shown in Fig. 2 (b). We chose a blackbody radiation plate with the 
otemperature of 400 C as the heat source and its size is 12×12 cm, and 

the receiver is 1 by 1 mm. The emissivity of the heat source is 1 and 

the temperature is kept constant during the simulation process. 

Compared to the size of heat source, a large enough space is chosen as 

the calculation area mimic the actual experiment. While the boundary 

condition of the calculation area is constant at room temperature, and 

there is no air flow in the process. We adjust the temperature of the heat 

source according to the change of radiation power to simulate the 

temperature change of the receiver after using the CPC. Fig. 2 (b) 

shows that the numerical results are close to the experimental results, 

the maximum relative deviation is less than 12 %, and the results 

present the effect of CPC on gathering energy and increasing surface 

temperature of objects. Also, the trend of the distance dependence 

follows our simulated trend in Fig. 1 (b). This implies that our 

simulation with a diffused source is a good representation of the 

experiment. 

3. Improving Thermoelectric Device Performance 

with CPC  
Thermoelectric devices rely on the Seebeck effect to convert thermal 

energy into electrical energy. The Seebeck effect occurs when two 

different conductors are connected together to form a loop and when a 

temperature difference is applied between the two nodes. Then the 

voltage is generated. Inside the thermoelectric device, the thermoelectric 

semiconductor p-n junction is connected by a copper strip to form a 

current loop. The p-n junction array is typically placed between two 

alumina ceramic plates to provide mechanical support for the overall 

structure and to ensure electrical isolation of the array from other 

conductive surfaces, as shown in Fig. 3. During operation, the 

thermoelectric device is connected to an external load, and the external 

load must match the internal resistance of the thermoelectric module to 

achieve maximum power output and thermoelectric conversion 
15-18efficiency.  

To validate our thermoelectric simulations, we modified our 

current design in Fig. 1 (a) by making a rectangular CPC. This is to 

ensure that we have a large enough exit aperture for testing with a 

commercial thermoelectric module and to fabricate the CPC using 3D 

printing and vacuum deposited metal methods. To verify the 

effectiveness of CPC, the numerical simulation and experiment were 

carried out, based on the two structure of TEG1-287 commercialized 

Bi Te  thermoelectric module, defined as Model 1 (without CPC) and 2 3

Model 2 (with CPC), respectively. Compared to Model 1, Model 2 has 

a considerable reduction in structure size and material consumption, and 

the comparison is shown in Table 1. Thus, the effect of CPC can be 

well verified in the improvement of thermoelectric performance.

3.1 Experimental Results

The infrared radiation energy of CPC is used to increase the surface 

temperature of the hot end of the thermoelectric device. For studying 

the influence of CPC on the improvement of thermoelectric 

performance under different working conditions, an experimental 

system was set up and schematic diagram is shown Fig. 4 (a), the CPC 

used in the experiment is shown in Fig. 4 (b). The modified CPC has an 

acceptance angle of 25 degrees. Six groups of heat source temperature 
o o o owere selected for research, including 100 C, 150 C, 200 C, 250 C, 

o o300 C, 350 C, respectively and the cold end of TEG was maintained at 
o o27 C during the experiment (T  = 27 C). C

(a) (b)

Fig. 3 (a) Geometry of the used thermoelectric (TE) (b) Schematic of unit of a p-n junction used as a thermoelectric.
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Table 1 Summary of geometric parameters.

Geometric parameters  Symbol  Unit  Value  

   Model 1     Model 2 

Number of thermocouple pairs per module  n \ 161 17 

Width of module  WTEM  mm 40 15 

Length of module  LTEM mm 40 15 

Internal resistance  \ Ω 2.2 0.2  

 

(a)

(b)

Fig. 4 (a) Schematic illustration of the experimental 

setup of TEG with CPC (b) The CPC model adopted 

in the experiment.

The experimental shows that the use of CPC can improve the 

thermoelectric performance under the condition of no air flow in the 

room and no other heat sources except nature heat dissipation into the 

air during the experiment.

The experiment system consists of the commercial TEG module, 

a copper plate heater, recycled water cooling system, an adjustable load 

resistor, and digital regulated DC power supply and data acquisition 

system as shown in Fig. 4 (a). The ceramic heating plate is powered by 

the DC power to form a heat source. The recycled water cooling system 

composed of a heat exchanger, a pump and constant temperature 

reservoir. The thermoelectric hot end receives the heat radiation energy 

from the heat source and uses the CPC to make energy easier gather 

and transfer centrally to hot end of thermoelectric module. The distance 

between the heat source and the TEG is 0.1 m. 

The device was insulated in cotton wrapping to isolate the effects 

of air and other thermal sources. We isolated the entire setup from the 

outside and only had one heat source to isolate the influence of other 

heat sources on the experimental results, which ensures that the radiated 

heat only acts on the hot end of the thermoelectric module. The  

temperature change during the experiment was recorded by high 

precision thermocouple and digital instrument. High thermal 

conductivity materials were used between the cold end of TEG and the 

ES Energy & Environment Research Paper
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copper plate to reduce the thermal resistance of the interface. The use of 

the recycled water cooling system keeps the temperature of the cold end 
oat 27 C. 

3.2 Results and discussion

To verify the effect of CPC energy concentration, numerical analysis is 

carried out by using the commercial software ANSYS based on finite 
19-22element method.  The governing equations, boundary conditions and 

material's properties (including thermal conductivity, electrical 

conductivity, and Seebeck coefficient) were referred to Ref. [19]. The 

temperature parameters of the cold and hot ends of TEG used in the 

simulation are determined by experiments.

In the calculation, the temperature distribution of TEG is shown in 

Fig. 5. It can be seen that the internal temperature drop mainly occurs is 

the thermal elements. Due to the temperature difference between the hot 

end and the cold end of TEG, the voltage was generated inside the 

module. The surface temperature of the hot end of Model 2 increases 

obviously after the CPC energy accumulation, which greatly enhances 

the temperature difference between the cold end and hot end of the 

thermoelectric device, and that of the main reason for the performance 

improvement of thermoelectric devices. 

In this paper, two models of TEG structure are selected for 

performance test. Compared to Model 1, the Model 2 reduces greatly in 

structure size and number of PN junctions. In order to prove that the 

effect of CPC in improving the performance and optimizing the 

structure size of TEG, under the condition when the load resistance 

corresponds to the maximum power and efficiency of the two models, 

the Model 2 uses CPC to improve output performance and compares 

with Model 1 (without CPC). This test is beneficial for the exploration 

of the effective utilization of the waste heat recovered from CPC.

Fig. 6 is a graph showing the performance compassion between 

Model 1 without CPC and Model 2 with CPC. To study the influence of 

load resistance and temperature of heat source, the output power and 

conversion efficiency are defined as follows:

   
2                          P=U /Rl

where U, and R  represent load resistance voltage and electric l

resistance, respectively, and the conversion efficiency can be calculated 

by: 

                                      η=P/Qh

where Q  represents heat flow through the hot end of TEG. In h

order to calculate conversion efficiency more accurately, unlike the 

experiment described in Fig. 4 (a), the hot end of TEG was attached to 

the heat source, the cold end was attached to a copper water block with 

silicone tubes integrated for passing water through the block. The heat 

source and copper block were bolted together with the TEG in the 

middle, and each other of them coated the silicone grease to reduce 

contact thermal resistance. Externally we used heat insulation measures 

to ensure that all heat from the heat source is transferred to the hot end 

of TEG. 

In general, when output power and efficiency is maximum, load 

resistance is close to the internal resistance of TEG. Consequently, we 

compare the output power and efficiency of Model 1 and Model 2 with 

the change of heat source temperature in the condition that the load 

resistance of Model 1 and Model 2 is close to the internal resistance (the 

load resistance of Model 1 is 2.2 ohms and that Model 2 is 0.2 ohms). 

As shown in Fig. 6 (a) and (b), with the increase of heat source 

temperature, the energy of heat source radiation increase gradually, 

which makes the surface temperature of hot end of TEG rise, the  

increase in temperature difference between the hot end and cold end of 

TEG causes the Seebeck effect of the thermoelectric material to be 

enhanced, thereby further increasing the output power and efficiency. As 

mentioned in this paper, the number of P-N junctions and structure size 

of Model 2 are less than those of Model 1, after using the CPC to 

gather energy, the output power and efficiency of the Model 2 are 
osignificantly improved. When the temperature of heat source is 100 C, 

the output power and efficiency of Model 1 are 0.0023 W, 0.08 %, 

respectively and that of Model 2 are 0.0076 W, 0.2 %, respective. The 

output power of Model 2 is up to 3.3 times higher than that of Model 1 

and the efficiency is increased by a factor of 2.5, and that of Model 2 

with CPC have the greatest improvement over that of Model 1 without 

CPC than the other heat source temperature condition. 

o oFig. 5 Comparison of temperature contour of Model 1 and Model 2 at 350 C of heat source temperature and T = 27 C. C 
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Fig. 6 The performance comparison between Model 1 and Model 2. In Figs. (a) and (b), the load resistance of Model 1 is 2.2 ohms and that Model 2 is 
o0.2 ohms; in Figs. (c) and (d), the temperature of heat source is 350 C (a) Output power comparison with temperature of heat source (b) Efficiency 

compassion with temperature of heat source (c) Output power comparison with load resistance (d) Efficiency compassion with load resistance.   

Fig. 6 (c) and (d) presents the variation of output power and 

conversion efficiency of two kind of model with the change of load 

resistance under the condition of that the temperature of heat source is 
o o350 C and cold end of TEG is 27 C. It can be seen that the load 

resistance is close to the internal resistance of thermoelectric devices, 

the maximum output power and conversion efficiency are obtained and 

that increase first and the decrease with the increase of load resistance. 

The maximum output power and efficiency of Model 2 after using the 

CPC is 0.11 W and 0.902 % respectively, and that of Model 1 without 

the CPC is 0.078 W and 0.4675 % respectively, the output power of 

Model 2 is up to 1.41 times higher than that of Model 1 and the 

efficiency is almost increased by a factor of two. The experimental 

results show that the using of CPC into the TEG benefits the 

performance of thermoelectric device.

4. Conclusion
In this work, we demonstrated a non-imaging optical design capable to 

concentrating radiative waste heat which is a diffusive source. The 

simulated power received and measured temperature rise are in good 
oagreement, with a 20 C enhancement when non-imaging optics is used. 

Using the measured enhancement, we simulated and experimental 

measured the performance of a thermoelectric device with concentrated 

blackbody radiation. The results demonstrated great enhancement in 

both efficiency and output power, in which the output power is 

increased up to 1.41 times and the efficiency is almost increased by a 

factor of two. Our concept of using non-imaging optics for waste heat 

recovery is the first-of-its-kind that will bring a new paradigm for waste 

heat management without physical contact and moving parts. In the  

future work, we can adjust the size of thermoelectric device and CPC 

and the distance between them to design the array model according to 

the actual application, and make this novel topic not so far from being 

realized as a prototype.
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