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Abstract: The world primary energy consumption has been growing steadily. Therefore, there is a need to improve 
the overall energy application. There is a lack of investigation on harvesting waste heat from microprocessor as an 
alternative energy source. This study focuses on the framework required to harvest the energy from the 
microprocessor. Thermal profiling of the microprocessor integrated with an MEMS Thermoelectric Generator 
(TEG) using shunt configuration is developed. Additionally, a non-uniform energy model is derived to estimate the 
amount of energy that can be harvested from the microprocessor in the shunt configuration. MATLAB simulation 
based on the thermal and energy model is presented with two types of heat spreader material, copper and pyrolytic 
graphite with ideal and non-ideal contacts. The advantages and their shortfalls with respect to the microprocessor 
heat dissipation and the effectiveness to generate a temperature gradient at the MEMS TEG are discussed. 
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INTRODUCTION 

 
According to Institute of Energy Economics, Japan 

through APEC, the primary world energy consumption 
is expected to grow up to 16,487 million tons in 2030 
(APEC, 2006). Malaysia in the Tenth Malaysia Plan has 
committed to reduce the country energy consumption 
by 10% by 2020 (APEC Secretariat, 2010). One of the 
energy sources that lack investigation is using 
microprocessor thermal heat as an energy source (Zhou 
et al., 2008). The thermal energy that is generated by 
the microprocessor after it is converted to electrical 
energy can be channeled to other applications, hence 
improving the overall energy efficiency used.  

Microprocessors are present in various applications 
from general purpose computing to datacenter. IDC 
Server Power and Cooling Expenses Report (Michael, 
2009) forecast the total servers worldwide to grow to 
approximately 45 million in 2010. The increase number 
of servers deploy will increase the power consumption 
and heat dissipation as highlighted by Brill (2007). IBM 
z 196 with a 5.20 GHz processor produces a maximum 
heat dissipation of 93.16 kBtu/hr (IBM Redbooks, 
2011). Therefore recovering the waste heat from the 
microprocessor is worth investigating. 

The fundamental principle to convert thermal 
energy into electricity rests on the Seebeck effect. 
Seebeck effect describes an electromotive force (emf) 

that is produced when the junction of two materials are 
heated (Goldsmid, 2009). The concept of using TEG to 
harvest waste heat from the microprocessor was first 
proposed and patented by Edward (1995). Suski 
proposed to harvest the waste heat from the 
microprocessor by connecting the TEG thermally in 
serial with the microprocessor and the heat sink. 
However Solbrekken et al. (2004) show that Suski’s 
configuration was inefficient and an alternative 
configuration was suggested by placing the TEG in 
parallel with the microprocessor. The aforementioned 
alternative configuration requires an additional heat 
sink and suffers from convective heat losses during heat 
transfer process from the source.  

In this study, a new configuration where the TEG 
is integrated inside the microprocessor using shunt 
configuration is proposed as shown in Fig. 1. This 
configuration used the Integrated Heat Spreader (IHS) 
as a heat sink for the microprocessor die and the TEG. 
Since the TEG is placed in an encapsulated 
environment, the heat transfer from the heat source to 
the TEG will have a minimum convective heat loss. 

In order to understand the capability of the new 
configuration, an analytical model is developed to 
model the temperature profile and the thermoelectric 
energy conversion. Simulation study for the effect of 
the TEG placement with respect to the distance from 
the  heat  source  is  carried  out. Simulation results and  
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Fig. 1: MEMS TEG integrated in the processor 

 
discussion shows an improvement for the energy 
density generated by the TEG with the new 
configuration. 

 
MODELIN 

 
Thermal   modeling:  Work  presented   by   Yazawa 
et al. (2005), Xialong et al. (2010) and Fankai et al. 
(2011), proposed the thermal model where the 
geometric footprint of the TEG is similar with the heat 
sink. Since the heat sink footprint can be much bigger 
than the TEG, heat spreading effect should be 
considered. The spreading effect is considered in the 
works by Zhou et al. (2008) and Hsiao et al. (2010) 
Heat spreading equation is dependent on geometric 
structure as highlighted by Muzychka et al. (2003). 
Since the geometric structure of the shunt configuration 
is relatively complex, a new approach to model the heat 
transfer is needed. 

Temperature difference occurs in a system will 
cause heat to be transferred from a higher temperature 
(heat source) to the lower temperature (heat sink) until 
equilibrium or steady-state is reached. Heat is 
transferred in a solid medium through conduction. The 
conduction is model at its steady state using Eq. (1) 
(Incropera and DeWitt, 2001): 
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In Eq. (1), Q” is the heat flux, k is the thermal 

conductivity of the material, ∆T is the temperature 

gradient and ∆x is the total length between the 
temperature gradient. In order to convert to a 2 D 
conduction model, Eq. (1) is integrated to the first law 
of thermodynamics that is conservation of energy. The 
2 D conduction equation at steady state can be 
described by Eq. (2): 
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In Eq. (2), k is the thermal conductivity, Tx and Ty 

are the temperatures at the location x, y and ∆x and ∆y 

are the total length between the temperature gradient at 
x-axis and y-axis respectively. In order to obtain rate of 
heat diffused into the material, the diffusivity rate is 
given by Eq. (3): 
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In Eq. (3), p is the density of the material, c is the 

heat capacity of the material and ∆t is the time 

difference. In order to reach steady state, Eq. (3) is 

iterated until the temperature reaches equilibrium. Eq. 

(3) has a feedback mechanism therefore care must be 

taken to define the ∆t to ensure that the system is stable 

at all times. ∆t is constraint by Eq. (4): 
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In Eq. (4), αmin is the minimum heat diffusivity of 

the material. Based on the Eq. (1) to (4), it is now 

possible to model the heat transfer of the 

microprocessor integrated with the MEM’s TEG in 

shunt configuration. 

The system is first partition into small discrete 

segments. The discrete segments which consist of ∆x 
and ∆y are defined based on the thinnest material used 

in the system. In order to simplify the simulation, ∆x 
and ∆y are made to be identical. Eq. (3) is not robust to 

handle complex geometric structures with segments 

which have incomplete unit squares and multiple 

materials with different thermal conductivity, density 

and heat capacity.  

In order to overcome this, a single segment is 

partition into 4 smaller sub-segments with individual 

thermal   conductivity   at   x   and   y   axis   as  well  as  
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Fig. 2: Heat diagram of a single segment 

 

individual density and heat capacity as shown in Fig. 2. 
The general equation can be represented in Eq. (5): 
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Energy generation modeling: Previous work from by 

Yazawa et al. (2005), Xialong et al. (2010) and Fankai 

et al. (2011), models the energy with a uniform 

temperature at the TEG surfaces. Temperature drop at 

the TEG substrate is also not considered for the energy 

model. Ananthanarayanan and Christopher (2010), 

show through simulation that the temperature at the 

heat spreader is non-uniform for a heat spreader 

connected in a shunt configuration with the heat source. 

The temperature non-uniformity will lead to inaccurate 

prediction of the TEG voltage generated using shunt 

configuration. 
Zhou et al. (2008) developed an energy model 

taking into consideration of the non-uniform 
temperature distribution at the TEG surfaces. The 
energy model did not take into account substrate 
effects. Bongkyun et al. (2010), shows that the 
substrate affects the amount of energy generated by the 
TEG. For example, MPG-D751 MEM’s TEG substrate 
thickness is 96% of the total thickness of the total 
thickness. This will lead to inaccuracy on the energy 
model if temperature drop is not considered. Therefore, 
a new energy model needs to be considered. 

At steady state, the amount of heat entering the TEG 

will be equivalent to the heat dissipated from the TEG. 

At this state, a stable temperature gradient exists 

between the heat source and the heat sink. A general 

solution for an open circuit voltage is given by Eq. (6) 

is based on Zhou et al. (2008) with modification where 

in this case we assumed that there is different 

temperature on each element: 
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In Eq. (6), VOC is the open circuit voltage, N is the 

total number of p-n thermoelectric elements, αp and αn 

is the Seebeck coefficient of the p and n thermoelectric 

element respectively and ∆Tk,p and ∆Tk,n is the k-th 

element average temperature gradient for the p and n 

element, respectively . The power received by the load 

from the TEG is given by Eq. (7): 
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In Eq. (7), RL and Rpn are the load resistance and 

the p-n thermoelectric element resistance, respectively. 

In order to deliver the maximum load, the p-n 

thermoelectric element resistance and the load 

resistance need to be identical. The maximum power 

equation is defined by Eq. (8): 
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SIMULATION 

 

The simulation model is based Fig. 1 configuration. 

Non-ideal contact is simulated on the contact area (heat 

spreader and TEG surfaces) with teeth like structure as 

shown in Fig. 3. The configuration consists of three 

major elements. The first element is the microprocessor 

which is based on Intel Pentium 4, 3.40 GHz, LGA 775 

microprocessor. The second element is the MEM’s 

TEG, Micropelt MPG-D 751. The third element is the 

heat spreader-two types of hears spreaders are used in 

this study, copper and pyrolytic graphite. 

The boundary condition is assumed to be uniform 

with a temperature of 65°C running at 84 W (Intel 

Corporation, 2004) at the microprocessor die. The heat 

sink surface is assumed to be uniform with an ambient 

temperature of 25°C (Mohammad et al., 2012). The 

remaining items in Fig. 3 such as the substrate and 

underfill are assumed to be an insulator with an 

adiabatic behavior in the model. 

The mechanical properties that are critical in the 

simulation are described in the Table 1. 

The distance of the TEG from the underfill edge is 

varied from 0.1 to 2.4 mm. The model is simulated 

through MATLAB. Since the geometric configuration 

is symmetrical, only one of the symmetry is analyzed. 

The subsequent subsection will discuss on the results  

and the optimum distance of TEG from the heat source 

for different type of heat spreader. 
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Fig. 3: Non-ideal structure on contact areas 

 
Table 1: Mechanical properties used in simulation model 

Component Parameter  Value 

Microproce

ssor 

Die length1  13 mm 

Die thickness1  1.1 mm 

Underfill gap (left and right)1  2 mm 
IHS nickel plating thickness1  0.1 mm 

IHS copper thickness1  0.8 mm 
Total Processor length1  29.2 mm 

TEG Substrate thickness3  0.525 mm 

TEG element thickness3  0.04 mm 
n-type element (Bi2Te3)

4 
-160 µV/K 

p-type element (Sb2Te3)
5 

 195 µV/K 
TEG electrical resistance3  300 Ω 

Heat 

spreader 

Spreader thickness  0.03 mm 

Copper || thermal conductivity2  401 W/k-m 

Copper ⊥ thermal conductivity2  401 W/k-m 

PGS || thermal conductivity6  1600 W/k-m 

PGS ⊥ thermal conductivity2  5.70 W/k-m 
1Estimated from a Pentium 4 LGA 775 Microprocessor; 2Incropera 

and DeWitt (2001), 3Micropelt (2007), 4Bottner et al. (2004), 5Wei-
Chuan et al. (2009) and 6Panasonic Industrial Co. (2011) 
 

RESULTS AND ANALYSIS 

 

Energy generation for MEM’S TEG attached in 
shunt configuration: In this subsection, the TEG shunt 
configuration using copper heat spreader is analyzed. 
First, the effect of the placement in relation to the 
energy conversion is investigated as shown in Fig. 3. 
As seen in Fig. 4 the energy conversion behavior 
towards the TEG distance can be divided to two parts. 
The first part indicated that a gradual energy conversion 
increase proportional to the distance. The second part 
meanwhile showed a gradual decrease proportional to 
the distance. 

The first part is influenced by the TEG’s cold 

surface (contacting the IHS). The TEG’s cold surface 

temperature is contributed by the heat conducted 

through the TEG and the heat received from the IHS. 

The horizontal thermal resistance between the TEG’s 

cold surface and the heat source will increase with the 

distance from the heat source. Therefore less heat will 

be received by the TEG’s cold side from the IHS. This 

results in lower temperature on the TEG’s cold surface. 

The lower temperature will increase the temperature 

gradient and energy generated.  
The second part is influenced by the TEG’s hot 

surface (contacting the heat spreader). The horizontal 
thermal resistance on the TEG’s hot surface will also 
increase    with   the   distance   from   the   heat  source. 

 
 

Fig. 4: Maximum power generated in TEG versus the 

distance from the underfill edge for copper spreader 

  

 

Fig. 5: Maximum power generated in TEG versus the 

distance from the underfill edge with pyrolytic 

graphite heat spreader 

 

Therefore less heat will flow to the TEG’s hot surface. 

As the distance of the TEG from the heat source 

continue to increase, the TEG’s hot surface will have a 

lower temperature. As a result, the temperature gradient 

and energy generated will gradually decrease once the 

TEG’s cold surface is unable to compensate for the 

temperature drop. 

The highest amount of energy generated by a 

single TEG integrated with copper spreader is 14.7 uW 

at   a   distance   of 0.5 mm   from   the  source  for ideal  
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Fig. 6: Microprocessor die temperature increase versus the 

distance from the underfill edge using copper heat 

spreader 

 

 
 
Fig. 7: Microprocessor die temperature increase versus the 

distance from the underfill edge using copper heat 

spreader 

 

contact. Non-ideal contact is able to generate 10.45 µW 

at a distance of 0.5 mm from the source. The small 

amount of energy generated is attributed to a small 

average temperature gradient on the TEG.  

Investigation is also carried out with pyrolytic 

graphite as a heat spreader. The effect of the TEG 

placement in relation to the energy conversion is shown 

in Fig. 5. Since the thermal conductivity of the 

pyrolytic graphite is approximately 4 times higher than 

copper the maximum energy generated by the TEG is 

220.4 µW at a distance of 0.6 mm for ideal contact. 

Non-ideal contact has a maximum energy generated by 

the TEG is 204.7 µW at a distance of 0.5mm. 

The experimental result from existing shunt 

configuration from Zhou et al. (2008) has a harvested 

energy density of 0.25 µW/mm
2
. The proposed 

configuration improves the energy density from 0.91 to 

18.23 µW/mm
2
 depending on the heat spreader used 

with a non-ideal contact. 

Heat dissipation for MEM’S TEG attached in shunt 

configuration: The microprocessor heat dissipation 

performance with relation to the TEG placement is 

explored as shown in Fig. 6. The temperature is 

observed to gradually increase as the TEG placement 

approach the heat source. This is because heat will be 

conducted from the heat spreader to the TEG’s cold 

surface. As the TEG move closer to the source, the 

additional heat from the heat spreader will also 

increase. The presence of additional heat on the TEG’s 

cold surface will reduce the IHS horizontal heat flow 

hence increasing the temperature of the microprocessor. 

As seen in Fig. 6, the heat spreader that is introduced 

has a maximum temperature increase of 0.04896°C and 
a temperature increase is 0.04892°C at the highest 
power generated for ideal contact. Non ideal contact 

has a maximum temperature increase of 0.04835°C and 
a temperature increase of 0.04831°C. Pyrolytic graphite 
heat spreader  temperature  dissipation  is  shown in 

Fig. 7. The maximum temperature increase of 3.101°C 
and 3.098°C at the highest power generated is 

registered for ideal contact. Non-ideal contact has a 

temperature of 3.0819°C and 3.0788°C is observed for 
TEG placement corresponding to the maximum 

temperature and power, respectively. 

Pyrolytic graphite has relatively poor heat 

dissipation in comparison to copper heat spreader. 

Therefore, consideration on the poor heat dissipation 

needs to be taken into account prior to the integration of 

the pyrolytic heat spreader into the system design. 

 

Application for waste heat energy harvested from 

microprocessor using MEM’s TEG: The maximum 

simulated recycled energy is approximately 409.4µW 

for a single MEM’s TEG with a non-ideal contact. 

Pentium 4 LGA 775 (Intel Corporation, 2004) has a 

package void area of 1248 mm
2
. Therefore, allowing 4 

MEM’s TEG to be placed in the microprocessor. This 

implies that approximately 1.63 mW of energy can be 

recycled from the microprocessor. 

The recycle energy is relatively small. One of the 

possible ways to reuse the recycled energy is to drive 

certain modules of the Central Processing Unit (CPU) 

during idle period. One example is to channel the 

energy to the Real Time Clock (RTC) and the Static 

RAM in the computer motherboard which consumes 

15µW of energy (Intel Corporation, 2012). This will 

remove the need of replacing the CMOS battery in the 

microprocessor system resulting in a greener 

environment. 

 

CONCLUSION 

 

In this study, a model is presented to estimate the 

thermal profile of a microprocessor integrated the TEG 

with shunt configuration. Using the model two types of 

heat spreader are analyzed which are copper and 
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pyrolytic graphite integrated to the TEG. Result shows 

that pyrolytic graphite heat spreader is more effective in 

transferring heat to the TEG compare to copper.  

The amount of energy harvested for two types of 

heat spreader is also analyzed for ideal and non-ideal 

contact for the system. The amount of energy generated 

is affected by the distance from the heat source where 

the optimum distance is between 0.5 to 0.6 mm. 

Pyrolytic graphite heat spreader configuration has the 

maximum amount of energy harvested from the TEG. 

The energy characteristic is similar for different types 

of heat spreader and contact. It is also noted that the 

heat dissipation of the processor does not vary 

significantly with the TEG placement. 

Since the recycled energy is small, it can be used to 

drive low power applications such as replacing the 

CMOS battery operation on the motherboard. 
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