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The integration of renewable energy sources and the associated power electronics to notebook power 

and thermal management systems was investigated in this work. Both thermoelectric (TE) and photovoltaic 

(PV) energy extraction techniques were explored with the goal of achieving best sustainability. Semi-realistic 

usage assumptions were taken into account to evaluate the merits of the new schemes, along with relevant me-

trics that encompassed both performance and energy expenditure. 

 

A Thermoelectric System Solver (“TESS”) was developed, and used to simulate the application of 

TEs to different platform types. The benefit from the three analyzed TE schemes had strong sensitivity to the 

platform size and material technology. The Hybrid Thermoelectric Conversion (HTC) scheme offered the best 

tradeoffs, and demonstrated potential for 10% improvement in system efficiency with common TE components, 

as measured by Performance/Watt. TE module integration into the heat pipe in a standard Thin and Light mobile 

system was analyzed through a Finite Element Analysis (FEA) model, which identified acceptable module sizes 

and placements. Next, Photovoltaic Power Generation (PPG) was added by evaluating an integrated PV sheet at 

the backside of the notebook lid. Available photovoltaic (PV) power range was quantified per system type under 

realistic use scenarios. Up to 5% battery life extension was achieved using commonly available PV modules. 

 

Power electronics efficiency was highlighted as one of the fundamental challenges in the integration of 

renewables into a mobile computing platform. The mobile power architecture was enhanced to store the ex-

tracted energy from multiple sources in the existing system battery. Using power conversion efficiency metrics 

suitable for the renewables application, several fundamental topologies were evaluated for stepping up low vol-

tage TE outputs. A cascaded charge pump scheme with an asynchronous oscillator based control scaled best to 

the requirements of the application, and yielded positive net power generation to the system battery. The circuit 

contained no magnetic components to be suitable for large scale integration (LSI). Finally, fundamental conclu-

sions from simulations were verified through hardware prototypes using discrete components. 
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SUSTAINABLE POWER MANAGEMENT OF MICROELECTRONICS 
 
 
 

1 INTRODUCTION 
 

 

1.1 Background 
 

Technology scaling and higher performance thrust in integrated circuits (ICs) has pushed the 

power densities to 100 W/cm2 in recent microprocessors, which is several times higher than that of a 

kitchen hot plate [1]. The roadmap of semiconductors [2] predicts continued increase in power density 

due to higher operating frequencies, growing leakage from a larger number of scaled transistors, and 

higher interconnect parasitics. Virtually all of the power delivered to a microprocessor is converted to 

waste heat [1] through switching and leaking of more than one hundred million transistors packed into 

as little as ~100 mm2 die area [3]. Hence, power dissipation and heat removal are becoming the primary 

limiters in the continued application of Moore’s Law to system performance and integration [4, 5]. 

 

 

 

Fig. 1.1. Processor power density [5] 

 

The growing power density trend of high performance processors from 10 W/cm2 in mid 1990s 

to the current 100 W/cm2, and further growth to the projected 1000 W/cm2 in mid 2010s was reported in 

[5] as depicted in Figure 1.1. On the other hand the Complimentary Metal Oxide Semiconductor 

(CMOS) gate oxide reliability has limited, and will continue to limit the maximum allowed device junc-
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tion (Tj) and ambient (Ta) temperature specifications [2]. In general (Tj-Ta) can be expected to slowly 

reduce over time due to lower Tj requirements from reliability and performance, and increased Ta from 

higher system integration and smaller system sizes [6]. It is hence clear from the system thermal equa-

tion 1-1 [7] that chip junction to ambient thermal resistance, Rja, normalized over a unit area (or vo-

lume), needs to trend down in order to keep up with the increase in heat flux. Ψja in this equation is the 

non-normalized junction to ambient thermal impedance for a particular size chip. 

HeatFluxRTTPower jaajja ×=−=×Ψ            (1-1) 

Local power concentrations in logic Integrated Circuits (ICs), also referred to as “hot spots”, exasperate 

the challenge of thermal management [6]. Fig. 1.2 demonstrates the adverse consequences of non-

uniform heat distribution on the effectiveness of a typical cooling solution. Absolute power numbers are 

omitted in [6] for the y-axis, and the graph represents the relative cooling capability only. The problem 

of non-uniform heat has been traditionally addressed through features added to the die package, like 

Integrated Heat Spreaders (IHS), to spread the heat before dissipating it. 

 

 

 

Fig. 1.2. Impact of die power non-uniformity on cooling capability [6] 

 

The common approach to attack the problem of cooling processors has been by means of natu-

ral convection to ambient through bulky heat sinks and forced convection through fans attached to the 

heat sinks (active heat sinks) [7, 8] as in Fig. 1.3. For the purposes of the forthcoming discussion of the 

challenges on the horizon, the immediate problem areas are divided into two: i) Medium to high power 

desktop/server systems, and ii) lower power and smaller form factor mobile systems. 
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Fig. 1.3. An active heat sink [7] 

 

i) Medium to High Power Desktop/Server Systems: 

Desktop or server systems, with the processor as the dominating power consumer in the 100 W 

thermal design power (TDP) range, have stringent cooling cost constraints. Incremental improvements 

in air-cooled, solid metal heat sinks have been traditional for low cost solutions [8]. The specified con-

straints in [2, 3, and 5] can be used to estimate the Rja requirement at the high power end as: 

WcmC
cmW

CC
HighPowerRja /

2
5.0

2
/100

4090
)( ⋅=

−
≈

o
oo

   (1-2) 

Making a realistic assumption that half of this resistance is between the junction and the heat sink inter-

face (Rjh=0.25), the other half is approximately the minimum Rha requirement for state-of-the-art cool-

ing solutions for high performance microelectronics. This number is consistent with the one used in the 

analysis by [8], concluding that air cooling technology can be extended to support the short-term needs 

of the low and high power processors. This is represented by the two leftmost bars in Fig. 1.4.  

There are two important points to be made on the assessment made in this figure: 

A) Even though active heat sink designs can be extended to cool contemporary high power processors, 

acoustic noise has recently emerged as a big challenge with such solutions, as also described in [9] and 

[10]; 

B) As silicon technology continues to scale in accordance with Moore’s law, it is inevitable that new 

thermal management solutions, such as represented by the two rightmost bars, will be incorporated. 

In the same paper [8], the authors bring up cost and volume concerns associated with some of the new 

technologies under investigation as shown in Fig. 1.5. Higher cost associated with alternatives in gener-

al has been a big inhibitor in abandoning the air cooling technologies for decades. The cost of emerging 

technologies will need to be carefully evaluated, and reduced for the transition to the new technologies 

to be successful. Consistently, National Electronics Manufacturing Initiative (NEMI) 2002 Roadmap 

[11] emphasizes the following critical focus areas: 
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• “The extension of Moore’s Law beyond 2005 will require new packaging technologies to reduce 

the cost of packaging”, 

• “Co-design of mechanical, thermal, and electrical performance of the entire chip, package, and as-

sociated heat removal structures is one of the key crosscut challenges”. 

Urgent exploitation of new and low-cost cooling technologies was also dictated in [12]. 

 

 

 

Fig. 1.4. Cooling technology performance [8] 

 

 

 

Fig. 1.5. Cost and volume ratio for different technologies [8] 
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ii) Low Power Mobile Systems: 

 

The low power mobile system is required to be capable of dissipating the heat under maximum 

TDP conditions (~50 W [13]) using compact cooling solutions. Since the passive cooling limit for note-

book computers is ~38 W [14], the majority of leading-edge laptop systems use heat pipes to internally 

spread the heat, and forced convection, with micro-fans, to dissipate the heat to ambient [15]. Typical 

Rja requirements for components in a low power system are 1 to 2 °C.cm2/W, much less stringent than 

those in medium to high power systems. However, ergonomic issues need to be considered such as 

maintaining a comfortable outer case temperature for the user [2]. 

 

The major constraint in low power (mobile) platforms is battery life due to average power con-

sumption (~11-12 W [13]) across the system. The current mobile systems can run 3-4 hours, but mobili-

ty target is to increase this to 8 hours [16] and perhaps more in the future. Hence, the following are crit-

ical development areas: 

• Energy efficient cooling [15],  

• higher density energy sources, 

• fast renewable sources [16], and 

• enhanced power and thermal management features [2, 16, and 17]. 

 

The definition of sustainability in this context is twofold. First, sustainable system develop-

ment requires the achievement of cooling requirements with minimum material consumption, minimum 

fabrication energy/costs, and minimum input energy spent on thermal management. Minimum volume 

or maximum compactness can be added to the requirement of maximum sustainability, where the size 

of the cooling solution drives the system size and cost. As an additional consideration, sustainable 

thermal management should be scaleable to systems with more (or less) integrated components, with 

more (or less) aggressive thermal requirements, and still have the acoustic noise constraints. Thus, it 

should minimize the non-recurring investment and development costs. 

ity)(ScaleabilMax y)InputEnergnCostFabricatioost(MaterialCMin  nability Max_Sustai +++≡    (1-3)               

Efficiency is used in its traditional context of useful output work as a fraction of input energy. 

y)InputEnergk / (UsefulWorMax  ency Max_Effici =          (1-4) 

It can quickly be concluded from equations (1-3) and (1-4) that maximum sustainability and maximum 

efficiency are very consistent goals for thermal management of microelectronics. They both drive the 

requirement for minimum investment of valuable resources to thermal management, and the maximum 

utilization of the invested resources to do useful work. 
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Maximum sustainability and efficiency for a desktop system correspond to minimum size cool-

ing solutions (e.g. heat sinks) with minimum material and fabrication costs. In addition it implies an 

optimized solution, which requires minimum input energy (e.g. to power the cooling fans) and scalabili-

ty to the future systems with higher power requirements. In reality, the most sustainable and efficient 

systems will be the ones that implement the best tradeoff between fabrication and operation for lowest 

overall cost. The acoustic noise needs to be part of the consideration for sustainability. It is clear with 

recent emphasis on environmental issues and low-cost technologies [2, 11], push for least-energy, least-

material developments [19, 20], emerging acoustics concerns [9, 10, 18],  and issues with scalability of 

current thermal management technologies to future problems [8] that sustainability will continue to be a 

growing concern for medium to high power systems. 

 

Battery life is the limiter for a low power mobile system [16], which means highly efficient 

power management is very important. Even though the heat sinks/pipes and fans tend to be much more 

compact than the desktop solution due to lower power dissipated by the mobile platforms, many of the 

aforementioned sustainability concerns hold for low power systems as well. Since thermal management 

and power management can be highly related as first introduced in equation (1-1), background in both 

areas will be provided next. In addition battery life initiatives will be discussed, which also requires 

power management focus, but typically not in thermally stressful conditions. 

 

1.2 Previous Work 

 

A summary of emerging thermal and power management technologies is presented in this sec-

tion, and a qualitative assessment of sustainability and efficiency is provided. 

 

1.2.1 Passive and Forced Convection Air Cooling 

 

 Even though this is well exploited and the most common cooling solution, a brief background 

will be provided for the purposes of introducing the perspective of sustainability into the discussion. 

The heat is first removed or spread out from the integrated circuits on silicon to an outer surface by 

means of conduction through an “internal” cooling solution as depicted in Fig. 1.6 [21]. This consists of 

an IHS attached to the chip through a thermal interface material (TIM1 in the figure) as permanent ex-

tension to the package. The heat is then further conducted to a larger surface area through a second 

thermal interface material (TIM2) and external heat sink attachment, and is finally interfaced to the am-

bient air in the surrounding through convection (hence the term, air cooling.) In recent microelectronics 

with higher power densities, the air-cooled solution has been optimized further by sophisticated DOE 

analysis [8], and extensive thermal modeling [22, 23]. The optimizations have led to a variety of ap-

proaches including curved and dense fin geometries, the integration of higher thermal conductivity ma-
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terials like copper to the IHS interface of the heat sink, and deployment of forced convection by adding 

a fan to increase the speed of air flow around the heat sink fins, thus reducing the overall thermal resis-

tance further. 

 

 

 

Fig. 1.6. Cross section of a typical cooling module [21] 

 

Reference [19], by A. Bar-Cohen, shows that the energy invested in the fabrication of air-

cooled heat sinks can be much more than the energy spent to power up commonly used fans for the 

maximum heat transfer and “least material” designs. A methodology for “least energy” design is intro-

duced instead, along with a thermal Coefficient-of-Performance (COPT) metric. COPT forms a link be-

tween the cooling capability of the heat sink to the energy invested in both the fabrication and the opera-

tion. In this study, it is concluded that least-energy designs can theoretically achieve twice the COPT 

value that is attainable with designs that ignore the energy invested in heat sink materials. [20] extends 

the previous analysis to combine COPT with entropy generation minimization, and proves the presence 

of an optimal resource allocation ratio between heat sink manufacturing and operation for forced con-

vection designs. 

 

1.2.2 Vapor Chamber Heat Sinks 

 

The vapor chamber operation is based on a two-phase heat transfer process, which reduces the 

spreading resistance at the base of the heat sink [24]. The working medium in the chamber evaporates 

when heated by the chip as depicted by Fig. 1.7.  

 

 

 

Fig. 1.7. Air cooled Vapor Chamber Heat Sink (VCHS) [24] 
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The resulting vapor rises to release the heat to the air-cooled heat sink base, condenses, and flows back 

to the pool. The lowest thermal resistance of an experimental vapor chamber heat sink (VCHS) system 

is reported to be similar to that of high performance forced convection air cooled systems, around 0.6 

°C/W by [24]. Although the heat-sink used in this system was not especially optimized, it is expected 

that such optimizations would only increase the overall cost which is already much higher than the 

forced convection air cooled systems that do not contain a vapor chamber. Furthermore, the fan noise is 

still a potential reliability issue with this solution. It is not clear without further analysis if a much better 

sustainability and efficiency can be achieved than the optimized air cooled systems without vapor 

chambers. 

 

1.2.3 Liquid Cooling (through a Cold Plate) 

 

Liquid, cooled by a heat exchanger as in Fig. 1.8, is circulated through a cold plate, which in 

turn dissipates the heat from the electronic module [21]. Liquid cooling enables heat spreading over a 

bigger area and longer distance without adding significant spreading resistance, unlike the conventional 

air-cooled systems. Thermal resistance as low as 0.3 to 0.4 °C/W can be achieved [21, 24] by tuning the 

liquid flow rate using the pump, which means this system is well capable of scaling to power levels in 

150 W range or more projected by the ITRS roadmap [2]. Acoustic noise reliability issues are partially 

addressed in the system by placing the fan and pump away from the electronic module and potentially 

operating at a lower fan speed. These advantages explain why this technology has already started enter-

ing the high end processor market [25]. It is clear, however, that there are new reliability issues to be 

addressed with introducing a liquid reservoir, a mechanical pump, and pipes into the system. In addi-

tion, extra power is required to drive the pump with some associated losses. 

 

 

 

Fig. 1.8. A typical liquid cooling system [21] 
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One approach that alleviates the reliability concerns associated with liquid cooling is electro-

kinetic microchannel cooling system [26] depicted in Fig. 1.9. The pipes are reduced to microchannels 

by decreasing their hydraulic diameter in this implementation, thus increasing the heat transfer coeffi-

cient. The electro-kinetic pump operation is based on electro-osmotic flow generated through an electric 

field across a micro-porous glass frit, and hence has no moving parts or noise. The system is more com-

pact due to smaller amount of liquid in the system. Liquid flow rate can be an order of magnitude lower 

than the conventional liquid cooled systems due to reduced thermal resistance, requiring less power. 

The liquid cooling solutions in general are suitable for high integration at system level since the attach-

ment to the electronic module is very compact. 

 

 

 

Fig. 1.9. Electro-kinetic micro-channel cooling system [26] 

 

Even though this technology seems sustainable from scalability of performance, and acoustics point of 

view, the efficiency of the system needs to be analyzed against the alternatives. The liquid cooling solu-

tion designed for mainstream usage, as discussed in [25], is an order of magnitude more expensive than 

the conventional heat sinks for air cooling. This limits the application areas to very high power systems, 

like servers, where air cooling is not feasible. This may change in the near future as volumes increase, 

especially when the air cooling reaches end of its life. 

 

1.2.4 Immersion Cooling or Pool Boiling (Thermosyphon) 

 

The growing heat fluxes associated with microelectronic components and reliability constraints 

will most likely necessitate the use of direct liquid cooling for future systems [18]. In this technology 

the component is fully immersed in a dielectric liquid. Heat is transferred by convection and/or boiling 

from the package surface to the liquid, which then circulates within the enclosure. A very efficient 

spread of heat to the external surfaces of the enclosure is established through this circulation, and forma-

tion/collapse of water bubbles at higher power dissipations. As in the case of vapor chamber technology, 
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this scheme depends on a phase change to increase the effective maximum heat flux that can be dissi-

pated. The heat released by the circulating liquid to the walls of the container is then released to the air 

through convection. The walls of the container may have external fins or even a fan to help decrease the 

overall thermal resistance further, as shown in Fig. 1.10. Water cannot be used as the cooling liquid due 

to the stringent material and electrical requirements of the immersion cooling application. Dielectric 

fluorochemical coolants, or fluorinerts, with low boiling point are used instead [27]. There is a Critical 

Heat Flux (CHF) limit associated with pool boiling, above which the device may be damaged. CHF is 

the result of excessive bubble crowding near the device surface. The bubbles begin to restrict liquid 

access to device surface, and the device may go into thermal runaway. CHF is therefore the upper heat 

flux design limit for any immersion cooling system. 

 

 

 

Fig. 1.10. Air cooled thermosyphon (pool boiling) [27] 

 

Immersion cooled components should be able to dissipate 1000 W/cm2 heat flux without diffi-

culty. Passive immersion systems with no forced convection are very conceivable for the future thermal 

management requirements. Passive immersion cooling has very high efficiency, no noise issues, and is 

expected to have lower costs than the spray cooling technologies (next section). However, cost and re-

liability concerns as well as nearly fixed orientation requirements, has limited its application mainly to 

expensive high-end servers and multi-chip modules thus far. It is nevertheless one of the most viable 

alternative technologies to the current air cooling in immobile systems with respect to sustainability and 

efficiency. 

 

1.2.5 Spray Cooling 

 

Sprays break up the liquid into fine droplets which impinge individually upon the heated wall 

and enhance the spatial uniformity of heat removal, as shown in Fig. 1.11. Since the solution involves a 
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phase change as in some of the previously described methods, it offers a viable alternative to air cooling 

in high heat flux applications especially in tightly packed electronics such as mobile or 1U server plat-

forms [28]. Investigations in [28] using remote heat rejection as in Fig. 1.10 confirmed that 1U server 

retrofitted for spray cooling produced better performance at reduced fan speed than with air-cooled 

thermal management. The exact system configuration was not discussed in the paper, but improved re-

liability was reported due to fans running at lower speeds and away from the peripherals like memory 

and VRMs. In addition, microprocessor burn-in, semiconductor failure analysis and military servers 

were investigated and identified as suitable applications for spray cooling. 

 

Spray cooling and free-jet cooling (described in the next section) are competing similar options 

for electronic cooling [27]. Although sprays do not need as high flow rates as jets, they require higher 

nozzle pressure drops. There are other complexities associated with the spray nozzle including in-

creased likelihood of clogging, repeatable impact patterns, very high performance sensitivity to nozzle-

to-surface distance, etc. These sustainability concerns would have to be addressed before traditional 

spray cooling finds a widespread use in computer systems. 

 

 

 

Fig. 1.11. Nozzle-to-wall spraying [27] 

 

1.2.6 Jet Impingement Cooling 

 

Jet impingement is typically used effectively in presence of high heat fluxes, similar to hot 

spots in processors. This thermal management solution is especially attractive for portable computers, 

where the high volume flow rate forced convection cooling schemes used in desktop systems are not 

feasible due to space and battery power constraints [29]. High convective heat transfer rates can be 

achieved in the stagnation region of the flow, as demonstrated in Fig. 1.12, at extremely low flow rates. 

Jet impingement therefore requires minimal power from the system battery, unlike the forced convec-
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tion cooling. The study in [29] suggests that cooling a processor of 8 W will require half the power with 

jet impingement cooling as a more traditional thermal management system with a larger cooling fan, 

heat pipe, and an aluminum heat sink. On the other hand, for higher power systems some enhancements 

are necessary to the single-phase gas jet impingement to achieve higher heat flux removal rates. 

 

Fig. 1.12. Schematic of impinging jet [29] 

 

Boiling jet impingement can achieve significantly higher heat removal rates than the single-

phase jet impingement [30]. The problem with macro scale two-phase jet impingement with large ori-

fice diameters (millimeter or larger), however, is the fact that the associated high flow rates require 

higher power pumps and larger systems. The performance of micro scale single jets and multi-jet arrays 

is therefore examined in [30] with orifice diameters in the range of 40-76 um. The data from experimen-

tal systems, as shown in Fig. 1.13, indicates convection coefficients are similar to that of pool boiling. 

These microjet heat sinks are designed to be integrated into a closed-loop electroosmotically pumped 

cooling system similar to the one in Fig. 1.9. 

 

 

 

Fig. 1.13. The bonded jet and heater test device [30] 

  

Liquid impingement cooling in micromachined jets is an emerging technology for future IC 

chip cooling. Further work is necessary to optimize the geometry of jet formation in order to achieve the 

best sustainability and efficiency. In addition to being a less explored technology than the liquid cooling 

schemes described in Section 1.2.3, it carries many of the cost related concerns discussed earlier in that 

section. 

 

1.2.7 VIDA and Synthetic Jet Ejectors/Pumps 
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In this (and next) section the prospects of using piezoelectric materials in thermal management 

is discussed. The vibration induced droplet atomization (VIDA) [31] technique comprises of violent 

break-up of a liquid film into droplets by vibrating a piezoelectric actuator. As in the case of spray cool-

ing (Section 1.2.5), the droplets continually coat the surface of the heat source with a thin liquid film. 

The liquid then evaporates, and the resulting vapor is condensed on the internal surfaces of the heat 

transfer cell as well as the working fluid as shown in Fig. 1.14. Note the walls of the heat transfer cell 

can be cooled through various methods which may involve forced convection or liquid cooling. The 

condensed liquid is returned via gravity to the piezoelectric actuator.  

 

 

 

Fig. 1.14. Schematic of VIDA heat transfer cell [31] 

 

This is a new technology that has the benefits of two-phase cooling, without the limitations of a wick in 

a heat pipe to feed the heat source. It also has the potential of better performance compared to a thermo-

syphon (Section 1.2.4), because it involves a continual boiling of a thin film on the heat source that pre-

vents the formation of a vapor blanket that can exist in pool boiling. On the other hand, like a thermosy-

phon, the VIDA system has to be operated in a nearly horizontal orientation which limits its applica-

tions. It was reported in [31] that up to 300 W of heat transfer rate was achieved in a burn-in platform 

using liquid cooling for the VIDA heat transfer cell. 

 

Jet ejectors, reviewed in [32], are based on the principle of time-periodic alternate suction and 

ejection of fluid (e.g. air) through an orifice bounding a small cavity, for example between the fins of a 

heat sink. The air flow is caused by the periodic motion of an electrically controlled diaphragm that is 

built into the walls as depicted in Fig. 1.15. Unlike conventional jets, the synthetic jets produce fluid 

flow without addition of mass or complex plumbing to the system. 
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Fig. 1.15. Operation principle of a synthetic jet ejector [32] 

 

The efficiency of synthetic jet ejectors is demonstrated in [32] through a heat sink cooling 

module shown in Fig. 1.16. This device provides a case-to-ambient thermal resistance of 0.69 °C/W that 

is 350% higher than natural convection. The active heat sink also dissipates 40% more power than a fan 

used for forced convection at the same flow rate. 

 

 

 

Fig. 1.16. Jet ejector heat sink cooling module [32] 

 

It is clear that jet ejectors address the acoustic noise concerns, and have the advantage of being compact 

and electrically controllable. They evidently are more efficient than the mainstream cooling solutions 

today, but their sustainability including total cost and scalability with increased power levels deserves 

further investigation. 

 

1.2.8 Piezoelectric Fans 

 

Piezoelectric fans are small, noiseless when operated outside audible resonant frequencies, and 

are low-power devices. Studies in [33] show piezoelectric fans offer a viable compact and low-power 

alternative to rotary fans in smaller low-power systems, showing as much as 100% improvement in heat 
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transfer coefficients when compared to natural convection alone. The technology cannot currently satis-

fy the cooling needs for larger systems such as laptops, but can provide supplemental cooling, for ex-

ample for hot spots or other stagnant areas. Since the scaling to higher power electronics is not conceiv-

able in the current state of the technology, piezoelectric fans do not satisfy the requirement of sustaina-

bility in general. 

 

1.2.9 Thermoelectric Refrigerators 

 

A thermoelectric (TE) couple is built by joining electrically conducting n-type and p-type ma-

terials at the top by metal (black bar) [34]. When the current flows in the direction shown in Fig. 

1.17(A), the negatively charged electrons in the n-type material and the positively charged holes in the 

p-type material flow from the junction to the base, hence taking heat away from the junction. This is the 

fundamental concept behind the thermoelectric refrigerators discussed in this section. Similarly, as de-

picted in Fig. 1.17(B), both types of carriers conduct heat to the cold base when the junction is heated, 

and a voltage difference is generated at the two base electrodes. This is the basis of thermoelectric gene-

rators as further discussed in the next section. 

 

Active Cooling Heat Source

Heat SinkHeat Rejection

e+ e+

 

 

Fig. 1.17. Thermoelectric A) Cooler B) Generator [34] 

 

Thermoelectric modules have the advantage of being compact, quiet, and having no moving parts [35]. 

They are controlled by current supplied to the thermoelectrics, similar to piezoelectric materials. The 

usefulness of thermoelectric materials is often characterized by the dimensionless product ZT, where Z 

is the thermoelectric figure of merit defined by equation (1-5), and T is the temperature in °K. 

K
Z

•
=

ρ

α 2
      (1-5)  

where  α is the Seebeck coefficient,  
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 ρ is the electrical resistivity, and  

 K is the thermal conductivity.  

Reference [36] analyzes the problem of thermoelectric cooling in context of power electronics and con-

cludes cooling power densities up to and above 100W/cm2 may be achievable with Bi2Te3 based thin 

film coolers of 20 micron leg lengths. [35] derives equations for chip temperature and allowable power 

dissipation with thermoelectric module augmentation. The conclusion from this study is that off the 

shelf thermoelectric modules may be used to provide cooling enhancement only for a limited range of 

powers. The figure of merit, Z, and the coefficient of performance, COP, need to be improved, given 

COP is defined using the following equations: 
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where N is the number of thermoelectric elements,  

 G is the ratio of cross-sectional area to length of each thermoelectric element,  

 I is the electrical current,  

 Tc is the cold side temperature in °K,  

 ∆T is the temperature difference (Th-Tc) between the hot side and cold side of the thermoelec-

tric elements,  

 Qp is the heat pumping capacity of a thermoelectric module, and 

 Qte (or W) is the amount of heat dissipated by a thermoelectric cooling module, or the input 

power to the thermoelectric module. 

ZT from the off the shelf module in this analysis was 0.87 whereas COP was 0.84 as opposed 

to 1.9 to 3 observed in vapor compression systems. 

 

Many refrigeration options for microelectronics are discussed in [37], among which thermoe-

lectric refrigeration is the most viable due to its scalability to micron levels, competitive projected cool-

ing capabilities, ease of control, and high reliability. Cost, on the other hand, continues to be the big 

inhibitor of this technology. An analysis using the simple model of Fig. 1.18 and parameters from a 

commercially available thermoelectric component reveal a better heat removal performance compared 

to a standard cooling fan for Q < 125W. Due to modest COP (< 1) of the thermoelectric module, i.e. 

low efficiency, Q+W >> Q in this model, and the system is much more sensitive to the value of R2 than 

R1. The implication is that an excellent heat transfer capability is required between the hot side of the 

refrigerator and the ambient, such as impingement cooling, heat pipes, etc.  
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Fig. 1.18. Thermal model of incorporating a refrigerator into electronic packaging [37] 

 

Fig. 1.19 predicts the thermal performance of future thermoelectric coolers assuming material 

Z improvements, but otherwise no change in electrical resistivity and thermal conductivity. ZTroom is 

expected to reach at least 2 or 3 by 2010 [37]. 

 

 

 

Fig. 1.19. Future performance of thermoelectric coolers [37] 

 

A more recent comprehensive analysis [38] on thermoelectrically enhanced heat sinks advo-

cates the use of today’s best bulk thermoelectric materials in optimum thermoelectric cooler (TEC) de-

signs, instead of off the shelf components. For a given TEC geometry an optimum current exists based 

on the hot and cold side temperatures in order to optimize COP values up to 4 or higher in worst case 

operating conditions. Fig. 1.20 demonstrates this concept by plotting COP against current to the TEC 

for a selected element geometry and ∆T. ∆T must be less than 30 ºC in order to achieve a COP signifi-

cantly higher than 1. The current required to produce the high COPs is 10-30% of Imax for a TEC. The 

graphs in Fig. 1.20 are generated using Micro Alloyed Materials (MAM) bulk Bi2Te3 thermoelectric 

materials, which have higher figure of merit than the ones used in the plot of Fig. 1.19 from [37]. The 

authors of [38] also propose that the heat pumping capability of the material used in the plots of Fig. 

1.19 could in fact be quadrupled if the element height was reduced by a factor of 4, which is a possible 

geometry with today’s technology. [39] suggests further COP improvements are attainable by spreading 
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small thermoelectric coolers to strategic locations such as hot spots and controlling them through a dis-

tributed network. 

 

 

 

Fig. 1.20. COP as a Function of Current and ∆T [38] 

 

In light of leakage, pump reliability, noise, vibration, cost and size concerns associated with 

liquid cooling alternatives, thermoelectric design enhancement is an attractive method to scale the ther-

mal management capability of air cooling to high powered electronics. The cost of thermoelectric mate-

rials is still not comparable to the traditional air cooling solutions. Due to the small form factor of the 

thermoelectric modules, it is conceivable, however, that the cost can be reduced in the future as the pro-

duction volumes increase. Therefore, thermoelectric cooling is a promising emerging technology from 

sustainability and efficiency perspective. 

 

1.2.10 Energy Scavenging using Thermoelectric Conversion 

 

TE technology can be used to generate electricity from the waste heat of the microelectronics 

[40], thus minimizing the power consumption in a portable equipment by the thermal solution. Two 

configurations were parametrically analyzed in [40]: A direct attach design depicted in Fig. 1.21(A), 

where the TE generator and the heat sink are directly attached on top of the heat source, and a shunt 

attach design where a heat sink is provided parallel to the TE with primary heat sink, as in Fig. 1.21(B). 

The analytical model of the direct attach configuration is similar to that in Fig. 1.18, except the refrige-

rator is replaced by a thermoelectric converter. The analysis for this configuration results in the perfor-

mance trends of Fig. 1.22, which relate the generated power from the TE module to the source tempera-

ture, that is, the success of the thermal solution in keeping the junction temperature (Tj) of the heat 

sourcing device below a certain value. The plots reveal that heat dissipation from the source has to be 

below 10 W for a realistic Tj limit of 85 ºC. The maximum TDP power consumption of many main-

stream processors is well above this limit, deeming this design impractical. 
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A
 

 

 

B

  

 

Fig. 1.21. TE conversion with A) direct attach, B) shunt attach design [40] 

 

 

 

Fig. 1.22. Generated power and source temperature versus allowed heat dissipation for direct attach 

design [40] 

 

The thermal resistance network model of Fig. 1.23 is used to analyze the shunt attach TE gen-

eration resulting in the performance plots in Fig. 1.24. Tj is maintained at 85 ºC and ambient at 35 ºC in 

these plots. The generated power reduces with increased heat dissipation from the source due to in-

creased temperature drop across the interface between the heat source and the heat spreader, and the 

decreased temperature difference across the TE module. It is nevertheless projected in [40] that a cool-

ing fan can be powered using the generated electricity with the shunt attach design, effectively giving 
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rise to a self-sustaining thermal solution for most practical applications after the initial investment of 

building the system. The heat dissipation cost of the TE is estimated in the same study to be 15 W and 

10 W at the extremes of the plot in Fig. 1.24. In other words, if the TE is excluded from the system the 

thermal solution is capable of dissipating 25-110 W of power instead of 10-100 W, but extra power is 

required for the cooling fan. 

 

 

 

Fig. 1.23. Shunt attach thermal resistance model [40] 

 

 

 

Fig. 1.24. Generated power and temperature across the TE versus allowed heat dissipation for shunt 

attach design [40] 

 

The described shunt attach design concept is demonstrated in a prototype [41] using a test chip 

with embedded temperature sensors and heaters, and an off-the-shelf dense 66 thermocouple module. 

Fig. 1.25 shows the experimental measurements from this design. The data demonstrates the feasibility 

of a self-sustaining thermal solution up to 25 W of heat dissipation. There are two practical issues iden-

tified by the experiment of [41]:  

1) An auxiliary kick-start circuitry is required to start the cooling fan, which could be an important limi-

ter during the transient operation of a CPU when the temperature across the TE drops below the power 

generation limit for a duration of time;  
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2) the voltage from the TE module is less than 2 V while most standard fans require 5 or 12 V. Highly 

efficient power conversion circuits are therefore necessary in order to achieve efficient, reliable designs 

with standard cooling fans. 

 

 
 

Fig. 1.25. Experimental measurements for shunt attach design [41] 
 

Energy scavenging using thermoelectric conversion offers the same size and reliability as-

sumption of the thermoelectric refrigerators for thermal management. The TE generator is inherently 

more efficient than the cooler, because the waste heat is redirected to useful work. On the other hand 

the presence of TE modules in the thermal resistance path has an associated maximum TDP penalty as 

compared to equivalent systems without the TE modules. The scheme therefore is particularly suited to 

lower performance microelectronic systems with low to medium power dissipation, and portable sys-

tems with the limitation of battery life. Further work is necessary to investigate enhancements to the 

efficiency of TE conversion technology, and extension of its use to high power and performance plat-

forms. In addition, considerations are needed for assumed usage models for battery life versus TDP 

calculations since these conditions tend not to be the same as will be covered in later sections. 

 

1.2.11 Adaptive Thermal and Power Management 

 

Effective use of dynamic thermal management is necessary and common in high-performance 

platforms to reduce the cooling costs. Multiple trigger and response mechanisms are discussed in [42] in 

order to ensure the thermal solution is not designed for worst case non-realistic thermal scenarios that 

are statistically insignificant. Some of the trigger mechanisms include feedback from temperature sen-

sors, on-chip activity counters, dynamic profiling analysis, and compile-time insertion of dynamic 

thermal management instructions. Among the response mechanisms are voltage and frequency scaling, 

decode throttling, speculation control, and I-cache toggling. For example, a frequency and voltage scal-

ing scheme is reported by [43] that activates a 50% power reduction while limiting the performance 

impact to 20% for the duration of the thermal event. Similar power management techniques are also be 

utilized in battery life limited systems to dynamically trade off performance against power. 
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It is expected in the future that adaptive thermal management will allow some of the thermal 

solutions described in earlier sections to be integrated into a closed loop system with silicon triggers, 

like temperature sensors, architectural states, and respond dynamically to the requirements of a particu-

lar application for maximum efficiency and reliability. Fan speed control [44], and Enhanced Intel 

Speedstep® [45] technologies are examples of this thrust. Thermoelectric generation limitations in tran-

sient environments, like constraint (1) in the previous section, could also be addressed in this context. 

 

1.3 Research Objectives 

 

There has been significant development in energy harvesting products in the past decade [47]. 

Even though renewable energy sources have been integrated for high power utilities in the Mega-Watt 

(MW) range [48, 49] and very low power applications in the milli-Watt (mW) domain [50], there is very 

limited work in this area for commonly available mobile computer systems operating with a total aver-

age power range of a few Watts to a few tens of Watts. This is surprising considering the push for long-

er battery life in mobile computing platforms, competing against the ever-increasing power demand 

from the core silicon components like microprocessor, chipset, and memory. Most of the development 

in the industry is on silicon power efficiency techniques, power management features, and new cooling 

technologies that are in general hard to implement for the same or reduced cost. It is clear based on the 

past research and renewables literature that mobile computing systems would benefit from the integra-

tion of such power-efficient and capable designs with the scavenging of excess energy in and around the 

system. One way to approach the problem of extended battery life for mobile computing is to model 

each mobile platform as an isolated island for which access to the resources of the mainland entails high 

cost. 

 

A promising attempt in this regard, as described in previous sections, has been a collaborative 

effort by Solbrekken [40,41] and Yazawa [46]. This work focused on extracting excess heat from the 

microprocessor in a battery life constrained platform, and using it directly for powering up a cooling fan 

for the microprocessor. Although the modest energy extracted was demonstrated to be sufficient to 

power up a small cooling fan, a constant heat source was used in these experiments instead of a real 

microprocessor with dynamic execution characteristics. 

 

A holistic approach is taken in this research by investigating renewable energy sources for the 

low power mobile computing market, including Portable, Mini-Portable, and Ultra-Portable platforms, 

in order to achieve best sustainability. Portable, Mini-Portable, and Ultra-Portable terms are used to 

indicate groupings based on different form factor requirements of the market. Ultra-Portable, for exam-

ple, refers to the small calculator-size computing platforms, Mini-Portable to small note-books, and 

Portable to mid-size Thin-and-Light (T&L) notebooks. Both thermoelectric and photovoltaic energy 
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extraction techniques and materials are explored in this work with the goal of achieving best sustaina-

bility. The constraint of directly recycling the extracted energy to the cooling solution has been re-

moved as compared to the previous work by Solbrekken. Hence power electronics design enhancements 

are studied in order to store the extracted energy to the existing system battery for later use. In addition 

to proposing a sustainable platform design including the required power electronics, the objective of 

this research is to demonstrate feasibility through proof-of-concept experiments. Even though the T&L 

platform is the main focus, scaling of the solution space to the other mobile computing platforms of 

different form factor is analyzed as part of the design work. 

 

1.3.1 Target Evaluation System 

 

A mobile PC platform enabled with Intel® Centrino™ Mobile Technology [13] is used as a 

reference evaluation system in this work. This is a typical 10x12 inch platform of 1 inch thickness. The 

smaller form factors are also analyzed in this research for additional insight into sensitivities. 

 

1.3.2 Average Power for Battery Life 

 

Average power distribution in today’s portable computing platforms is dominated by the LCD 

display as shown in Fig. 1.26, and not by the CPU due to built-in advanced power management fea-

tures. This is one of the main reasons for not depending on a constant high power source for evaluating 

thermoelectric energy scavenging in this work. Total average power with standard battery life bench-

mark [56] in such a system is 11-12 W [13]. 
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Fig. 1.26. Mobile platform average power distribution [13] 

 

 

1.3.3 Thermal Design Power for Cooling Solution 
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The cooling solution for this system needs to take into account a worst case realistic activity 

scenario across the platform components. The power distribution under this scenario is depicted in Fig. 

1.27. Total Thermal Design Power (TDP) for a typical system is around 50 W. Another constraint for 

the cooling solution is that the difference between the user ambient and the junction temperature of the 

CPU has to remain ~65 °C [13]. As shown in the figure CPU is overwhelmingly dominant in driving 

the worst case (maximum) power required by the Portable platform. 
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Fig. 1.27. Mobile platform Thermal Design Power (TDP) distribution [13] 

 

The overall cooling solution for the reference evaluation platform is based on a heat pipe and remote 

heat exchanger as shown in Fig. 1.28. The heat pipe uses a two phase cooling approach to transfer the 

heat effectively to the heat exchanger where it gets dissipated to the air with the help of the cooling fan 

as necessary. The cooling system is also depicted in more detail in Fig. 1.29. 

 

 

 

Fig. 1.28. Illustration for mobile platform cooling solution [13] 
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Fig. 1.29. Details of the cooling solution [13] 

 

In this system the thermal impedance between processor junction and ambient can be roughly calculated 

as follows based on the same journal [13]: 

WC
o

ahphpjja /25.235.19.0 =+≈Ψ+Ψ=Ψ −−
   (1-9) 

Power related parameters for different platforms are summarized in Table 1.1 (next page). As noted 

earlier Portable is used for demonstration of concepts, but other platforms are equally important to the 

future of mobile computing, and will be considered in design and feasibility analysis. The sample target 

numbers in the table were obtained by studying the published journals [13], data sheets [52, 53], and 

looking at some of the existing product offerings by different notebook vendors to identify common 

themes. The target platforms do not represent a particular product by any one supplier. 

 

1.3.4 Power Architecture 

 

The power system architecture of Fig. 1.30 is assumed for the evaluation platform. Horizontal 

switches in the figure are on when ac input is available. Otherwise vertical switches are turned on to 

supply power from the series Li-Ion battery cells. More analysis on this system will follow in Chapter 5. 

 

 

 

 

Fig. 1.30. Power system architecture for portable computing [51] 
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Table 1.1 Evaluation platform parameter summary 

 

Parameter Portable Mini-Portable Ultra-Portable 

Size (inch) 10 x 12 x 1 8 x 10 x 1 6 x 8 x 0.7 

Total Avg. Power (W) 12 5.71 2.86 

CPU Avg. Power (W) 0.72 (12W *6%) 0.34 0.17 

Chipset Avg. Power (W) 1.56 (12W *13%) 0.74 0.37 

Total TDP Power (W) 50 23.81 11.9 

CPU TDP Power (W) 28.5 (50W *57%) 13.57 6.79 

Chipset TDP Power (W) 6 (50W *12%) 2.86 1.43 

Ta (°C) 35 35 35 

CPU Avg. Tj (°C) 36.5 37 38 

Chipset Avg. Tj (°C) 51 51 51 

CPU TDP Tj (°C) 100 100 100 

Chipset TDP Tj (°C) 105 105 105 

CPU Avg. Ψja (°C/W) 2.08 (0.7 + 1.38) 4.3 (0.8 + 3.5) 8.8 (2.8 + 6) 

Chipset Avg Ψja (°C/W) 9.6 (4.65 + 4.95) 20.3 (8.3 + 12) 39 (14.8 + 24.2) 

CPU TDP Ψja (°C/W) 2.28 (0.9 + 1.38) 4.79 (1.29 + 3.5) 9.58 (3.58 + 6) 

Chipset TDP Ψja (°C/W) 11.66 (6.71 + 4.95) 24.46 (12.46 + 12) 49.1 (24.9 + 24.2) 

 

The first number shown in parenthesis for the Ψja specifications represents the Ψjc portion while the 

second number denotes the Ψca. 

 

1.4 Dissertation Organization 

 

The power dissipation problems in recent microelectronics, as well as pros and cons for vari-

ous thermal and power management schemes that are in development to attack the problem are re-

viewed in Chapter 1. The research objectives are outlined around investigating a sustainable solution 

with focus on mobile battery constrained systems. 

 

Chapter 2 contains a description of the models, application scenarios, and analysis tools devel-

oped based on physical device characteristics in order to quickly analyze the potential benefits of ther-

moelectric management schemes. The analysis is then performed to identify sustainability tradeoffs for 

both thermoelectric generation and hybrid thermoelectric conversion based power management me-

thods. 
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A further optimization of integrated TE size, position, and distance from the heat source in a 

thin and light mobile platform is achieved in Chapter 3 through FEA thermal analysis using ANSYS 

tool. 

 

Photovoltaic power generation enhancement to the system is studied in Chapter 4 along with 

models, application scenarios, and sustainability tradeoffs. 

 

A new power architecture, associated power electronics design options, and simulation results 

are presented in Chapter 5 to efficiently enable the power flow between the renewable components dis-

cussed in previous chapters and the mobile platform battery cells. Empirical characterization data from 

bulk TE and PV modules is also provided in this chapter to establish realistic assumptions for power 

electronics design.  

 

Chapter 6 includes a reduced proof-of-concept study of power electronics using off-the-shelf 

components and real renewable sources carried over from the work in previous chapter.  

 

Finally, Chapter 7 comprises of the conclusions from this dissertation and suggestions for fu-

ture work. 
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2 THERMOELECTRIC POWER MANAGEMENT 
 
 
2.1 Introduction 

 

A review of the state-of-the-art thermal management technologies was provided in Chapter 1, 

rising to the challenge of cooling integrated circuits (ICs) and associated platforms with ever-increasing 

integration, power density, and battery life requirements. Sustainability and efficiency have been dep-

loyed as desirable metrics to compare and contrast various schemes. Energy scavenging using thermoe-

lectric materials was identified as an emerging approach, which promised to increase the efficiency of 

the thermal management more than any other technology by potentially delivering self-sustaining ther-

mal solutions that require minimal or no input power at low to medium power mobile platforms, and 

reducing cooling power requirements back close to the levels of passive cooling.  

 

 

 

Fig. 2.1. A single thermocouple in generation mode [40] 

 

The shunt-attach-system proposed by Solbrekken [40] can be modeled by the following set of 

equations which simultaneously need to be satisfied for stability. The net generated power for a single 

thermo-couple (t/c) shown in Fig. 2.1 is: 
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where PL : Net generated power [W] 

 Itc : Generated current [A] 

 α :  Difference between individual element Seebeck coefficients [V/K or V/°C] 

 Th :  Temperature of the hot side [K or °C] 

 Tc :  Temperature of the cold side [°C] 

 RL :  Electric load resistance [Ω] 

 Rtc :  Thermocouple electric resistance [Ω] 
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 ρ :  Electrical resistivity [Ω-m] 

 L :  TE Element thickness [m] 

 Ae: TE Element cross-sectional area [m2] 

 

Heat transfer from the hot reservoir to cold reservoir can be expressed by the following energy 

balance equation at the hot t/c junction: 
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 where Qh :  TE input heat [W] 

  Qe,tc :  Heat converted to electricity [W] 

  Qj,tc :  Joule heating [W] 

  Ψtc :  t/c thermal resistance [K/W or °C/W] 

 and: 
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 where k :  Thermal conductivity [W/mK] 

 

Fig. 2.2. Thermal resistance network for the shunt-attach (Figure 1.21 B) configuration 
 

The t/c cold side temperature annotated as Tc in Fig. 2.2 is: 

 ( )Lhcaac PQTT −Ψ+=     (2-4) 

where Ta :  Ambient temperature in Fig. 2.2 [K or °C] 

 Ψca :  Primary heat sink thermal resistance represented as (Ψcs + Ψsa1) in Fig. 2.2  

  [K/W or °C/W] 

Given a specified junction temperature, the temperature at the hot side of the t/c in Fig. 2.2 can be easily 

derived as: 

 QTT jhjh Ψ+=     (2-5) 

where Tj :  Junction temperature in Fig. 2.2 [K or °C] 

 Ψjh :  Interface thermal resistance [K/W or °C/W] 
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 Q : Heat dissipated by the CPU [W] 

The thermal balance equation from the t/c to the ambient temperature point in Fig. 2.2 can be split as: 

( ) ( ) ( )Lhcajehtcacchah PQQQQTTTTTT −Ψ+
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which can be solved for Qh to obtain: 
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Once the system model is built using equations 2-1 to 2-6, the thermal system can be solved. 

The heat source used in the original work by Solbrekken [40, 41, 46] is static, however, unlike the real 

processor behavior, and input power requirement for the fan used in active convective cooling of the 

mobile system is assumed to be very modest. Solbrekken’s analysis is also limited to a single compo-

nent (CPU) in the system, and therefore misses the opportunity of tapping emerging alternate heat 

sources in the platform, like chipset, especially when CPU is inactive.  

 

The concept of using a shunt-attach heat sink (or heat pipe) configuration for heat scavenging 

is further advanced in this chapter through the following work: 

i) An evaluation tool/platform is developed in Visual Basic and Excel, which consists of a developed 

Thermoelectric System Solver (TESS) for quick sustainability analysis of alternate architectural designs 

and form factors. 

ii) Realistic or semi-realistic application scenarios are defined to represent work loads for the CPU and 

chipset heat sources. 

iii) First order thermal analysis was done using TESS, workloads, and cost-effective off the shelf ther-

moelectric components to evaluate realistically extractable power levels from the provided portable ref-

erence system in the last chapter. 

iv) Sustainability or efficiency benefit was quantified through an introduced Performance/Watt metric 

for comparing thermoelectric thermal management using three different schemes: a) Parallel thermoe-

lectric generation, b) Serial thermoelectric generation, c) Hybrid thermoelectric conversion. 

 

2.2 Analysis Tools and Metrics 

 

For the purposes of thermoelectric energy scavenging two major concentrated heat sources 

were considered in the platform: CPU and GMCH chipset. It was assumed based on the state of the art 

T&L configurations that a heat pipe from each of these components is extended independently to a 

common heat exchanger. The thermal interaction between the CPU and the Chipset is assumed to be 

negligible due to the independently extended heat pipes. In reality there will be some amount of interac-
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tion between components in the system, but the error in the assumption should not change the conclu-

sions of this analysis.  

 

2.2.1 Workload Assumptions 

 

After the analysis tool for evaluation is established as the TESS and validated against the pre-

vious findings in the literature, the next step is to improve the application scenarios to fairly evaluate 

the thermoelectric heat scavenging system. The components of the real mobile computing systems do 

not operate under full load, and do not consume the maximum of their Thermal Design Power (TDP) 

budget most of the time. Therefore, assuming TDP figures for the thermoelectric generation benefit 

analysis results in an inaccurate measurement of the average extracted energy. The average power 

breakdown depicted in Fig. 1.26 for the purposes of battery life calculation clearly indicates the compo-

nents in the mobile system are most of the time operating much below their maximum allowed power 

levels. Battery life benchmarks released by BAPCO such as Mobile Mark 2002 and more recent Mobile 

Mark 2005 [56] are not constant and tend to adjust to evolving usage models associated with mobile 

computing. The trend is to include more activity, but the 2005 benchmark is still dominated by idle or 

low power states. A weighted average approach is taken in this work by assuming: 

• Fully loaded execution under maximum power conditions (Fig. 1.27) 5% of the time,  

• At least one of the two components under average power conditions (Fig. 1.26) in the remaining 

95% of the time,  

• 10% of this (95%) time allocated to heavy computations in CPU ALU for example yielding to max-

imum CPU TDP, while Chipset is relatively idle and operating at its reported average power level, 

• Another 10% of the 95% allocated to heavy bus transactions where chipset is at its TDP level, and 

CPU is relatively idle at its average power level.  

 

The assumed activity enables the analysis of heat energy scavenging from the two high density 

heat sources at the platform for a variety of distinct scenarios, and is graphically illustrated for the Port-

able evaluation platform in Fig. 2.3. The actual numbers are consistent with Table 1.1 from Chapter 1. 

The Mini-Portable and Ultra-Portable system scenarios are scaled form of these graphs and follow in a 

similar manner. 
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Fig. 2.3. The assumed workload with four distinct scenarios 

 

2.2.2 Thermoelectric System Solver (TESS) 

 

Developing an in-house analytical tool to model and investigate first order sensitivities in TE 

interactions with microelectronics has multiple advantages compared to using existing sophisticated 

tools in the industry, some of which are: 

i. Developing the equations from scratch and therefore having full understanding and control over the 

system behavior, 

ii. Keeping the system at the level of complexity that is required by the project, and easy to manipulate 

based on the emerging requirements, 

iii. Circumventing time investment to get familiar with new tools sufficiently to understand underlying 

physical concepts, assumptions, and methods required to do the first order analysis of a heat scavenging 

system. 

 

There are obvious disadvantages in investing the time to develop and debug the tool to the lev-

el of satisfaction. This time is deemed worthwhile since basic understanding and control of the thermoe-

lectric system is crucial. In addition, the standard thermal analysis tools do not easily lend themselves to 

thermoelectric problems. The following additional modeling assumptions have been made in order en-

sure a conservative approach in evaluating the benefit of the introduced thermoelectric (TE) material: 

• For the initial evaluations the TE thickness and the inter-element gap were picked to be repre-

sentative of the readily available components in the industry as covered in [40], 
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• The area covered by the TE component (width x length) was determined by the package size of 

the IC component, CPU and Chipset. The implication of this assumption is that the TE material is di-

rectly fitted to cover most of the IC package top, and inside the metal plate attached to the heat pipe or 

heat sink as depicted in Fig. 2.4. Thus, the TE module has minimal impact to the system form factor by 

itself.  

 

Due to the embedded TE configuration, a significant portion of the heat from the component 

gets dissipated through the TE element, and heat dissipation through the shunt path is limited. A min-

imum thermal impedance value has been picked for the shunt path (Ψha_shunt_cpu, Ψha_shunt_cs) in the up-

coming analysis in order to reflect this effect, which simply amounts to triple (3x) the case-to-ambient 

impedance (Ψca_cpu, Ψca_cs) provided by the thermal solution behind the TE module. An industry stan-

dard Finite Element Analysis (FEA) tool, ANSYS, was used to demonstrate the feasibility of the 

shunt thermal path assumption for a microprocessor in the target portable platform as described in the 

next chapter. Similarly, it can be shown that a thermally viable solution can be implemented on the 

chipset, which typically has less stringent requirements. The impact of the associated power electron-

ics will be separately analyzed in Chapter 5. 

 

 

 

Fig. 2.4. Embedded TE Module design configuration 

 

2.2.1.1 Tool Interface 

 

Thermoelectric System Solver (TESS) was developed in Microsoft Excel supported by Visual 

Basic macros. The interface, depicted in Fig. 2.5, streamlines quick data entry for various analysis and 

automation to solve simultaneous equations under different constraints for each of the CPU and chipset 

activity scenarios covered by the assumed workload. The first “Solver” table at the top provides con-

vergence information associated with each of the assumed four distinct scenarios. The second “Results” 

table below reports the solved CPU and Chipset parameters per scenario. Minimum and maximum lim-

its in this table get modulated by the code based on the inputs and scenario in order to ensure correct 

convergence by the solver. Thermoelectric parameters for CPU and chipset are entered through the “TE 
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Parameters” table at the bottom. Similarly system input parameters including the TDP (maximum) 

power consumption, average power consumption, ambient temperature, load resistance, and various 

thermal impedance values are entered through the “System Parameters” table. Finally work load as-

sumptions are input through “Work Load” table at the bottom.  

 

Various push-buttons at the top right are used to run individual scenarios or the full work load 

analysis in one of the PTG (Parallel Thermoelectric Generation), STG (Series Thermoelectric Genera-

tion), or HTC (Hybrid Thermoelectric Conversion) configurations. These will be further described in 

the upcoming sections of this chapter. Another set of inputs allow automated sweep of Seebeck coeffi-

cient (α or alpha) as well as CPU and chipset TDP for some or all of the mobile computing segments 

(form factors), and generate a report in tabular spreadsheet format. The thermals are solved either by 

fixing maximum Tj of each of the components individually, or by requiring a target power output (PTG, 

STG) or input (HTC). Finally a sustainability or efficiency metric, Performance/Watt, is reported for 

each execution. The evaluation platform tables are in general color coded for inputs, recursively solved 

parameters, and calculated outputs. Examples of various studies performed using the existing tool fea-

tures will be provided in the upcoming sections. 

 

2.2.1.2 Setting the Baseline 

 
Direct-Attach Configuration: The first assertion of Solbrekken [40] was the fact that the direct heat sink 

attach configuration of Fig. 1.21(A), though conceptually much simpler than the shunt-attach configura-

tion, does not lend to a viable solution due to excessive heating at the CPU. It was reported in [40] that 

Tj grows beyond 85 ºC quickly once the input power exceeds ~10 W. This was confirmed using TESS 

by using the parameter set provided in Solbrekken [40], and forcing a constraint of Q=0. As shown in 

Fig. 2.6, the solution was only achieved by lowering the input power to 8.2 W at maximum Tj constraint 

of 85 ºC. The chipset parameters were set to be the same as the CPU for this baseline analysis. 

 

Shunt-Attach Configuration: The second assertion of reference [40] was the fact that shunt attach confi-

guration (Fig. 1.21(B)) yields 57 mW to 40 mW power generation range when the CPU power is varied 

between 10 W and 100 W for a pre-specified set of system and TE parameters. TESS, as depicted in 

Fig. 2.7, yielded a similar result for the same nominal parameters, with ~61 mW at 10 W and ~47 mW 

at 100 W. The chipset parameters were set to be the same as the CPU for this baseline analysis. 

 

Optimal Load Resistance: The final TESS check against previous research concerns the optimal load 

resistance for maximum power extraction. The plot of Fig. 2.8 from [40] demonstrates Solbrekken’s 

conclusion that up to ~130 mW of peak power can be extracted for a 25 W CPU with nominal parame-
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ters and when “RL is just under 5 Ω”. The model executions with varying RL values confirm that a peak 

of ~130 mW power is extracted when RL=4.7 Ω (Fig. 2.9.) 
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Fig. 2.5. TESS analysis tool interface 
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Component Units Min Limit
Max 

Limit
Sc. 1 Sc. 2 Sc. 3 Sc. 4

WL 

Power

°C 35.0 85.0 85.0 85.0 85.0 85.0

W 0.0 8.2 8.2 8.2 8.2 8.2

°C 35.0 85.0 51.2 51.2 51.2 51.2

mA 0.0 26.1 0.9 0.9 0.9 0.9

°C 35.0 85.0 85.0 85.0 85.0 85.0

°C 35.0 85.0 51.7 51.7 51.7 51.7

mA 0.0 26.1 0.9 0.9 0.9 0.9

W 0.0 0.0 0.0 0.0 0.0 0.0

°C/W 0.0 9999.0 9999.0 9999.0 9999.0 9999.0

mW 0.0 8200.0 62.96 62.96 62.96 62.96

°C 35.0 85.0 85.0 85.0 85.0 85.0

W 0.0 8.2 8.2 8.2 8.2 8.2

°C 35.0 85.0 51.2 51.2 51.2 51.2

mA 0.0 26.1 0.9 0.9 0.9 0.9

°C 35.0 85.0 85.0 85.0 85.0 85.0

°C 35.0 85.0 51.7 51.7 51.7 51.7

mA 0.0 26.1 0.9 0.9 0.9 0.9

W 0.0 0.0 0.0 0.0 0.0 0.0

°C/W 0.0 9999.0 9999.0 9999.0 9999.0 9999.0

mW 0.0 8200.0 62.96 62.96 62.96 62.96

mW 0.0 1000.0 125.93 125.93 125.93 125.93 125.9
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Fig. 2.6. Direct Attach configuration baseline analysis showing Q=8.2 W upper limit at Tj=85 ºC 

 

2.2.3 Performance Per $.Watt 

 

It is a well known fact that maximum dynamic power consumption in IC components is linearly re-

lated to maximum clock frequency of the chip through C.V2.f formula [4] where C is the effective switching die 

capacitance, V is the supply voltage, and f is the frequency. Therefore, thermal design power (TDP) envelope of 

a given component is highly correlated to the maximum performance it can achieve. Performance is a desirable 

sustainability attribute for a computing platform, because it not only increases user productivity by getting more 

work done in a shorter time, but it also allows the system to go to a low power (idle) state sooner preserving 

valuable power. The saved power is presumably even more valuable in an unconnected battery usage scenario. 

The increased power consumption by device physics as a consequence of higher performance, however, has a 

penalizing effect on sustainability. The negating effect is even worse when the cost of adding a better cooling 

solution, e.g. a cooling fan, is considered in order to maintain a given performance. 
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Component Units Min Limit Max Limit Sc. 1 Sc. 2 Sc. 3 Sc. 4
WL 

Power

°C 35.0 85.0 84.3 78.0 84.3 78.0

W 0.0 100.0 8.1 7.0 8.1 7.0

°C 35.0 85.0 51.0 49.0 51.0 49.0

mA 0.0 91.3 0.9 0.8 0.9 0.8

°C 35.0 85.0 85.0 85.0 85.0 85.0

°C 35.0 85.0 55.7 242.0 55.7 242.0

mA 0.0 91.3 0.9 0.8 0.9 0.8

W 0.0 100.0 1.9 93.0 1.9 93.0

°C/W 0.0 9999.0 25.6 0.5 25.6 0.5

mW 0.0 100000.0 61.12 46.50 61.12 46.49

°C 35.0 85.0 84.3 84.3 78.0 78.0

W 0.0 100.0 8.1 8.1 7.0 7.0

°C 35.0 85.0 51.0 51.0 49.0 49.0

mA 0.0 91.3 0.9 0.9 0.8 0.8

°C 35.0 85.0 85.0 85.0 85.0 85.0

°C 35.0 85.0 55.7 55.7 242.0 242.0

mA 0.0 91.3 0.9 0.9 0.8 0.8

W 0.0 100.0 1.9 1.9 93.0 93.0

°C/W 0.0 9999.0 25.6 25.6 0.5 0.5

mW 0.0 100000.0 61.15 61.15 46.47 46.47

mW 0.0 1000.0 122.27 107.65 107.60 92.96 117.9
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Fig. 2.7. Shunt Attach configuration baseline analysis at 10 W and 100 W 

 

 

 

Fig. 2.8. Generated power variation with load resistance from reference [40] 

 



  
                                                                                                                                                               38 

Component Units Min Limit Max Limit Sc. 1 Sc. 2 Sc. 3 Sc. 4
WL 

Power
- + Step

°C 35.0 85.0 84.2 84.2 84.2 84.2 Alpha 0.2 0.2 0.1

W 0.0 25.0 8.1 8.1 8.1 8.1 CPU TDP 1 1 0.1

°C 35.0 85.0 51.0 51.0 51.0 50.9 CS TDP 0.5 0.5 0.1

mA 0.0 72.9 2.1 2.1 2.1 2.1

°C 35.0 85.0 85.0 85.0 85.0 85.0

°C 35.0 85.0 85.8 85.8 85.8 85.8

mA 0.0 72.9 2.1 2.1 2.1 2.1

W 0.0 25.0 16.9 16.9 16.9 16.9

°C/W 0.0 9999.0 2.9 2.9 2.9 2.9

mW 0.0 25000.0 129.35 129.35 129.35 129.28

°C 35.0 85.0 84.2 84.2 84.2 84.2

W 0.0 25.0 8.1 8.1 8.1 8.1

°C 35.0 85.0 51.0 51.0 51.0 51.0

mA 0.0 72.9 2.1 2.1 2.1 2.1 12

°C 35.0 85.0 85.0 85.0 85.0 85.0

°C 35.0 85.0 85.8 85.8 85.8 85.8

mA 0.0 72.9 2.1 2.1 2.1 2.1

W 0.0 25.0 16.9 16.9 16.9 16.9

°C/W 0.0 9999.0 2.9 2.9 2.9 2.9

mW 0.0 25000.0 129.35 129.35 129.35 129.36

mW 0.0 1000.0 258.70 258.70 258.70 258.64 258.7
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Fig. 2.9. 130 mW reported by TESS at RL=4.7 Ω 

 

As a result of this dilemma, a new metric is required in order to fairly evaluate thermoelectric 

technology, which is more meaningful than performance, battery life or cost ($) metrics by themselves. 

This metric has been defined for the purposes of this project as performance per cost-average power, or 

simply Performance/$.Watt. As a consequence of this metric, performance improvement through in-

creased TDP envelope is good as long as it does not result in a significantly higher system cost such as 

more expensive cooling solution, and it does not result in a significantly lower battery life. Similarly 

either reducing the cost of cooling solution or increasing battery life yields a more sustainable platform 

as long as it does not result in a significant performance degradation for example by lowering the cool-

ing limit (TDP) for the component. The Performance/$.Watt goodness metric is consistent with the En-

vironment Protection Agency EPA direction in computing with initiatives like Energy Star [57, 58]. The 

system cooling solution (heat pipe, fan, TIM, etc.) cost is fixed in evaluating three different thermoelec-

tric thermal management architectures in the upcoming sections, by securing constant thermal imped-
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ance parameters for a given platform. Even though there is an additional cost of introducing TE material 

and potentially power control circuitry into the system, these are considered secondary cost effects, and 

are excluded for the purposes of first order analysis. A mapping of performance to a particular allowed 

TDP specification can be extracted for a given IC component in a given manufacturing process technol-

ogy.  Instead performance is evaluated very simply by considering TDP number to be the performance 

measuring metric, and hence avoiding the introduction of another mapping function. Workload assump-

tions from the previous section are used to calculate impact to the system average power consumption 

by taking a weighted average of additional power generation (all schemes) or power consumption (HTC 

scheme only)  from each of the scenarios of interest.  

 

For example, introduction of a TE module to the heat dissipation path from component junc-

tion to ambient air is expected to increase total thermal impedance, and thus will decrease the TDP 

envelope allowed for a component in order to maintain the same device junction temperature under the 

same ambient assumptions. The reduction in TDP envelope is conceived as a proportional reduction in 

performance. If the additional system power (battery life) generated by the TE, however, outweighs the 

performance degradation, the platform in overall may be more sustainable than before. The concept will 

be further demonstrated in the upcoming analysis of various configurations. 

 

2.3 Parallel Thermoelectric Generation (PTG) 

 

2.3.1 System Configuration 

 

The simplified thermal model for shunt-attach PTG configuration is depicted in Fig. 2.10. Each 

component generates power individually into separate loads even though in a real system both circuits 

modeled by these loads would be used to charge up the same battery. The electronics associated with 

battery charging, power conditioning and delivery are not dealt with in detail until Chapter 5. A simple 

linear model [54, 55] for battery interface will be assumed in the initial analysis, with a target load resis-

tance of 0.5 Ω. This estimate includes up to ~200mΩ of internal battery resistance plus additional para-

sitics. Section 2.2.2 demonstrated earlier that thermoelectric generation will improve with higher loads 

and vice versa.  

The previously reviewed simultaneous equations (2-1 to 2-6) are applicable to the PTG confi-

guration for each of the CPU and Chipset components individually. 
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Fig. 2.10. Thermal model for shunt-attach heat pipe PTG configuration with CPU and Chipset 

 

2.3.2 Analysis 

 

Portable Platform: The maximum performance for which the device junction temperatures can be kept 

under the specified limits, is analyzed as depicted in Fig. 2.11 using TESS with a range of Seebeck 

coefficient values. The rightmost bar in the figure represents Performance/$.Watt for the original system 

design with no TE incorporated. The x-axis in the figure contains CPU TDP, Chipset TDP, and the See-

beck coefficient. The performance point under no TE condition is denoted by the total TDP for the CPU 

and Chipset, which add up to 28.5 + 6 = 34.5 W. The average power for the system is 12 W. The Per-

formance/$.Watt metric for unit $ is therefore 2.875 when no TE is used. The Performance/$.Watt with 

TE generation reaches that of the no TE condition (break-even point) only with Seebeck coefficient 

(alpha) value of 1.6. The corresponding performance point is 25.1 + 6.3 = 31.4 while the reduced aver-

age power consumption after TE generation is 10.91 W i.e. 1090 mW is saved through TE generation. It 

is clear that in this platform the parallel TE generation scheme does not provide value for reasonable TE 

cost and efficiency under the assumptions discussed in the previous sections. 
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Fig. 2.11. Performance/$.Watt with unit $ assumption for PTG configuration of the Portable system 

 

Mini-Portable Platform: The Performance/$.Watt metric for the Mini-Portable with no TE equals 2.88 

with a TDP of 13.57 + 2.86 = 16.43 W and total average power of 5.71 W. The break-even point can be 

achieved with TE Seebeck coefficient of 1 as shown in Fig. 2.12. The quality (and cost) of the TE re-

quired to achieve break-even is lower than that of the Portable platform. 
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Fig. 2.12. Performance/$.Watt with unit $ assumption for PTG configuration of the Mini-Portable sys-

tem 
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Ultra-Portable Platform: No-TE Performance/$.Watt for the Ultra-Portable is 2.87 with a TDP of 6.79 + 

1.43 = 8.22 W and total average power of 2.86 W. The break-even point for PTG configuration in Ultra-

Portable Platform is achieved with Seebeck coefficient of 0.8 (Fig. 2.13). 
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Fig. 2.13. Performance/$.Watt with unit $ assumption for PTG configuration of the Ultra-Portable sys-

tem 

 

It can be concluded from the analysis on the three different platforms that PTG becomes more 

attractive as the Seebeck coefficients associated with the TE materials improve, and as the form factors 

get smaller increasing the effective thermal impedance between the device Tj and the ambient tempera-

ture. Since the thermal impedance is already high at the smaller platforms, the incremental thermal im-

pedance associated with the integrated TE module is the smaller portion of the total. In fact the Ultra-

Portable platform starts being more sustainable in PTG configuration than no-TE configuration when 

Seebeck coefficient exceeds ~0.6 mV/K. This is mainly due to the effect of increased power generation, 

resulting in increased battery life. Fig. 2.14 shows how the expected average power savings from PTG 

configuration increases with Seebeck coefficient in a similar manner independent of the platform seg-

ment. 
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Fig. 2.14. Generated Average Power with Seebeck coefficient (taking workload assumptions into ac-

count)   

 

2.4 Series Thermoelectric Generation (STG) 

 

2.4.1 System Configuration 

 

The thermoelectric modules attached to the CPU and the chipset are electrically connected in 

series with each other and with a shared load in STG configuration, as in Fig. 2.15. The thermoelectri-

cally generated current and power equation thus changes according to the following equation: 
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The rest of the system equations do not change between PTG and STG configurations. 
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Fig. 2.15. Thermal model for shunt-attach heat pipe STG configuration with CPU and Chipset 

 

2.4.2 Analysis 

 

Portable Platform: The maximum Performance/Watt, as depicted in Fig. 2.16, is 2.43. The reason for a 

better score than the PTG configuration at the same component TDP is the higher power generation 

achieved when the TE modules are connected serially: The TE generation saves 265.1 mW in STG 

when PTG configuration only saves 157.8 mW with Seebeck coefficient of 0.6 mV/K. Serial configura-

tion does not converge to a valid solution when Seebeck coefficient exceeds 0.6 mV/K. 
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Fig. 2.16. Performance/$.Watt with unit $ assumption for STG configuration of the Portable system 
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Mini-Portable Platform: The Mini-Portable with STG scores 2.55 when Seebeck coefficient is 0.4 

mV/K as shown in Fig. 2.17. Convergence cannot be achieved for Seebeck coefficient of 0.6 mV/K and 

higher. 
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Fig. 2.17. Performance/$.Watt with unit $ assumption for STG configuration of the Mini-Portable sys-

tem 

 

Ultra-Portable Platform: The maximum score that can be achieved for Ultra-Portable platform with TE 

and Seebeck coefficient of 0.2 is 2.44 (Fig. 2.18). The lower score than the PTG system represents the 

fact that the system does not converge to a solution for higher Seebeck coefficients. 
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Fig. 2.18. Performance/$.Watt with unit $ assumption for STG configuration of the Ultra-Portable sys-

tem 
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Even though STG configuration yields higher power generation and therefore a higher Perfor-

mance/$.Watt score at a given TE capability (Seebeck coefficient), the serial topology is inherently less 

stable especially when CPU and Chipset have different activity. This prevents convergence at higher 

Seebeck values, and inhibits scaling of the design. Table 2.1 illustrates the potential power savings and 

convergence issues with the STG configuration. 

 

Table 2.1 STG vs. PTG average power savings and convergence problems 

 

Config.
Alpha 

(mV/K)
Portable Ultra-Portable Mini-Portable

PTG 0.20 17.91 19.03 15.80

PTG 0.40 71.33 73.15 61.88

PTG 0.60 159.52 161.06 141.11

STG 0.20 30.96 35.14 28.18

STG 0.40 121.47 125.77 No-Solution

STG 0.60 269.89 No-Solution No-Solution

Average Power Saving (mW)
CPU TDP=22.90 W     

CS TDP=5.40 W

 

 

2.5 Hybrid Thermoelectric Conversion (HTC) 

 

One advantage of the TE technology is its potential to utilize the same material for both ther-

mal to electrical and electrical to thermal energy conversion. Using a hybrid configuration with both 

thermoelectric generation and refrigeration cooling has a special appeal in mobile computing systems. 

Portables tend to have dual mode of operation for power and performance management, as discussed in 

the previous chapter. When plugged to a power outlet, they operate at higher performance and higher 

power state, and vice versa when operating in battery mode. The implication of this is the fact that 

energy drawn from the power outlet carries lower cost than the battery supplied energy that is usually 

associated with “roaming” usage mode away from a power outlet. On the other hand, with today’s mo-

bile systems the cooling solution is fixed. The maximum performance that can be achieved, plugged or 

unplugged, is therefore limited to what the system heat pipe and cooling fan can manage. Acoustics 

become additional concern when the cooling fan gets engaged in higher power states. 

 

HTC configuration pushes out the cooling limit by effectively introducing the refrigerator 

usage mode for the in-system TE modules during the short periods of time when higher performance is 

required. The system cooling limit can thus be dynamically extended at no added acoustic cost by sup-

plying extra power, proportionally increasing performance. The resulting performance improvements as 

well as power penalties are captured using the Performance/$.Watt metric in this section. Following the 

same approach as previous configurations, cost analysis for additional power electronics including 
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switches will be deferred to Chapter 4. Unit (1) $ will be used in scoring against the metric for the im-

mediate study. 

 

2.5.1 System Configuration 

 

As discussed in the previous chapter, platform cooling solution is mainly driven by the CPU 

TDP which forms the significant portion of the total TDP budget under higher performance conditions. 

As a result, return of investment for refrigeration cooling is highest for the CPU component in the sys-

tem. The hybrid operation mode is therefore implemented only on the CPU in the initial system confi-

guration. TE integrated onto the chipset continues to operate in TE generation mode only. The resulting 

system configuration is depicted in Fig. 2.19. 

 

 

 

Fig. 2.19. Thermal model for shunt-attach heat pipe HTC configuration with CPU and Chipset 

 

The switches in the figure alternately turn on and off to extract power or supply power to the 

TE module depending on if extra TDP headroom is needed. One possible way to achieve this control is 

to use a temperature sensor or a diode commonly available within the CPU to detect when Tj is getting 

close to the limit. Another possibility is use a CPU activity indicator which is correlated to power dissi-

pation. This information is typically provided by the CPU through I/O pins or user readable status regis-

ters. The hybrid operation of the CPU TE is described in Fig. 2.20 using the original workload. 

 



  
                                                                                                                                                               48 

Chipset & CPU Power (W)

0

5

10

15

20

25

30

0 0.4 0.65 0.9 1.15

Time

CPU

Chipset

CPU TE in 

Generation Mode

CPU TE in 

Refrigeration 

Mode

 

 

Fig. 2.20. Hybrid operation of the TE module attached to the CPU 

 

The theoretical equations governing the refrigeration cooling [37, 38] are very similar to TE 

formulas outlined in the previous sections as one might expect. For a given microchip component in a 

package, generated heat Q and the cold-side temperature Tc are related as: 
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But the usage of Tc in the equations of [37] is reversed with Th in the convention used in the previous 

section when thermoelectric generation was discussed. This equation can be rewritten according to the 

previously used convention as: 
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The power generated by the TE module is: 

 

( )[ ]
cputccputccpuccpuhcputccpu RITTINP _

2

____..2 −−×= α           (2-9)  

 

Note that the power in refrigeration mode is a negative (-) number since both terms in equation (2-9) are 

negative (Tc is higher than Th in refrigeration mode.) This is because the convention used dictates that 
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power is positive when generated, but is negative when input into the system. The convention then al-

lows the previous equations (2-4) and (2-5) to be applicable to the HTC configuration as well, resulting 

in simplifications in the TESS implementation of the system. An additional TESS constraint that is in-

cluding for HTC mode is a check to ensure that no point in the platform exceeds the Tj limit, including 

Tc. 

 

2.5.2 Analysis 

 

Portable Platform: The HTC configuration in Portable platform scores higher than no-TE configuration 

and exceeds break-even Performance/$.Watt point at 0.4 mV/K Seebeck coefficient or higher, as de-

picted in Fig. 2.21. 6.5% higher (3.07) score compared to no-TE baseline for α=0.4mV/K, and 12.5% 

higher (3.24) score for α=0.6mV/K is obtained. With a Seebeck coefficient of 0.6 mV/K, the average 

power saving by the TE module under the aforementioned workload conditions is -761 mW. i.e. the 

average power consumption burden increases by 761 mW. On the other hand the total TDP envelope 

(between CPU and Chipset) expands from the baseline 34.5 W to 41.3 W. This 20% performance in-

crease more than compensates for the power loss using the Performance/$.Watt metric. 
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Fig. 2.21. Performance/$.Watt with unit $ assumption for HTC configuration of the Portable system 

 

Mini-Portable Platform: The Mini-Portable with HTC also exceeds break-even score at Seebeck coeffi-

cient of 0.4 mV/K as shown in Fig. 2.22.  

 

 

CS TDP (W) 

CPU TDP (W) 

TE α (mV/K) 
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Fig. 2.22. Performance/$.Watt with unit $ assumption for HTC configuration of the Mini-Portable sys-

tem 

 

Ultra-Portable Platform: The break-even score for Ultra-Portable is still at 0.4 mV/K (Fig. 2.23). The 

highest efficiency is not however achieved at the highest performance point at a given TE Seebeck coef-

ficient. Highest performance points require too much energy to cool down through refrigeration, ad-

versely impacting the efficiency. 
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Fig. 2.23. Performance/$.Watt with unit $ assumption for HTC configuration of the Ultra-Portable sys-

tem 
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2.6 Summary 

 

The feasibility of thermal management has been analyzed in this chapter using three realistic target 

mobile computing platforms of unique form factors and thermal designs driven by market requirements. Unlike 

the previous studies on thermoelectric management of microelectronics which focused only on the microproces-

sor as a constant heat source, this study took a systems approach by providing a solution to the two “hottest” 

components in the system with dynamic execution patterns similar to a real notebook usage profile. 

 

A thermoelectric system solver (TESS) tool was developed in order to find first order solutions to a va-

riety of application scenarios, TE configurations, system and TE parameters. An objective Performance/$.Watt 

metric was introduced in order to help compare the efficiency and sustainability across all target platforms and 

TE configurations. The simulations performed using TESS resulted in the following conclusions: 

Ultra-Portables: Battery life extension through average power reduction can be achieved in thermally con-

strained smaller platforms such as the Ultra-Portable system through PTG configuration. This comes at de-

creased cooling capability, and hence reduced performance. Performance/$.Watt score in ultra-portables is com-

parable to that of baseline platform with no thermoelectrics, however, when TE Seebeck coefficients (α) reach 

~0.6 mV/K. The score becomes better than the baseline for higher Seebeck coefficients. STG configuration per-

forms similarly for Ultra-Portables, but is not a scaleable solution across different α values. 

Portables: Higher TDP and larger computing platforms in PTG configuration can only achieve the level of Per-

formance/$.Watt score as the no-TE baseline platform for very high efficiency TE materials. They can signifi-

cantly benefit from hybrid thermoelectric (HTC) scheme on the other hand, and can achieve higher scores than 

the baseline even for nominal Seebeck coefficient values. Refrigeration cooling is effective in these platforms 

due to inherently low thermal impedance between the hot side of the TE refrigerator and the ambient. 

Mini-Portables: Mini-Portables, which represent the mid-size mobile computing systems with medium system 

thermal impedance design, can take advantage of PTG or HTC configuration for better sustainability. Mini-

portables using TE generation require higher efficiency (i.e. higher Seebeck coefficient) materials than the ones 

used in PTG configured Ultra-Portables in order to achieve the same sustainability as the no-TE baseline. Mini-

portables in HTC configuration can use similar TE materials as the portables for maximum sustainability. 

 

The power electronics circuitry and TE material costs were not added to the Performance/$.Watt score 

heavily utilized in this chapter. These considerations will be revisited in Chapter 5 as the design space is ex-

plored in further detail.  
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3 THERMOELECTRIC MODULE INTEGRATION 
 

 

3.1 Introduction 

 

A thermal model was built for the microprocessor in the portable platform. The goal was: 

i) Validation of the simple thermal resistance model with and without an integrated thermoelectric 

module, including a non-uniform power distribution, 

ii) Identification of optimal or near-optimal integrated thermoelectric module topologies that maxim-

ize extracted energy and minimize the degradation of the cooling solution. 

 

Next section provides the details of the target system assumptions. The choices made on the 

complexity of the ANSYS model, and the pre-work done to determine parameter values are outlined in 

Section 3.3. Section 3.4 discusses details of the study using ANSYS Finite Element Analysis (FEA), 

and the associated results. Finally, conclusions from this study are summarized. 

 

3.2 System Assumptions 

 
 System cooling solutions and primary specifications are as described in Section 1.3.1. 

Other specifications, such as the thicknesses of the PCB host and the metal plate between the heat pipe 

to the CPU were estimated based on platform size. The full parameter list is provided in Table 3.1. 

 

Table 3.1 System Specifications for Topology Study 

 

Parameter Portable 

Platform Size (inch) 10 x 12 x 1 

CPU Package Size (mm) 35 x 35 x 1.5 

CPU Die Size (mm) 15 x 15 x 1 

PCB thickness (mm) 3 

Metal plate thickness (mm) 7 

Platform TDP Power (W) 50 

CPU TDP Power (W) 28.5 (50W *57%) 

Maximum Tskin (°C) 50 

Ta (°C) 35 

Maximum CPU Tj (°C) 100 

CPU TDP Θja (°C/W) 2.28 (0.9 + 1.38) 
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In addition to the above specifications, the non-uniform power dissipation and the resulting 

non-uniform heat flux were represented through the non-uniform temperature distribution across the 

CPU die as depicted in Fig. 3.1. This temperature map is fictitious, but was devised with care using 

sample maps presented in [80, 81]. 

 

 

 

Fig. 3.1. Fictitious CPU die thermal map based on reported power density variations in the literature 

 

 The properties of the thermoelectric module used in this analysis were obtained from the litera-

ture. There are a variety of materials ranging in thermal conductivity. The highest thermal conductivity 

(lowest figure of merit) material from [40] of k=1.7 W/mK was used for this analysis. The thermoelec-

tric (TE) module was planned, as described in Chapter 2 and redrawn in Fig. 3.2, to be integrated into 

the copper plate attached to the die. The first order assumption made to evaluate available energy is 

through the simple thermal resistance model on the left, where thermal resistance of the thermoelectric 

component is serially inserted between case-to-ambient and junction-to-heatsink (metal plate) thermal 

resistance. A shunt thermal resistance path exists, but is assumed to have a greater than or equal to 3x 

the case-to-ambient thermal resistance since it is not in the main heat transfer path, i.e. >= 3 x 1.38 

ºC/W = 4.14 ºC/W. Resulting maximum allowed microprocessor TDP after such TE integration was 

calculated as 22.9 W in Chapter 2. The heat transfer is assumed to be dominantly taking place vertically 

upwards as shown by the arrows in Fig. 3.2. In an actual notebook this is typically the side facing the 

bottom of the chassis. Comparatively, the heat transfer through the socket, PCB, and eventually the 

keyboard in a notebook system is assumed to be negligibly small. The PCB edges are well insulated, 

and lateral heat transfer through PCB is also assumed negligible. The feasibility of most of these as-

sumptions is verified in the upcoming sections, including optimal locations for the TE module that 

yields similar maximum TDP as calculated. 
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Fig. 3.2. Integrated thermoelectric module in the copper plate attached to the top of the die 

 

Off-the-shelf TE components were used for initial proof of concept for minimum cost and rea-

listic assumptions. Suitable micro-modules or high performance modules from a vendor [82] had around 

3.5mm of vertical height, which is a convenient size for this application. 

 

3.3 Finite Element Analysis Model and Parameter Determination 

 
Three dimensional (3D) modeling of the target system was desirable for maximum accuracy. 

Initial experiments using ANSYS FEA Tool [83] indicated, however, that the student edition had a re-

strictive maximum number of allowed nodes which made good 3D modeling impractical. In addition, 

long run times were observed even with very simple 3D structures. The approach in the upcoming stu-

dies therefore was to devise a two dimensional (2D) equivalent plane model for the system. This re-

sulted in adjustments to the conductivity (k) used for Silicon and Thermal Interface Material (TIM) in 

the system in order to compensate for size differences in the third dimension (into the page) that is not 

directly modeled (Fig. 3.3). 1.5cm x 1.5cm silicon and TIM actual area were normalized to the rest of 

the system model through adjustments to k in order to yield the same thermal resistance as 1.5cm x 

3.5cm material area. The depth of each component was assumed to be the same after these adjustments. 

 

It was decided to simplify the overall system model by reducing the portion of the cooling so-

lution beyond the copper plate attached directly to the die (direct-attach). This was feasible, because the 

TE topology studies were limited to optimizing location within the copper plate, and did not include any 

scenarios where TE was attached to the heat pipe or RHE.  The effect of non-uniform heat source was 

assumed to be very minimal at the level of heat-pipe and beyond. The heat pipe, the fan, and the remote 

heat exchanger (RHE) were therefore modeled as a single equivalent conductive block with a convec-

tive boundary condition. The resulting equivalent ANSYS model for the CPU, package, PCB, die and 

cooling solution, after the above assumptions were made, is shown in Fig. 3.3. 
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Fig. 3.3. ANSYS model for the microprocessor and surrounding thermal solution in a notebook 

 

3.4 Analysis Results 

 

The first analysis performed without any TE integration stresses the importance of modeling 

non-uniform temperature distributions for maximum accuracy. As demonstrated in Fig. 3.4(a) and (b) 

the temperature distribution in the copper plate is significantly different if non-uniformity is not mod-

eled. Fig. 3.4(b) confirmed the picked thermal parameters of Fig. 3.3 were well tuned for the non-

uniform case since the total heat measured at the top (28.5 W) and bottom (0 W) as well as skin temper-

atures were close to expected values in Table 3.1. Overall Density Factor (DF) [80] multiplier for sim-

ple resistance calculation would be 37.6 W / 28.5 W = 1.32 in order to obtain the final value of 2.28 

ºC/W in Table 3.1. 
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a)

     

b)

   

  

Fig. 3.4. Baseline without TE module a) Uniform Heat b) Realistic Non-Uniform Heat (of Fig. 3.2) 

 

 The next set of data shows summary results from the analysis that identified sensitivities to 

various topology and TE sizes. The temperature plot, maximum heat dissipation, and average tempera-

ture delta across TE module are provided for each case in Fig. 3.5 (a-e). 
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a)  

    

 

b)  

    

 

c)  
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d)  

   

 

e)  

   

 

Fig. 3.5. TE module placement and sizing studies to achieve close to 22.9W TDP cooling capability 

 

A TE module of same x and y dimensions as the die placed directly on top of the microproces-

sor yielded a good temperature delta between hot and cold sides for energy scavenging, but majorly 

degraded the cooling capability from the original 28.5 W to 7.4 W as shown in Fig. 3.5(a). This result is 

consistent with assertions associated with direct-attach configuration in [40]. TDP envelope was pushed 

up to the desired 22.9 W level in Fig. 3.5(b) by trimming the TE size from 1.5cm to 0.6cm. Note the 

non-uniform heat dissipation degraded the average temperature delta across the TE module which had 

not been taken into account in [40-41, 46]. As the TE module was moved toward the vertical center of 

the copper plate, it could be increased in size as shown in Fig. 3.5(c) and (d), but the temperature poten-

tial across the TE module was also smaller. The first of these effects helped, but the latter effect de-
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graded the energy extraction. Finally as the TE module was moved to the top of the copper plate, as in 

Fig. 3.5(e), its size needed to shrink back down to maintain similar cooling capability. The average 

temperature delta across the TE module improved back at the copper to heat pipe interface. 

 

3.5 Summary 

 

 A thermal FEA model was successfully built for the analysis of TE integration into notebook 

microprocessor cooling solution. The validity of thermal assumptions made in Chapter 2 was checked 

with the help of this model, and optimal topologies for TE integration were identified. The findings 

from this study can be summarized as follows: 

i. The non-uniformity in microprocessor thermal map is important to take into account for correct 

modeling of thermal solution. This non-uniformity also affects the average ∆T across the TE module, 

resulting in more realistic performance than what may be expected through idealized calculations. 

ii. A shunt heat transfer path can be created through careful sizing and placement of TE module into 

a notebook system, making the TE energy generation scheme less intrusive. Various tradeoffs were 

quantified associated with TE size, TE location, maximum TDP cooling limit, and the ∆T across the 

TE. 

iii. The best location to integrate the TE for maximum cooling capability and acceptable ∆T across 

the module, is at the top or bottom boundary of the copper plate attachment. These are also the most 

practical areas for installing the TE into the plate. The bottom location provides the largest ∆T across 

the TE, but the top location allows larger TE modules to be integrated for the same TDP limit. It is like-

ly that the location closer to the heat source (at the bottom) will be more favorable when lower power 

scenarios are included, and will be easier to integrate into cooling design. 

 



  
                                                                                                                                                               60 

4 PHOTOVOLTAIC POWER GENERATION (PPG) 
 

 

4.1 Introduction 

 

Renewables, including photovoltaics, are considered the future of energy [59]. Thin-film tech-

nologies have resulted in a significant advancement of photovoltaics [60, 61] in the recent years espe-

cially in achieving economic viability, as depicted in Fig. 4.1.  
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Fig. 4.1. Range of System Price in $/Wp vs. Module Efficiency for a) Near-Term b) Long-Term [61] 
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In addition to reduced manufacturing costs, commercialized efficient thin film polycrystalline 

technologies like Cadmium Telluride (CdTe) [62] have the advantage of occupying less area. The thin 

film technologies are also becoming available on flexible polymers [63], like plastic[64], toward usage 

in mobile light weight applications [65], although the photovoltaic efficiency for flexible materials so 

far remained at ~5% instead of the ~16% achieved in polycrystallines. 

 

The theory of photovoltaics (PV) and available efficiencies from the technology are briefly ex-

plained in the next section. Section 4.3 outlines the PV integration model in the context of target mobile 

platforms defined in Chapter 1. Section 4.4 provides a sustainability analysis for the PV integrated plat-

form. Finally conclusions are provided in Section 4.5. 

 
4.2 Theory 

 
A solar cell is a junction diode that delivers current and voltage through electrical connections 

to an external circuit when illuminated by solar spectrum [66]. A generic semiconductor solar cell is 

shown in Fig. 4.2. Photons with energies above the bandgap of the semiconductor get absorbed to create 

hole-electron pairs. The electrons generated in the base and the holes generated in the emitter are swept 

by the electric field in to the n-type emitter and p-type base respectively in Fig. 4.2. This forward biases 

the cell. 

 
 

Fig. 4.2. n-type on p-type solar cell [66] 
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Starting with the equivalent circuit of Fig. 4.3, I-V characteristics for a solar cell can be mod-

eled to the first order as: 
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(4-1) 

 

 where IL :  Photo-generated current 

  ID :  Ideal diode current 

  I0 :  Diode reverse saturation current 

  T :  Temperature 

  k: Boltzmann’s constant 

  n: Diode ideality factor 

 

 

 

Fig. 4.3. Solar cell equivalent circuit [66] 

 

The ratio of maximum power to the product of open circuit voltage and short circuit current is defined 

as the fill factor (FF). 

SCOCMPMPSCOCMAX IVIVIVPFF // ==     (4-2) 

 

where VMP and IMP :  Voltage and Current required to generate Maximum Power 

 VOC and ISC  :  Open Circuit Voltage and Short Circuit Current 

 

The efficiency of the cell is then defined by: 

INCMAXINCSCOC PPPFFIV // ==η     (4-3) 

where  PINC :  Solar Power incident on the cell 

 

Efficiency of solar cells can be maximized by maximizing the values of VOC, ISC, and FF. ISC 

and VOC can be maximized by the minimization of reflection at solar cell surface, minimization of sha-

dowing due to contact grid (Fig. 4.1), and light trapping methods through refraction at the external sur-

face and reflection at the internal surfaces of the cells. Light trapping techniques through carefully tex-

turing the surfaces also enable thinner solar cells. FF can be maximized by minimizing series resistance 
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(Fig. 4.3). There have been many incremental improvements in these areas that pushed efficiency of 

solar cells higher over time. 

 

4.3 Thin Film Solar Cells 

 
Thin films bestow reduction in area related costs with cell thicknesses achieving sub-micron to 

few µm [68] levels. In addition thin films reduce the energy requirements of production as well, after 

the initial capital costs, further improving sustainability. Zweibel [60] provides a comprehensive sum-

mary of state of the art thin film costs and efficiencies showing ~quarter of a dollar per Watt cost and 

~19% efficiency achievable by best thin film cells produced. The overall status of three main thin film 

technologies has been summarized in Table 4.1. These technologies are: Amorphous Silicon (A-Si), 

Cadmium Telluride (CdTe), and Copper Indium Diselenide (CIS). 

 

Table 4.1 Summary of thin film efficiency, manufacturing costs, reliability and production issues [60] 

 

Efficiency Manufacturing 
cost

Outdoor reliability Comments

A-Si Worst cells 
and modules 
(12%, 8%)

Low deposition rate 
implies highest 
capital cost (except 
for batch process)

Well established 
after initial 20% loss

Most mature; easiest 
to scale-up now;
least potential for 
cost reduction; still, 
the ‘perfect’ thin film, 
except…

CdTe Good cells 
and modules 
(16.5%, 11%)

Fastest deposition or 
least complex 
equipment imply 
lowest capital cost

Becoming well 
established within a 
materials properties 
window (& early 
failure rate)

Presence of tiny 
amount of Cd; Te 
availability issue; 
excellent potential 
cost reduction

CIS Best cells 
and modules 
(19.5%, 13%)

Not settled – ranges 
from very high to 
possibly very low

Very early but 
becoming  
established (& early 
failure rate); some 
packaging issues

Not quite 
commercial;  In 
availability issue; 
excellent potential 
cost reduction

 
 

CIS technology also has a Gallium enhanced version, called CIGS [69], to boost its light-

absorbing band gap. A technology summary from [69] that includes both crystalline silicon and thin-

film structures with typical module efficiencies is provided in Table 4.2, and in general is consistent 

with Table 4.1.  

 

4.4 PV Integration Options 

 
Photovoltaic generation can be considered in two distinct configurations in the context of port-

able computing: 
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Table 4.2 PV technology comparison summary [69] 

 

*Record 

Cell

*Record 

Module

Typical 

Module

Fully Mature Technology

Further Reduction in Price or 

Increase in Performance Difficult

Requires Hazardous Gases

Low Performance

No Clear Pathway to Increase 

Efficiency

Exhibits Instability

Toxicity of CdTe is an Issue

No Clear Pathway to Increase 

Efficiency

Requires Superstrate Configuration

Economical Material and Processes

Highest Performance Thin Film

Clear Pathways to Improve 

Performance
Compatible with Flexible Substrates 

and Economical Roll-to-Roll 

Processing

FlexibleCopper Indium Gallium 

Diselenide

19.2 13.4 9-11

Rigid Similar to Amorphous Silicon

Cadmium Telluride 16.5 10.7 7-8 Rigid

Multi-Junction 

Amorphous Silicon

12.4 10.4 6-8

Thin-Film 

Amorphous Silicon 12.7 N/A 5-7 Rigid/ Some 

Flexible

Rigid Similar to Single Crystalline Silicon

String Ribbon Silicon 16.6 8.2 ? Rigid Similar to Single Crystalline Silicon

Polycrystalline Silicon 20.3 15.3 10-12

Crystalline Silicon 

Single Crystalline 

Silicon

24.7 22.7 12-14 Rigid

Photovoltaic 

Technology

Photovoltaic Efficiency, % Flexibility Remarks

 

 

A. An external foldable thin film module [65, 70] that can be carried separately together with the note-

book, spread flat next to the notebook when in use, and connected to the DC power inlet 

B. A thin film module integrated to the top surface of a notebook 

 

The usage model associated with (A) requires carrying another component (external PV mod-

ule), and having an available surface next to the notebook to set it up. It is clear that a foldable stand-

alone module in (A) will always carry the advantage of a potentially larger surface area since it is not 

limited by the notebook form factor. Configuration (B) is more interesting for the purposes of this work, 

because the power electronics can be co-designed and integrated for best efficiency and compactness. 

An integrated PV component can be cost optimized, since the material, assembly, and labor cost of the 

frame including top and bottom layers as well as the power electronics cost can be shared with the exist-

ing infrastructure to support a notebook display buried into the lid made of plastic or alloy material. In 

addition, the integration of the PV module is appropriate for the truly portable notebook usage model, 
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including constant access to computing resources when working indoor and outdoor. The next section 

further estimates energy available from an integrated PV module at the notebook lid surface as well as 

added costs to the platform. 

 

4.5 Analysis 

 

It is important to realize that the PV module integrated to the top surface of a tilted notebook 

lid will not receive 100% of the radiation. In general the average irradiance with an angle of incidence θ 

will decrease to the first order through the cosine law [71]: 

 

θθ cos)( 0EE =      (4-4) 

 

Some divergence from the cosine law has been observed in [71] due to reflectance effects on 

encapsulation and cell surfaces. It is hard to isolate the effects of incidence angle versus spectral losses 

[72, 73] without empirical experiments toward particular usage models and environments. Therefore, 

the approach for the preliminary analysis was a combination of simple application of the cosine law and 

reported indoor and outdoor irradiance data from the literature. 

 

It is in general assumed that when the portable computer is in use, the integrated PV is tilted. 

This is referred to as active state for the purposes of this discussion. The effective irradiance including 

reflectance effects is reduced by cosine of the tilt angle, which is assumed to be ~66˚ in order to get a 

round power scaling to 40% of original. An ergonomic experiment run by Heil [74] was leveraged to 

estimate light exposure of the notebook that is primarily used in indoor work environment. The experi-

ment by Heil serves the purposes of a mobile usage model well, since the data was collected using a 

wrist-worn light monitor in day-shift work environment of free-living humans. Similarly, data on long 

term performance of photovoltaic modules throughout the year was obtained from El-Ghetany [75]. 

Outdoor PV performance data is in general available from national solar radiation database for different 

geographic regions and seasons [76] although this database was not used for this analysis. Summary of 

analysis as well as raw data from [74] and [75] at indoor and outdoor environment respectively using 

two extreme module efficiency values is provided in Table 4.3. Tilt effect was separately accounted for 

in this analysis. 5% efficiency was used as a conservative minimum target that is commonly available 

from today’s worst modules. 20% efficiency was used as a maximum stretch target for the PV module, 

which may be available in a few years. All data was converted to W/m2 format to facilitate the next lev-

el analysis. 
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Table 4.3 Average power generation analysis summary using data from [74] and [75] 

 

Output Power Scaling due to Tilt Effect: 40.00%

% Time   (in 

a Day)
Exposure (LUX) Exposure (W/m

2
)

Weighted Exposure 

(W/m
2
)

Low Efficiency PV (5%) 

Weighted Output (W/m
2
)

High Efficiency PV (20%) 

Weighted Output (W/m
2
)

42.5% 0.500 0.008 0.003 0.000 0.001

17.5% 50.000 0.805 0.141 0.007 0.028

13.0% 150.000 2.415 0.314 0.016 0.063

20.0% 250.000 4.026 0.805 0.040 0.161

5.0% 750.000 12.077 0.604 0.030 0.121

2.0% 1500.000 24.154 0.483 0.024 0.097

Indoor Average Output (W/m
2
) Including Tilt Effects: 0.117 0.469

Indoor Average Output Without Tilt (W/m2): 0.293 1.173

% Time   (in 

a Year)

Exposure (W-

hr/m
2
.day)

Weighted Exposure 

(W/m
2
)

25.0% 3200.000 33.333 1.667 6.667

50.0% 5500.000 114.583 5.729 22.917

25.0% 7800.000 81.250 4.063 16.250

Outdoor Average Output Without Tilt (W/m
2
) : 11.458 45.833

Outdoor Average Output Including Tilt Effects (W/m
2
) : 4.583 18.333

Average Outdoor Photovoltaic (PV) Power Generation:

Average Indoor Photovoltaic(PV) Power Generation:

 

 

Next, average power generated at indoor and outdoor conditions were calculated for each of 

the targeted mobile computing platforms as shown in the first set of rows in Table 4.4. Next set of rows 

leverage this data to recalculate average power generation that can be expected from two distinct usage 

models, one predominantly indoor, and the other predominantly outdoor. The average power generation 

from an integrated thin film PV module changes between 127 mW and 1662 mW for a portable system 

depending on the usage model and module efficiency. Using 12 W average power specification from 

Table 1.1, the PV module can provide 1% to 14% of the portable platform power. The percentage is 

higher for smaller platforms. The variation by more than an order of magnitude is not surprising, and 

emphasizes the importance of target usage model and the PV technology parameters in fairly evaluating 

the PPG benefit in mobile systems. 

 

Using previously defined sustainability metric of Performance/Watt.$, the final PV integrated 

system needs to be evaluated for added cost. Analysis by Zweibel in [60] summarizes estimated cost of 

PV module including initial investments, manufacturing, materials, and labor to a range of $27 to $35 

per m2. Scaling the total to the targeted mobile platforms in this work, the apparent cost additive is 

roughly $2.5 to the Portable, $1.5 to the Mini-Portable, and $1 to the Ultra-Portable systems. Because 

some of the material, labor, and manufacturing costs would be shared with the lid and display integra-

tion, the actual cost should be less for the integrated PV module. On the other hand, additional cost to 

power electronics improvements can bring the cost figures back up. Pending power electronics analysis 

in the upcoming chapter, the incurred cost of integrating PV module to the mobile systems seems ma-

nageable. 
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Table 4.4 Expected average power generation from indoor and outdoor usage models per platform type 

 

Min Max Min Max Min Max

9 35 6 23 4 14

22 88 15 59 9 35

344 1375 229 917 138 550

859 3438 573 2292 344 1375

Indoor Idle 24% 5 21 4 14 2 8

Total 100% 127 510 85 340 51 204

Outdoor Idle 24% 206 825 138 550 83 330

Total 100% 415 1662 277 1108 166 665

2 7

0 1

138 550

Weighted 

Min Power

Weighted 

Max 

Power

1 4
Indoor (or In a Closure) 

Idle
12% 3 11

0 1
Indoor (or In a Closure) 

Active
4% 0 1

83 330Outdoor Active 60% 206 825

Weighted 

Min Power

Weighted 

Max 

Power

6 22

41 165103 413 69 275

Weighted 

Max 

Power

5 21 4 14 2 8

Weighted 

Min Power

Power Generated (mW) 

with Predominantly Indoor 

Usage

% 

Usage

Weighted 

Max 

Power

Weighted 

Min Power

Indoor Active 60%

Outdoor (or Near a 

Window) Active
4%

Outdoor (or Near a 

Window) Idle
12%

Power Generated (mW) 

with Predominantly 

Outdoor Usage

% 

Usage

Weighted 

Min Power

Weighted 

Max Power

Portable Mini-Portable

Weighted 

Max Power

Weighted 

Min Power

14 55 9 37

Ultra-Portable

10 x 12 inch 8 x 10 inch 6 x 8 inchLid Top Surface Area:

PV Generated Power (mW)

Indoor Including Tilt Effects

Outdoor Without Tilt Effects

Outdoor Including Tilt Effects

Indoor Without Tilt Effects

 

 

In addition, existing specifications [70] advertise the deployed thickness as ~0.8 mm for the fi-

nal product. It is therefore clear that thin film PV modules do not have a significant impact to the exist-

ing notebook form factors if integrated onto the lid. 

 

4.6 Summary 

 

The feasibility of integrating PPG into the targeted “green” platforms of varying form factor has been 

discussed in this chapter. Technology development areas in improving the size, cost, and efficiency of PV mod-

ules have been presented. Thin film technologies and associated efficiencies were reviewed.  Two different 

usage models, one predominantly indoors and the other predominantly outdoors, were analyzed in detail for 
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minimum and maximum power generation potential in each system category. The challenge of accurately esti-

mating the impact of targeted geographies, usage conditions, effective efficiencies result in a large uncertainty in 

the prediction of average power output from the PV module. Empirical data from a proof of concept is required 

to bound this uncertainty, and will be revisited in Chapter 5. Analysis so far shows, however, that thin films 

promise to deliver the size, efficiency, and cost requirements of integrating PV into the system. The generated 

power from PV is likely to be greater than TE power generation discussed in the last chapter, especially in well 

illuminated work environments and outdoors. Extending system battery life by few % to 10 or 20% depending 

on platform size and conditions is viable. 
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5 POWER ELECTRONICS 
 

 

5.1 Introduction 

 

Renewable power sources are opportunistic and intermittent by definition. They exhibit a wide 

output I-V range in their operating environment. For example thermoelectric modules put out power in 

proportion to thermal differentials generated across them. Similarly, photovoltaic power is highly sensi-

tive to the intensity of light at any given time. This behavior makes power electronics design one of the 

fundamental challenges behind sustainable power management design with renewables. 

 

The next section discusses existing power electronics architectures for the portable computer 

platforms, and the emerging trends in the industry. Section 5.3 characterizes the desirable attributes of 

the power electronics in the application of notebooks with integrated renewable sources. Section 5.4 

covers empirical studies performed to better characterize the realistic operating range of off-the-shelf 

TE and PV components. Available options for power electronics design around PTG, HTC, and PPG 

systems are enumerated in Section 5.5. Sub-system simulations are provided to demonstrate expected 

performance of each option. A full system design and associated simulations are provided in Section 

5.6. Finally, Section 5.7 contains a summary. 

 

5.2 Notebook Power Architecture 

 

As depicted in Fig. 5.1, AC voltage is rectified to ~19.5V DC in a traditional notebook power 

architecture, which is routed to the DC/DC converters via power switches to be further converted down 

for system loads.  The battery charger bucks down the voltage to ~10.8V to 16.8V depending on the 

charge state.  When unplugged, the input to the DC/DC converters switches to the battery. 

 

 

 

 

Fig. 5.1. Traditional notebook computer power architecture 
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Recent focus in the industry to improve cost, real estate, and efficiency has resulted in alternate 

architectures with lower DC Bus voltage. The first such implementation in Fig. 5.2 incorporates a bi-

directional buck/boost converter between the DC bus and the battery [51]. Since a single power train is 

used between buck and boost mode in this implementation, the number of power switches and switching 

regulators are reduced. Lower voltage on the DC bus (7 V in boost mode, 6 V in buck mode) enables 

improved efficiency operation for the downstream buck converters. In addition the need for power 

transfer switches has been eliminated, allowing “hot” plugging of the AC source. 

 

 

 

 

Fig. 5.2. Alternate architecture with bi-directional power system [51] 

 

The AC/DC converter brick is enhanced with logic in the second configuration, depicted in Fig. 5.3 

[78]. It interfaces to the notebook to communicate power demand requirement vs. supply capability 

back and forth and dynamically regulates the DC Bus voltage. This communication interface is not de-

picted in the figure. The efficiency of the downstream converters will vary in this implementation de-

pending on the DC bus voltage. 

 

 

 

 

Fig. 5.3. 2nd alternate architecture with bi-directional power system [78] 

 

The disadvantage of low voltage DC bus operation is higher current levels on the bus, which 

results in higher switching losses and I2R losses. Therefore, it is critical to architect such buses with 

reduced number of switches and resistive paths in general. 
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5.2 Sustainable Power Architecture Considerations 

 

 Current and voltage available from renewable sources do not typically attain very high levels, which 

makes power conversion a major challenge. The utilization of renewables in computing platforms has therefore 

been limited. The desirable attributes of a truly sustainable power architecture are: 

• Cost: The power electronics as well as renewable modules should preferably represent common tech-

nology that can be obtained at low cost using economies of volume. The operating range of the renewa-

ble components should be characterized to avoid redundancy in design. 

• Real estate: The hardware needs to be integrated without significantly growing the size of the design, 

which is typically an important mobility property in addition to potentially impacting cost. 

• Power dissipation: The power dissipated in the power electronics negatively impacts efficiency. In 

addition, the power electronics associated with scavenging energy from renewables should be turned off 

unless the output power is larger than the dissipated power in the electronics. Since the system is only 

scavenging the energy that would otherwise be fully wasted, low power dissipation is a more crucial 

attribute than Output/Input power efficiency of the power system. 

• Efficiency: Maximum Output/Input power efficiency is desirable for any power electronics architec-

ture design. On the other hand the more relevant metric that will be stressed in this work will be the 

power consumed from the system battery to process the renewable power versus the power generated 

into the system battery from scavenging action.  

• Availability: The scavenging of energy ideally continues when the rest of the system is down. It is 

important that the electronics do not spend more power staying “alive” than the power available from 

renewables. In some of the previous implementations scavenged power is directed to a system compo-

nent, e.g. a fan [41], due to the hardship associated with boosting to levels required to charge a battery.  

It is more desirable to provide support for charging a system battery in a sustainable architecture, even if 

it would take a long time. 

• Other: A truly sustainable system is one that also integrates more sustainable charge storage technol-

ogies than Lithium-Ion batteries commonly used in notebook systems today, although this is not the 

focus in this work. 

 

5.4 Renewable Source Characterization 

 

The first step was to experimentally characterize off-the-shelf TE and PV modules that were 

suitable for integration into a portable computing platform. Appropriate simulation models were then 

built for these components together with the sub-circuit topologies under evaluation in order to identify 

the best design based on above considerations. 
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5.4.1 Thermoelectric Module 

 

  

An off-the-shelf micro-module [79] of relevant dimensions for the desired application has been 

characterized in order to evaluate hybrid operation capabilities, and extract important TE parameters for 

system evaluation.  The setup, depicted in Fig. 5.4, is similar to one described in [80] with OFHC cop-

per replaced by aluminum blocks, chilled water plate by a cooling fan (top), and the heater by a hot 

plate (bottom). 

 

a)            b)       

 

Fig. 5.4. TE micro-module characterization: a) Configuration schematic, b) setup picture 

 

TE module resistance, maximum theoretical power output, Seebeck coefficient, and I-V cha-

racteristics were measured using the techniques described in [81] and [82], for a range of ∆Ts across the 

module.  Higher ∆T corresponded to higher average TE temperature in the experiments.  The depen-

dence of the critical parameters to ∆T, shown in Fig. 5.5, was in line with the expectations.  Off-the-

shelf component had a relatively poor Seebeck coefficient, and hence low efficiency compared to other 

modules noted in the literature. The power electronics design needs to comprehend a TE generated vol-

tage that has 100-500mV range, and associated 1-60mA of current range. In the refrigerator mode (HTC 

configuration), the TE specifications [79] allow for up to 3.8 V and 1.7 A to be delivered to the TE. 

 

  



  
                                                                                                                                                               73 

1.5

2

2.5

3

0 10 20 30 40 50 60

Module Electrical Resistance (Ω) vs. 
∆T (°C)

0

10

20

30

0 10 20 30 40 50 60

Module Max. Power Output (mW) vs. 
∆T (°C)

 

0.31

0.32

0.33

0.34

0.35

0 10 20 30 40 50 60

Seebeck Coefficient (mV/°C) vs. ∆T (°C) 

 
 

Fig. 5.5. Characterized electrical resistance, maximum power output (top), and Seebeck coefficient (bot-

tom) against forced ∆T across the TE module 

 

5.4.1 Photovoltaic Panel 

 

An off-the-shelf silicon solar cell [83] was used as a building block to construct a panel with 5 

series x 3 parallel array, which roughly had a 20 inch sq. surface as depicted in Fig. 5.6. Series connec-

tivity boosts voltage while parallel connectivity multiplies generated current. The panel size corresponds 

to less than a quarter of a portable computing system lid surface area, which is approximately 120 inch 

sq. 

 

       

 

Fig. 5.6. 0.8x1.6 inch off-the-shelf bulk silicon solar cell (left) used to build a panel of 5x3 array (right) 
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The test panel was fully characterized in different environments during winter in Oregon, 

U.S.A. As expected, the generated power varied more than linearly with light intensity, but the light 

intensity itself varied logarithmically across environmental conditions. This is clearly depicted in Fig. 

5.7. The data was also projected to a full size panel that covers 2/3 of a thin and light portable computer 

lid in the same figure (bottom). 
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Fig. 5.7. Measured I-V generation for a 20 inch2 panel (top) and power generation projection to an 80 

inch2 panel for use in a 10x12 portable computer lid (bottom) 

 

The generated power can vary between sub-mW to mWs in office environment with artificial 

lighting, but can range from 10s of mWs to 100s of mWs with exposure to natural light. The data in Fig. 

5.7 can be further extrapolated to outdoor conditions with high light intensity such as summer time in 

Arizona, U.S.A. where the generated power can be in multiple Watts. These conditions are less interest-

ing for the purposes of targeted high volume notebook usage models in this research. Regardless, PV 

integration can improve battery life by up to 5%, which is a very significant improvement. 
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5.5 Power Electronics Design 

 

Notebook integrated TE and PV output power specifications are summarized in Table 5.1 per 

module. It can easily be recognized from the table that achieving the goal of net battery life benefit will 

require setting system ON/OFF thresholds for the low end of the power range, so that power scavenging 

is inactivated when power electronics consume higher power than generated power. Voltage, current, 

and power always scale together for TE and PV, allowing only one of these parameters (e.g. voltage) to 

be tracked for setting ON/OFF thresholds and detecting available power levels. 

 

Table 5.1 Current, voltage, and power range for TE and PV integration 

 

Design Range I (mA) V (V) P (mW) 

TE 0 - 50 0 – 0.5 0 - 25 

PV 1 – 100 0.5 - 5 0.5 - 500 

 

5.5.1 Power Architecture with Renewables 

A renewables link with direct interface to the DC Bus, as depicted in Fig. 5.8, has been added to the 

conventional architecture of Fig. 5.2. A two-stage converter is needed due to low TE voltages (Table 5.1). The 

integration of the low voltage renewables is more viable with the previously discussed emerging low voltage DC 

bus architectures (Fig. 5.2, 5.3), because they allow lower voltage boost multipliers than the conventional de-

signs. This is an additional advantage of the emerging designs that has not been previously considered. 
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Fig. 5.8. New power architecture with renewables link 
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A few observations on the new power architecture follow: 

A. Hybrid Thermoelectric Conversion (HTC): TE conversion, if utilized to generate extra power, should be 

enhanced with an HTC configuration, as explained in Chapter 2, on cooling limited and performance limiting 

components like the CPU. Each system design needs to evaluate if there are other high temperature components, 

e.g. chipset, in the same category. It is assumed in Fig. 5.8 that the system DC bus voltage can be fed to the TE 

when in refrigeration mode through a switch. The switch also serves as a rough linear step-down converter. De-

pending on the frequency of entering this mode, it may be more efficient to implement a buck converter. It has 

been assumed in the current usage model that refrigeration mode is utilized only during high activity bursts. 

B. Power gating per renewable module: Voltage boost is an inherently inefficient process, especially when 

large voltage multipliers are concerned. Adding to this the low power levels available from the small scale re-

newable sources, it becomes crucial for each boost module to monitor available input power and decide whether 

the associated power electronics should be enabled. Otherwise, the sub-circuits should be power gated to avoid 

wasting of power. 

C. Internal (intermediate) low voltage bus value: The voltage setting at the internal bus should be optimized 

for best overall input to output power efficiency. An optimal voltage is likely to be such that the first stage and 

second stage boost multipliers are simultaneously minimized, and hence are roughly equal. It has been found in 

early studies that a minimum TE output voltage level of ~200-300mV is required at the renewable source for 

meaningful power extraction, and should be used as the first stage ON/OFF threshold. This drove the internal 

bus voltage to be ~1V so that first and second stage voltage boost multipliers can both be around 5-7x. If the first 

stage TE threshold is set to 400mV, a 2 V internal bus may be more optimal. 

D. Flexible boost converter for the PV module: Depending on the operating environment of the notebook, a 

PV generator output can be as high as the 6 V battery DC bus voltage level under sunny conditions with high 

light intensity. The best implementation for PV power electronics would therefore detect different voltage levels 

and dynamically scale the power electronics in order to achieve the best efficiency. 

 

5.5.2 Controller Design 

 

Table 5.1 clearly shows extracting net power from TE generators is a sizeable challenge, and requires a 

controller design with minimum power dissipation. Three requirements have been identified for controller de-

sign in order to address this problem: 

i) Minimize the number of power consuming transistors. Sophisticated and higher device count schemes such 

as pulse width modulation will result in diminishing returns due to the intermittent and low power nature of the 

TE source. 
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ii) Any boost stage should not turn on unless the corresponding control circuit will consume less power than the 

power generated at the stage output. The ON/OFF threshold can be determined empirically for different power 

sources. 

iii) The controller switching frequency and the associated power dissipation should scale with TE power output 

in order to make net energy scavenging viable under low power conditions. When the minimum power genera-

tion requirement from (ii) can no longer be met, the controller should shut off. 

A simple controller topology resulting from these three requirements is depicted in Fig. 5.9. As noted in the fig-

ure, each boost stage has its own asynchronous controller unit with a minimum number of devices to satisfy 

requirement (i) above. The controller design is based on the concept of trickle-charging. First, a minimum 

amount of power needs to be available from the TE, as sensed through the TE output voltage. This minimum 

requirement is set through the resistor divider at the input of the first comparator based on requirement (ii). Once 

the comparator trips, an asynchronous pulse generator is enabled. The operating frequency of the pulse generator 

is lowest when the TE output voltage barely exceeds the ON/OFF threshold. The voltage sensing asynchronous 

pulse generator is implemented through a simple CMOS ring oscillator with an enable input, as shown in Fig. 

5.10. 

 

 

 

Fig. 5.9. Asynchronous converter topology for low power renewables 

 

 

 

 

Fig. 5.10. Ring oscillator based asynchronous pulse generator with voltage controlled switching fre-

quency and power dissipation 
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As the voltage (and power) available from the renewable source increases, CMOS gate delay decreas-

es and ring oscillator operates at higher frequency with higher associated power dissipation. The pulse generator 

dynamic power dissipation is linearly related to the operational frequency, and has second order dependence on 

voltage: 

fVoltageCerDynamicPowatorPulseGener .._ 2=    (5-1) 

C in the equation denotes switching parasitic and load capacitance, and f stands for switching frequency. Con-

troller dynamic power dissipation therefore shows a cubic dependence on TE power output, and meets require-

ment (iii). The only components of the controller not powered by the renewable sources are the comparator and 

the resistor divider for reference generation. The comparator power dissipation can be optimized since its band-

width requirements are low. Alternatively it can be fully eliminated in an integrated solution by designing a min-

imum power detection capability into the pulse generator, for example using MOSFET ON threshold voltage 

(Vt) available from the device process technology. A low Vt CMOS technology is required for the ring oscillator 

implementation in order for the controller to start pulsing at low TE output levels. Alternatively body biasing 

techniques can be utilized to have a programmable Vt, which would in turn translate to a programmable 

ON/OFF threshold. 

 

Once the internal low voltage bus becomes charged to its threshold setting, e.g. 1 V, the comparator in 

the 2nd controller stage (Fig. 5.9) trips and the pulse generator in the 2nd stage is activated. The pulses transfer the 

charge from the internal low voltage bus, through the boost converter, to the high voltage bus. If the charge 

transfer in the 2nd stage exceeds the transfer in the 1st stage, the intermediate voltage level eventually drops and 

the 2nd stage controller turns off while the internal bus is recharged up to its activation level. 

 

The controller building block is asynchronous in many ways. Control modules associated with differ-

ent renewable sources can vary in switching frequencies, duty cycle, and are phase mismatched with each other. 

Capacitors and reference resistors shown in Fig. 5.9 and 5.10 can all be built using devices in a fully integrated 

CMOS design. Programmability can be added to the resistor dividers to tune ON/OFF threshold settings during 

system design. Similarly, the oscillator load capacitors in Figure 5.10 can be designed to be programmable to 

allow base frequency adjustments. 

 

5.5.3 PTG Power Electronics 

 

The next consideration is the topology selection and design of the boost converter for the low 

voltage, low power TE sources. Few options have been evaluated using the TE source model developed 

based on characterization data discussed in Section 5.4.1, and the asynchronous controller described in 

the previous section. Only one TE source has been used in the studies, but scalability requirement to 
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multiple sources has been preserved, as described in Section 5.5.1 (Fig. 5.8). Utilized figures of merit 

for the evaluation were: 

PowerInputTotal

PowerOutput
EfficiencyOutputtoInput

__

_
_ =−−

       (5-2) 

PowerPEConsumedPowerOutputNetSurplusGeneration _____ −=      (5-3) 

 

Input-to-Output (I-O) Efficiency tracks generated power as compared to the total power from 

the TE module plus any additional power delivered to the power electronics. Generation Surplus must 

be larger than 0 for a particular boost converter design to have net benefit. PE in the surplus equation 

denotes power electronics. Because the generation surplus is as important in sustainable power man-

agement as the I-O efficiency, the asynchronous controller design through the utilization of a ring oscil-

lator works well for this application. As long as current is not allowed to flow from the high-V bus into 

the boost circuit through the use of a diode at the output stage, net output power from regulator and con-

troller is guaranteed to be equal or greater than 0. Therefore, only the additional logic and circuit blocks, 

such as added comparators and voltage dividers in Fig. 5.9, need to be managed through programmabili-

ty discussed in the last section for power consumption to ensure generation surplus is greater than 0. 

 

Three schemes for boosting low voltage levels will be analyzed next by utilizing the above me-

trics: 

i) Two stage conventional boost 

ii) Conventional boost and Dickson charge pump cascade 

iii) Low voltage CMOS and Dickson charge pump cascade 

Other interesting configurations are two stage Dickson charge pump, and switch capacitor boost. Switch 

capacitors require many switches and caps, and have large associated losses based on preliminary stu-

dies. They also require significant redundancy when the source voltage has a large operating range. The 

reasons for disregarding two stage Dickson charge pump are explained in section 5.5.3.2. 

 

5.5.3.1 Two Stage Conventional Boost 

 

A cascaded two stage configuration of the conventional boost converter [84] is depicted in Fig. 

5.11. The circuit is used to scavenge small amounts of intermittent energy to store at the system battery 

by stepping up the voltage to the DC Bus levels opportunistically. Therefore, it is expected that both 

stages operate in discontinuous conduction regime, meaning that the current flow through the inductor 

from input to output will be zero for part of the period. Asynchronous pulse generator functions as de-

scribed in the previous section. The comparator in the first stage has been eliminated, which allows first 
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stage boost to operate as soon as the devices that make up the ring oscillator come out of the cut-off 

region and turn on.  

Fig. 5.12 depicts voltage and current waveforms across the inductor in each boost converter stage. Since 

the controller is asynchronous, period Ts represents the instantaneous period, which corresponds to os-

cillator total instantaneous delay, instead of a phase-locked and sustained period. Inductor voltage over 

one clock period needs to add up to zero. The resulting average voltage transfer function with clock 

duty cycle D is: 

1

1
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+∆
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Fig. 5.11. Thermoelectric generation with cascaded conventional boost and asynchronous control 

 

 

Fig. 5.12. Inductor voltage and current waveforms with boost converter at discontinuous conduction 
[84] 

 

Similarly, average current transfer function, ignoring power losses through the circuitry, is: 

DI

I

in

out

+∆

∆
=

1

1
     (5-5) 



  
                                                                                                                                                               81 

  The average input current or inductor current for period Ts can be derived from the 
figure as: 
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in     (5-6) 

Substituting this back into Equation 5.5  yields: 
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Using sample TE voltage and a fixed duty cycle of 50%, the theoretical range of ∆1 can be calculated 

from equation 5-5. Similarly ∆1 and output current range can be calculated for the 2nd stage. The theo-

retical best case for various input and output parameters based on above equations, and closed loop si-

mulation results from circuit in Fig. 5.13 are listed in Table 5.2. The active components of the circuit are 

implemented using 90 nm CMOS technology. The results demonstrate the efficiency is low when the 

circuit is optimized for maximum generation surplus. Some of the current (I) and voltage (V) wave-

forms from the simulations are shown in Fig. 5.14. The clock pulse to the 2nd conventional boost stage 

only fires when the intermediate bus voltage reaches 2 V as depicted in the figure. This implementation 

prevents power from being wasted by stopping clock to the 2nd stage when not needed, as shown by the 

control switching dissipation numbers in Table 5.2. The clock to the 1st stage is ON as long as TE output 

voltage is above the programmed threshold. The results highlight the importance of taking into account 

clock switching losses for sustainability evaluations. These losses are often ignored in medium to high 

power applications since they are outside the direct path between input and output, and tend to be small 

compared to losses in the main path. When evaluating opportunistic energy scavenging, it is crucial to 

include them. Note if comparators have to be implemented as the means to detect activation thresholds, 

the associated power penalty would be accounted as start-up power. 

 

 
Fig. 5.13. Circuit simulation model in 90nm CMOS for two stage conventional boost with local control 
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Table 5.2 Theoretical (best case) efficiency vs. simulated efficiency with two stage 90nm conventional 

boost circuit 

 

Two Stage Conventional Boost

1
st
 Stage 2

nd
 Stage 1

st
 Stage 2

nd
 Stage

Vin 0.35 2.00 0.37 2.00

Vout 2.00 6.00 2.00 6.00

Iin (mA) 13.50 2.36 13.29 1.70

Pin (mW) 4.72 4.72 4.91 3.39

Iout (mA) 2.36 0.79 1.73 0.50

Pout (mW) 4.72 4.72 3.46 3.01

Switching+Conduction+Leakage Losses (mW) 0.000 0.000 1.454 0.390

Input-to-Output Efficiency

Additional Start-Up Ckt Power (mW)

Generation Surplus (mW) 4.725 3.005

0.000 0.000

Simulated w/ LossesTheoretical (Max)

100% 61%

 

 

 

 

Fig. 5.14. Simulated current and voltage waveforms with boost converters in discontinuous conduction 
 

5.5.3.2 Conventional Boost – Dickson Charge Pump Cascade 

 

Charge pumps have evolved in the recent years [87] especially due to the integration of on-

chip circuits that require higher voltage levels than available through the power supply. Simplest im-

plementation will be considered in this section, as first presented by Dickson [86] (Fig. 5.15). 

Dickson has shown that ideally output current is independent of the number of stages: 

Lsout VCCfI )..( +=      (5-8) 

where, f is the clock frequency, C is the intentional coupling capacitance, CS is the stray capacitance per 

node, and VL is the voltage by which capacitors are charged and discharged. 

2
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1
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Fig. 5.15. Voltage multiplier charge pump [86] 

  

 Output voltage depends on many parameters as: 
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where N is the number of stages, VCLK is the clock amplitude, and VD is the forward bias diode voltage. 

Therefore, voltage multiplies as long as, 
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and a good guideline is to set C > Cs > 0.1C. 

 

The voltage swing at each stage of a Dickson charge pump is: 
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The full term can be approximated as VCLK, as shown in the equation, when C is significantly larger than 

CS and Iout is small. Voltage gain at stage N is: 

 

)(NVVGain th−∆=          (5-12) 

 

where Vth(N) is the MOSFET threshold voltage at stage N, and is also the voltage difference between 

the source and the drain. Therefore, for T stage Dickson charge pump, output voltage, 

))((
1

NVVV th

T

N

inout −=∑
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     (5-13) 

With ground body bias, source to bulk voltage increases at later stages of the Dickson charge pump, 

which in turn increases Vth and diminishes returns for the added stages. Furthermore, when Vin is used to 

CLK 

CLK_BAR 
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power up the pulse generator driving the charge pump, VCLK~ Vin, and ∆V is small at the first stage. 

Therefore, Dickson charge pumping gain significantly reduces, and impacts the I-O efficiency of the 

first stage.  This is the fundamental reason behind not considering Dickson charge pump in the first 

stage boost directly interfacing to low voltage TE module. 

 

 The modified circuit with 2nd stage replaced with the charge pump is depicted in Fig. 5.16.  

 

 

 

Fig. 5.16. Thermoelectric generation with conventional boost and charge pump cascade  

 

The simulated circuit with 90 nm MOSFETs is depicted in Fig. 5.17. As shown in simulations results 

(Table 5.3) switching losses in the 2nd stage are significantly higher than the previous scheme due to the 

intentional capacitors used for pumping action. On the other hand, the controller and drivers charging 

and discharging the capacitors are still powered by the renewable source. Therefore, overall net benefit 

is still preserved in this topology. The advantage of the charge pump in the 2nd stage is the absence of 

magnetic components. The implementation is therefore more suitable for integration compared to con-

ventional boost. 

 

 

Fig. 5.17. Circuit simulation model in 90nm CMOS for conventional boost - Dickson charge pump cas-

cade 
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Table 5.3 Theoretical calculations vs. simulated results from conventional boost – Dickson charge pump 

cascade implemented with 90nm MOSFETs 

 

Conventional Boost - Dickson Charge Pump Cascade

1
st
 Stage 2

nd
 Stage 1

st
 Stage 2

nd
 Stage

Vin 0.35 2.00 0.37 2.00

Vout 2.00 6.00 2.00 6.00

Iin (mA) 14.66 2.57 14.49 2.15

Pin (mW) 5.13 5.13 5.31 4.30

Iout (mA) 2.57 0.77 2.12 0.40

Pout (mW) 5.13 4.62 4.24 2.41

Switching+Conduction+Leakage Losses (mW) 0.00 0.52 1.07 1.02

Input-to-Output Efficiency

Additional Start-Up Ckt Power (mW)

Generation Surplus (mW)

Simulated w/ LossesTheoretical (Max)

90% 45%

4.62 2.41

0.00 0.00

 

 

5.5.3.3 Low-V CMOS – Dickson Charge Pump Cascade 

 

 A more suitable charge pump for the first stage is the low voltage CMOS implementation re-

cently reported in [88]. This implementation is based on a cross-connected NMOS input pair followed 

by a PMOS output pair to ensure a voltage step-up by V=Vin at each stage. The complete topology, with 

the low transistor count Dickson charge-pump kept at the second stage, is shown in Fig. 5.18. 

 

 

 

 

Fig. 5.18. Conventional boost replaced by low voltage CMOS charge pump in cascade configuration 

 

The details of the low voltage CMOS operation will not be described here and can be found in 

[88]. It should suffice to note that for the 4 stage charge pump shown in the figure, the ideal output vol-

tage is 5 (N+1) times Vin. Therefore, with the internal bus voltage set at 1 V, a Vin level as low as 200-
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250mV should be supported by the four stages, including parasitic losses. Simulations performed to 

compare 4 different topologies using 1 V internal bus value (versus 2 V used in previous examples) 

demonstrate superior performance of the cascade with integrated low-V CMOS  charge pump as shown 

in Table 5.4.  

 

Table 5.4 Comparison across different boost topologies for TE generation mode 

 

1st Stage   

Boost 

Converter

2nd Stage 

Boost 

Converter

   

Source 

P   

(mW)

1st 

Stage 

Gen. P 

(mW)

2nd 

Stage 

Gen. P 

(mW)

Generation 

Surplus 

(mW)

Input-

Output 

Efficiency

Conventional Conventional 9.1 4.7 2.0 2.0 22%

Conventional
Dickson      

Charge Pump
9.0 4.5 3.4 3.4 37%

Dickson     

Charge Pump

Dickson      

Charge Pump
10.0 3.1 2.3 2.3 23%

CMOS Low-V 

Charge Pump

Dickson      

Charge Pump
9.4 5.5 4.1 4.1 44%

 

 

 Fig. 5.19 depicts the current (I) waveforms in mA for the low-V CMOS and Dickson charge 

pump cascade. As shown, low-V CMOS and Dickson charge pumps have different output current cha-

racteristics. Low-V CMOS at the first stage does not have dead time between current pulses, because it 

effectively has two parallel paths pumping charge out with 180° phase shift. On the other hand, conven-

tional Dickson charge pump at the 2nd stage only pumps the charge out 50% of the time. 

 

 

 

 

Fig. 5.19. Current waveforms from 1st and 2nd stage of the Low-V CMOS and Dickson cascade 

 

 Fig. 5.20 depicts startup sequence for the cascade charge pump, and is self explanatory. TE 

power generation due to thermal changes is likely to ramp up much slower than what is shown, but has 

been shortened for simulation purposes. After sufficient power availability is detected at the TE, pulse 

1st Stage Current 2nd Stage Cur-
rent 
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generator at the 1st stage starts pumping power to the internal bus as shown. The pulse generator at the 

2nd stage starts when internal bus reaches 1 V, and pumps power to the DC bus. 

 

 

 

 

Fig. 5.20. Cascade charge pump start up sequence simulation 

 

The asynchronous control frequency and amplitude modulation with changing TE module out-

put power is shown in Fig. 5.21. The power and performance of the power electronics scale with the 

available TE power as intended. 

 

 

 

 

Fig. 5.21. TE voltage change (bottom) resulting in frequency & amplitude modulation of the control 

pulse (bottom), power reduction in PE (middle), and reduced generation (top) 
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5.5.4 HTC Enhancements 

 

HTC configuration requires that appropriate interface is provided for delivering 3-4 V and few 

Amps of power to the TE so that it operates as a refrigerator for the times the component is too hot. The 

simplest such configuration with minimum additional power electronics is depicted in Fig. 5.22.  Be-

tween generation and refrigeration mode, TE terminals change polarity to keep the same current direc-

tion. The ground therefore needs to switch terminals depending on the mode. When the “component 

hot” signal is asserted, for example by the CPU under the TE, it turns on a FET switch to allow DC 

power to be delivered to the TE without any power electronics in the simplest implementation. It at the 

same time ties the other terminal to ground.  If the bus voltage after the voltage drop across the FET is 

still too high for TE to handle, some other standard system voltage regulator output such as 3.3 V can be 

used. Otherwise, a FET can be biased to provide sufficient drop at the expense of efficiency. When 

“component hot” is not asserted, then the refrigerator ground terminal becomes the generator positive 

voltage output terminal, and ground is connected to the other terminal. 

 

 

Fig. 5.22. Topology for Hybrid Thermoelectric Conversion (HTC) configuration 
 

In a more sophisticated implementation it may be desirable to provide just enough power to the TE for 

component to get just a little cooler e.g. 1° C. This implementation requires an additional voltage regu-

lator in refrigeration mode. An additional A/D, on board logic or both may be needed to read the com-

ponent temperatures. 

 

5.5.5 PPG Enhancements 

 

PPG power electronics sub-system can reuse one of the implementations described for PTG in 

Section 5.4.3. Alternatively, noting from the previous 80 inch2 PV panel characterization data that an 
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off-the-shelf component is likely to easily sustain close to 2 V even under a windowless office condi-

tions, the PPG can be directly connected to the intermediate 2 V bus with only a diode. The disadvan-

tage of this simple implementation is that under very poorly lit conditions where PV output voltage is 

low, PPG would not contribute any power to the renewables bus. The advantage is major component 

reduction and associated reduction in losses. 

 

5.6 System Design and Simulations 

 

Full system topology is illustrated in Fig. 5.23 based on the discussion in previous sections. 

HTC has been integrated to the CPU in this topology, while TE attached to the Chipset only works in 

generation mode. The notebook lid has the integrated PV source as detailed earlier. 

 

 
 

Fig. 5.23. Full renewables system topology 

 
Simulations have been performed to evaluate total system efficiency with conventional boost 

scheme. Voltage and current waveforms, and the efficiency of the added power electronics are shown in 
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Fig. 5.24 and Table 5.5 respectively during a CPU TE generator to refrigerator transition under HTC 

configuration. The system load is high throughout the long simulation. Only the portion with mode tran-

sition is shown.  Negative numbers indicate power generation. The CS TE generated voltage level is 

modulated in the model to emulate thermal variations.  The TE generation efficiency is in general low 

due to two-stage operation, as shown in Table 5.5. 70% overall I-O efficiency was attained in simula-

tions due to the higher power and corresponding higher efficiency of the PV. Efficiency significantly 

dropped when in cooler mode with significant power delivered to CPU. Generation surplus is 86 mW in 

generation mode, while power deficit due to increased performance in cooler mode is 9 W. Perfor-

mance/Watt score still benefits due to the fact that the system in generating mode almost all the time. 

 

CPU HOT assertion 

CPU TE – ve Port  
Voltage 

CS TE  
Voltage 

PV  
Voltage 

CS TE Current CPU TE 
Current 

PV Current 

Renewables  
Bus Voltage 

CPU TE +ve 
Port Voltage 

 

 
 

Fig. 5.24. “CPU HOT” Transition Simulations: Voltage and Currents waveforms 

 

 
Table 5.5 Simulated power electronics efficiency for the two HTC modes 

 

 GENERATION TE_CPU TE_CS PV_OUT
RENEWABLES

_BUS
BATTERY

LOAD 

(DC/DC)

Avg. I (A) -0.049 -0.022 -0.100 -0.014 -6.645 6.659
Avg. V (V) 0.286 0.279 1.026 5.994 5.993 5.993
Avg. P (W) -0.014 -0.006 -0.103 -0.086 -39.825 39.911
Efficiency

GENERATION + 

COOLING
TE_CPU TE_CS PV_OUT

RENEWABLES

_BUS
BATTERY

LOAD 

(DC/DC)
Avg. I (A) 1.541 -0.018 -0.100 1.529 -8.124 6.596
Avg. V (A) 3.156 0.227 0.967 5.977 5.992 5.992

Avg. P (W) 4.863 -0.004 -0.097 9.136 -48.678 39.520
Efficiency

70.04%

53.23%  
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5.7 Summary 

 
 The requirements for a sustainable computer power architecture have been identified. Note-

book power architecture was modified accordingly to add basic infrastructure to support multiple green 

sources. TE and PV technologies, as described in the previous chapters, were thus investigated. The 

relevant electrical parameters were empirically extracted from off-the-shelf bulk TE and PV modules in 

order to be realistic in the assumed input range for the power electronics.  

 

An asynchronous controller was designed for the low power renewables application based on a 

free-running ring-oscillator. The controller removed the need for implementing sophisticated functions 

in the system to ensure overall net benefit from the green sources. Its power and performance scaled 

well with the available power. TE generation was identified as the most challenging in the renewables 

system due to its low and intermittent nature. Multiple boost schemes were evaluated using metrics de-

veloped to track not only Input-to-Output efficiency, but net generation surplus as well, after taking all 

losses into account. Conventional boost scheme with a single inductor per stage worked with roughly 

50% efficiency as expected, and had the advantage of constituting a well understood design. Charge 

pumps were studied next as the means to achieve a solution without magnetic components, and there-

fore were suitable for LSI integration in the future. The most favorable topology was a low voltage 

CMOS charge pump at the 1st stage, and a low transistor count Dickson charge pump at the 2nd stage. 

 

Simple FET switches were added to the configuration in order to support both cooler and refri-

geration modes based on system triggers. PV power electronics was not covered in detail, but was ex-

pected to be manageable due to the fact that PV voltage and power levels were high enough to work 

with simple solutions. Lastly, sample system simulations were provided to demonstrate feasibility. 
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6 PROOF OF CONCEPT DEMONSTRATION 
 

 

6.1 Introduction 

 

Quantification of the opportunities associated with the renewables were done based on full TE 

and PV characterization performed in a lab environment, as discussed in the previous chapter. The next 

challenge was experimentation with the low power electronics design. Even though 90nm MOS tech-

nology was used in simulations in order to scale down to voltage and power levels required by the TE 

application, actual LSI component design was not within the scope of this project. Therefore, discrete 

components were used to understand the power electronics challenges. As a result, the proof of concept 

was not expected to be quantitatively conclusive, but acted as a rough check of the feasibility. 

 
 Two experiments were completed in the lab. The first experiment verified a closed loop HTC 

system through a conventional boost circuit of discrete components and FET switches directly attached 

to the TE module with controlled ∆T across it. The second experiment investigated boost implementa-

tion tradeoffs by comparing charge pump configurations with conventional boost using discrete compo-

nents. 

 

6.2 HTC with Conventional Boost 

 
A simple HTC configuration was built using conventional boost (Fig. 5.11), and extra switches 

(Fig. 5.22) controlled by a DIP switch to put the TE in generation and cooler modes. 1uH inductors and 

1uF capacitors were used together with 1N5817 Schottky diodes and available IRF510 MOSFET 

switches were used for both the regulator and signal multiplexing. Ring oscillator based control was not 

feasible without the small scale (e.g. 90nm) integration. Therefore, a combination of a comparator 

(LM339) and a timer (LM555) with enable function controlled by the comparator were utilized to gen-

erate the equivalent of circuit in Fig. 5.11 for each stage. The prototype system and few sample wave-

forms are depicted in Fig. 6.1. 

 

As observed in the power measurements summarized in Table 6.1, the TE cooler mode power 

electronics efficiency (negative sign means power is consumed) is very close to the simulated efficiency 

of the overall system that included the PV and the second TE in Table 5.5.  This is due to the fact that 

the TE cooler power is dominant even in these full system simulations.  The generation surplus, al-

though not calculated, would be negative for both refrigeration mode and generation mode. The low 

generation mode I-O efficiency highlights the problem of having to power up many different circuits to 

extract power from a single TE module. 
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Fig. 6.1. HTC prototype (left) and a subset of signals captured in generation mode (right) 

 

Table 6.1 Measured TE power and system efficiency with conventional boost in both modes of the HTC 
configuration 

 

HTC MODE:
TE_CPU 

Current (A) 

TE_CPU 

Voltage 

(V)

TE_CPU 

Power 

(W)

Supply 

Current 

(A)

Supply 

Voltage 

(V)

DC Bus 

Power 

(W)

I-O 

Efficiency

COOL 0.950 2.800 2.660 -1.000 4.900 -4.445 -54.29%

GENERATE -0.071 0.167 -0.012 -0.300 4.900 0.003 0.81%
 

 
The HTC configuration was functionally verified through this setup to successfully extract 

power in generation mode, and cause the hot side of the TE module to reduce in temperature by 5-10 ºC 

or more even with the active heating from the hot plate in Fig. 6.1. The exact quantification of the CPU 

die cooling in a real system could not be projected from this particular setup, but the results confirmed 

feasibility. 

 
6.3 Generation with Low Voltage Charge Pump 

 
The optimization decisions for the generation boost topology and the control scheme were ve-

rified next using the same experimental setup.  

 

Full system (1PV and 2 TE sources) simulations with conventional boost for each source and 

an externally powered controller indicated, as in Fig. 6.2, that in general higher supply voltage levels 

for common discrete components will not yield best input-to-output efficiency or generation surplus. 

Unlike the good generation surplus values obtained from the ring oscillator controller scheme in the last 

TE+ Voltage 
DC Bus Voltage 

Control 
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chapter, regulation with an external fixed supply results in poor efficiency. In fact, the simulations 

demonstrate in the same figure that for this topology I-O efficiency suffers with voltage down-scaling 

even though generation surplus power improves and becomes less negative. This is mainly due to the 

fact that the Ids reduction from down-scaled voltage in the conventional boost is a more dominant effect 

than the power savings from switching the MOSFET gate with a smaller voltage swing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. 6.2. Full renewable system simulations with conventional boost in 1st and 2nd stages: Efficiency 
metrics with high (top) and low voltage (bottom) optimized design 

 
 

A similar simulation study with charge pump topology showed much better efficiency and 

power generation scaling with supply voltage, as depicted in Fig. 6.3. Due to the switching caps in the 

charge pump, the voltage scaling of switching power dissipation is in general much more dominant than 

the scaling of power generation due to smaller voltage swings as shown in the figure. 

 

 Fig. 6.4 summarizes the simulated efficiency trends with supply voltage for both conventional 

and charge pump boost methods. The improvement in charge pump performance through the optimiza-

tion of capacitor sizing in the topology is also depicted in the same graphs. 

 

 The simulation predictions were verified using the setup described in previous section with a 

single TE source.  The conventional boost was designed using the same MOSFETs as before. The 

Dickson charge pump was built for both 1st and 2nd stage using 1N5817 Schottky diodes and discrete 

capacitors. Table 6.2 contains measurement results for both boost schemes. In general the efficiency 

improvement going from the conventional boost to the low voltage charge pump configuration is con-

sistent with the expectations from simulation studies. 

Duty Cycle (No pulse width modulation): Conventional boost

50% CPU TE CS TE PV 2nd Stage

Vin 0.40 0.40 3.01 2.37

Vout 2.37 2.37 2.37 6.00

Iin (mA) 0.04 0.01 0.41 0.42 1st Stage Control signal amplitude : 1.5 V

Pin (mW) 0.02 0.00 1.24 0.99 2nd Stage Control signal amplitude : 3.5 V

Iout (mA) 0.00 0.00 0.41 0.27 Frequency of 1st stages: 500kHz

Pout (mW) 0.01 0.01 0.98 1.61 Frequency of 2nd stage: 1MHz

Control Switching Losses (mW) 25.01 25.00 0.00 39.38

I-O Efficiency

Generation Surplus

2%

-87.78

Duty Cycle (No pulse width modulation): Conventional boost

50% CPU TE CS TE PV 2
nd

 Stage

Vin 0.40 0.40 3.01 2.48

Vout 2.48 2.48 2.48 6.00

Iin (mA) 2.08 1.41 0.01 3.46 1st Stage Control signal amplitude : 5.5 V

Pin (mW) 0.82 0.56 0.03 8.59 2nd Stage Control signal amplitude : 5.5 V

Iout (mA) 2.04 1.41 0.01 2.64 Frequency of 1st stages: 500kHz

Pout (mW) 5.06 3.50 0.02 15.84 Frequency of 2nd stage: 1MHz

Control Switching Losses (mW) 145.05 150.38 0.00 70.70

I-O Efficiency

Generation Surplus

4%

-350.28
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Fig. 6.3. Full renewable system simulations with Dickson charge pumps in 1st and 2nd boost stages: 

Efficiency metrics with high (top) and low voltage (bottom) optimized design 
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Fig. 6.4. Simulated efficiency trends with supply voltage in conventional boost (top) and charge pump 
(bottom) implementation 

Duty Cycle (No pulse 

width modulation):
Charge Pump

50% CPU TE CS TE PV 2nd Stage

Vin 0.15 0.15 2.79 1.99
1st Stage Control signal 

amplitude
5.5 V

Vout 1.99 1.99 1.99 6.00
2nd Stage Control signal 

amplitude
5.5 V

Iin (mA) 110.58 110.57 50.83 272.09 Switching Frequency 500kHz

Pin (mW) 16.07 16.11 142.01 541.21 1st Cap 1st Stage 100nF

Iout (mA) 110.73 110.73 50.63 269.61 2nd Cap 1st Stage 100nF

Pout (mW) 220.25 220.25 100.70 1617.66 1st Cap 2nd Stage 1uF

Control Switching Losses 

(mW)
1219.90 1217.01 0.00 1955.45 2nd Cap 2nd Stage 1uF

I-O Efficiency

Generation Surplus

27%

-2775

Duty Cycle (No pulse 

width modulation):
Charge Pump

50% CPU TE CS TE PV 2nd Stage

Vin 0.38 0.38 2.96 2.20
1st Stage Control signal 

amplitude
1.5 V

Vout 2.20 2.20 2.20 6.00
2nd Stage Control signal 

amplitude
3.5 V

Iin (mA) 10.71 10.68 22.33 43.80 Switching Frequency 500kHz

Pin (mW) 4.02 4.01 66.14 96.55 1st Cap 1st Stage 100nF

Iout (mA) 10.73 10.74 22.33 58.70 2nd Cap 1st Stage 50nF

Pout (mW) 23.65 23.67 49.22 352.20 1st Cap 2nd Stage 100nF

Control Switching Losses 

(mW)
14.07 14.04 0.00 49.95 2nd Cap 2nd Stage 50nF

I-O Efficiency

Generation Surplus(mW)

79%

274
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Table 6.2 Measured TE generation efficiency trends for boost scheme and supply voltage 

 

1st Stage   

Boost 

Converter

2nd Stage 

Boost 

Converter

Source 

Power   

(mW)

 Output 

Power 

(mW)

PE 

Consumed 

Power (mW)

Generation 

Surplus 

(mW)

Input-

Output 

Efficiency

Conventional 

(6 V)

Conventional 

(6 V)
0.3 0.1 7.2 -7.100 1%

Dixon      

Charge Pump 

(6 V)

Dixon      

Charge Pump 

(6 V)

8.8 26.4 75.6 -49.2 26%

Dixon     

Charge Pump 

(1 V)

Dixon      

Charge Pump 

(1 V)

4.5 8.0 6.0 2.0 57%

 
 

 
6.4 Summary 

 
 Proof of concept demonstration for a full computing system equipped with the renewable 

sources discussed in the previous chapters could not be pulled into the scope of this dissertation and has 

been left for future work. On the other hand critical aspects of the sustainable computer have been in-

crementally demonstrated through focused experiments. These can be summarized as: 

i. An off-the-shelf TE module of relevant size was fully characterized using a controlled setup to 

quantify potential TE integration benefit and determine operating range for power electronics de-

sign (Chapter 5). 

ii. Using bulk PV modules, a panel of relevant size was built, and fully characterized under different 

conditions to realistically quantify PV integration benefit and determine operating range for power 

electronics design (Chapter 5). 

iii. Hybrid TE conversion (HTC) was verified using a setup with a single TE source, conventional 

boost regulator, and multiplexing switches with digital control to switch between generation and re-

frigeration states. Both states were validated. 

iv. Even though the desired LSI component design for integrating the full power electronics system 

was outside the scope of this work, the desirable voltage scaling properties of the charge pump to-

pology was verified through experimentation. The advantage of moving the implementation to a 

low voltage integrated technology was confirmed from an efficiency point of view, in addition to 

the obvious benefits such as space savings on the mobile printed circuit board (PCB), and cost re-

duction. 
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7 CONCLUSIONS  
 

 

7.1 Conclusions 

 

Power management will continue to be central to the design of mobile microelectronics in the 

upcoming decades. Low power system design is driven by the dichotomy of enabling a compact, thin 

and light computing platform through the management of thermal power during active workloads, while 

minimizing the energy expenditure for extending battery life and reducing electricity costs (Energy 

Star) during relatively light loads.  

 

Integration of thermoelectric components to power management has been proposed in this 

work in order to address both of these requirements at the same time by dynamically switching between 

refrigeration and generation modes through Hybrid Thermoelectric Conversion (HTC). The benefit of 

HTC was quantified as 10% or more improvement in system efficiency using realistic usage assump-

tions. In addition Parallel Thermoelectric Generation (PTG) was described and analyzed as an option 

for using TEs in generation mode only on microelectronic components with relaxed cooling require-

ments. Studies using the ANSYS Finite Element Analysis (FEA) tool and a custom developed Ther-

moelectric System Solver (TESS) identified sensitivity of platform performance/power efficiency to the 

key system parameters like TE module size, Seebeck coefficient, platform size, power budgets, and 

system cooling constraints. In particular, it was shown that the HTC configuration is best suited to larg-

er Portable computers whereas PTG may work the best in smaller Ultra-Portable computing segments. 

 

The photovoltaic power generation (PPG) opportunity was analyzed next in terms of a thin 

film panel integrated to the backside of a notebook lid. Past survey data was used along with careful 

accounting of light intensity and angular degradation effects to quantify the battery life benefit to an 

office notebook user as 5%, which was very significant. 

 

A new mobile power architecture was proposed with a renewables link to the main DC bus to 

allow incremental integration of various green sources to the computing platforms. Both bulk TE and 

PV modules were fully characterized, and associated voltage, current, and power ranges were used to 

determine possible power electronics solutions for integration to the new architecture. Efficient and low 

power DC-DC regulation was highlighted as a fundamental problem in enabling penetration of green 

sources to the computing industry. The power generation surplus metric was used in addition to a more 

traditional input-to-output efficiency metric to evaluate the implementation of various boost topologies 

in 90nm CMOS technology for the integration of the low power, low voltage TE module. A particular 

implementation example with a low voltage CMOS charge pump stage followed by a simple Dickson 
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charge pump was demonstrated through simulations to fit well to the application. Enhancements to the 

topology for integrating HTC and PPG were discussed. Full power system design with HTC, PTG, and 

PPG support was verified through simulations. 

 

Various aspects of the renewables system were prototyped for proof of concept. The correct 

operation of the HTC configuration with conventional boost and charge pump circuits was empirically 

verified using discrete components. The potential benefits of integrating power electronics to an LSI 

component on a low voltage CMOS process technology were demonstrated. 

 

7.1 Suggestions for Future Work 

 

 Several investigation areas follow logically from this work: 

i. More recent thermoelectric technologies need to be analyzed for additional benefits, and cost opti-

mizations to pull them in to mainstream designs need to be investigated. 

ii. An LSI component needs to be designed and fabricated with a recent process technology to eva-

luate various boost schemes for this application on real silicon, quantify the low voltage limits, and 

identify efficiency improvements. 

iii. A real notebook system needs to be enhanced with HTC, PTG, and PPG to prove viability of these 

renewable schemes with a final product scenario. Performance, battery life, and Energy Star im-

provements can then be further quantified using this prototype system. 

iv. Implementation of the ultimate green mobile computer will require scavenging of various types of 

energy from the surroundings. An area kept out of the scope of this work, for example, is piezoe-

lectric generation. The possibility of adding this as the 3rd renewable source needs to be seriously 

evaluated under realistic mobile usage assumptions. 

v. The extension of the methods to other computing segments such as desktops and servers, as well as 

other electronic devices can also be further investigated. Even though some of these systems may 

not have battery life constraints, they are, and will be influenced by green initiatives through Ener-

gy Star to protect the environment. 

 



  
                                                                                                                                                               99 

8 BIBLIOGRAPHY 

 

1. P.E. Ross “Beat the Heat”, IEEE Spectrum, Vol. 41, No. 5, pp. 38-43, May 2004. 

2. International Technology Roadmap of Semiconductors, http://public.itrs.net/Files/2003ITRS/ 

Home2003.htm, 2003. 

3. J. Schutz et al. “A Scaleable X86 CPU Design for 90nm Process”, IEEE International Solid-State 

Circuits Conference, Vol. 1, Feb. 2004. 

4. S. Borkar “Design Challenges of Technology Scaling”, IEEE Micro, Vol. 19, No. 4, pp. 23-29, Jul-

Aug 1999. 

5. S. Borkar “Obeying Moore’s Law beyond 0.18 micron”, IEEE International ASIC/SOC Confe-

rence, pp. 26-31, Sep. 2000. 

6. R. Mahajan et al. “Emerging Directions for Packaging Technologies”, Intel Technology Journal 

Q2, Vol. 6, No. 2, http://www.intel.com/technology/itj/2002/volume06issue02/art07_emerging direc-

tions/vol6iss2_art07.pdf, May 2002. 

7. R. Viswanath et al. “Thermal Performance Challenges from Silicon to Systems”, Intel Technology 

Journal, http://www.intel.com/technology/itj/q32000/articles/art_4.htm, Sept. 2000. 

8. Sauciuc et al. “Air-cooling extension - performance limits for processor cooling applications”, 

IEEE Semiconductor Thermal Measurement and Management Symposium, pp. 74-81, March 2003. 

9. “Acoustic Overview”, Desktop Form Factors – Technologies, http://www.formfactors.org/ devel-

oper/specs/acoustic_overview.pdf, Aug. 2001. 

10. R. Lyon et al. “Noise and cooling in electronics packages”, IEEE Semiconductor Thermal Mea-

surement and Management Symposium, pp. 154-160, March 2004. 

11. National Electronics Manufacturing Initiative (NEMI) 2002 Roadmap Executive Summary, 

http://www.nemi. org/roadmapping/Executive_Summary.pdf, 2002. 

12. S. V. Garimella et al. “Thermal challenges in next generation electronic systems – summary of pan-

el presentations and discussions”, IEEE Transactions on Components and Packaging Technologies, Vol. 

25, No. 4, pp. 569-575, Dec. 2002. 

13. G. Chinn et al. “Mobile PC Platforms Enabled with Intel® Centrino™ Mobile Technology”, Intel 

Technology Journal, Vol. 7, No. 2, http://www.intel.com/technology/itj/2003/volume07issue02/ 

art01_centrino/p01_abstract.htm , May 2003. 

14. W.K. Coxe et al. “Experimental Modeling of the Passive Cooling Limit of Notebook Computers”, 

Thermal and Thermomechanical Phenomena in Electronic Systems, pp. 15-21, June 2002. 

15. K. Yazawa et al. “Energy Efficient Cooling of Notebook Computers”, Thermal and Thermome-

chanical Phenomena in Electronic Systems, pp. 785-791, June 2002. 

16. Thakkar S. “Battery Life Challenges on Future Mobile Platforms”, IEEE International Symposium 

on Low Power Electronics and Design, pp. 187, Aug. 2004. 



  
                                                                                                                                                               100

17. M. Ma et. al. “Enhanced Thermal Management for Future Processors”, IEEE Symposium on VLSI 

Circuits, pp. 201-204, June 2003. 

18. A. Bar-Cohen “Thermal Management of Microelectronics in the 21st Century”, Electronic Packag-

ing Technology Conference, pp. 29-33, Oct. 1997. 

19. A. Bar-Cohen et al. “Design and Optimization of Air-Cooled Heat Sinks for Sustainable Develop-

ment”, IEEE Transactions on Components and Packaging Technologies, Vol. 25, No. 4, pp. 584-591, 

Dec. 2002. 

20. M. Iyengar et al. “Least-Energy Optimization of Forced Convection Plate-Fin Heat Sinks”, IEEE 

Transactions on Components and Packaging Technologies, Vol. 26, No. 1, pp. 62-70, March 2003. 

21. R. C. Chu et al. “Review of Cooling Technologies for Computer Products”, IEEE Transactions on 

Device and Materials Reliability, Accepted for Future Publication, Vol. 4, No. 4, pp. 568-585, 2004. 

22. S. Narasimhan et al. “Thermal Compact Modeling of Parallel Plate Heat Sinks“, IEEE Transactions 

on Components and Packaging Technologies, Vol. 26, No. 1, pp. 136-146, March 2003. 

23. W.B. Krueger et al. “Optimal Numerical Design of Forced Convection Heat Sinks”, IEEE Transac-

tions on Components and Packaging Technologies, Vol. 27, No. 2, pp. 417-425, June 2004. 

24. H. Y. Zhang et al. “Thermal management of high power dissipation electronic packages: From air 

cooling to liquid cooling”, Electronics Packaging Technology Conference, pp. 620-625, Dec. 2003. 

25. P. Schmid et al. “Intel’s CPU Heat Gets Watered Down”, Tom’s Hardware Web, 

http://www17.tomshardware.com /cpu/20041015/index.html, Oct. 2004. 

26. P. Zhou et al. “Electro-Kinetic Microchannel Cooling System for Desktop Computers”, Semicon-

ductor Thermal Measurement and Management Symposium, pp. 26-29, March 2004. 

27. I. Mudawar “Assessment of High-Heat-Flux Thermal Management Schemes”, IEEE Transactions 

on Components and Packaging Technologies, Vol. 24, No. 2, pp. 122-141, June 2001. 

28. T. Cader et al. “Implementing Spray Cooling Thermal Management in High Heat Flux Applica-

tions”, Thermal and Thermomechanical Phenomena in Electronic Systems, Vol. 2, pp. 699-701, June 

2004. 

29. J. R. Guarino et al. “Characterization of Laminar Jet Impingement Cooling in Portable Computer 

Applications”, IEEE Transactions on Components and Packaging Technologies, Vol. 25, No. 3, pp. 

337-346, Sept. 2002. 

30. E. N. Wang et al. “Micromachined Jets for Liquid Impingement Cooling of VLSI chips”, Journal of 

Microelectromechanical Systems, Vol. 13, No. 5, pp. 833-842, Oct. 2004. 

31. S.N. Heffington et al. “Vibration-Induced Droplet Atomization Heat Transfer Cell for High Heat-

Flux Applications”, Thermal and Thermomechanical Phenomena in Electronic Systems, pp. 408-412, 

June 2002. 

32. R. Mahalingam et al. “Thermal management using synthetic jet ejectors”, IEEE Transactions on 

Components and Packaging Technologies, Vol. 27, No. 3, pp. 439-444, Sept. 2004. 



  
                                                                                                                                                               101

33. S. M. Wait et al. “Piezoelectric Fans for the thermal management of electronics”, Sixth 

ISHMT/ASME Heat and Mass Transfer Conference, pp. 447-452, Jan. 2004. 

34. F. J. Disalvo “Thermoelectric Cooling and Power Generation”, Science, Vol. 285, No. 5428, pp. 

703-706, July 1999. 

35. R. E. Simons et al. “Applications of Thermoelectric Cooling to Electronic Equipment: A Review 

and Analysis”, Semiconductor Thermal Measurement and Management Symposium, pp. 1-9, March 

2000. 

36. J. W. Vandersande et al. “Thermal Management of Power Electronics using Thermoelectric Coo-

lers”, Proceedings of the 15th International Conference on Thermoelectrics, pp. 252-255, March 1996. 

37. P. E. Phelan et al. “Current and Future Miniature Refrigeration Cooling Technologies for High 

Power Microelectronics”, IEEE Transactions on Components and Packaging Technologies, Vol. 25, No. 

3, pp. 356-365, Sept. 2002. 

38. J. Bierschenk et al. “Extending the Limits of Air Cooling with Thermoelectrically Enhanced Heat 

Sinks”, Thermal and Thermomechanical Phenomena in Electronic Systems, Vol. 1, pp. 679-684, June 

2004. 

39. D. G. Walker et al. “Distributed Control of Thermoelectric Coolers”, Thermal and Thermomechan-

ical Phenomena in Electronic Systems, Vol. 1, pp. 361-366, June 2004. 

40. G. L. Solbrekken et al. “Thermal Management of Portable Electronic Equipment using Thermoe-

lectric Energy Conversion”, Thermal and Thermomechanical Phenomena in Electronic Systems, Vol. 1, 

pp. 276-283, June 2004. 

41. G. L. Solbrekken et al. “Experimental Demonstration of Thermal Management using Thermoelec-

tric Generation”, Thermal and Thermomechanical Phenomena in Electronic Systems, Vol. 1, pp. 284-

290, June 2004. 

42. D. Brooks et al. “Dynamic Thermal Management for High-Performance Microprocessors”, Interna-

tional Symposium on High-Performance Computer Architecture, pp. 171-182, Jan. 2001. 

43. M. Ma et al. “Enhanced Thermal Management for Future Processors”, Symposium on VLSI Cir-

cuits, pp. 201-204, June 2003. 

44. P. Johnson “Intel Thermal Reference Design: High Performance Air Cooled Desktop Solution”, 

Intel Developer Forum, http://www.intel.com/idf/us/fall2003/presentations/f03usdsis87_os.pdf, Sept. 

2003. 

45. S. Gochman et al. “The Intel® Pentium® M Processor: Microarchitecture and Performance” Intel 

Technology Journal, Vol. 7, No. 2, http://developer.intel.com/ technology/itj/2003/volume07issue02/, 

May 2003. 

46. K. Yazawa et al. “Thermoelectric-Powered Convective Cooling of Microprocessors”, IEEE Trans-

actions on Advanced Packaging, Vol. 28, No. 2, pp. 231-239, May 2005. 

47. S. Murray “Sunrise for Energy Harvesting Products”, IEEE Pervasive Computing, Vol. 4, No. 1, 

pp. 4-5, March 2005. 



  
                                                                                                                                                               102

48. D. Lidgate “Green Energy?”, Engineering Science and Education Journal, Vol. 1, No. 5, pp. 221-

227, Oct. 1992. 

49. K. Hassmann “Electric Power Generation”, Proceedings of the IEEE, Vol. 81, No. 3, pp. 346-354, 

March 1993. 

50. J. A. Paradiso et al. “Energy Scavenging for Mobile and Wireless Electronics”, IEEE Pervasive 

Computing, Vol. 4, No. 1, pp. 18-27, March 2005. 

51. T. L. Cleveland “Bi-Directional Power System for Laptop Computers”, 20th Annual IEEE Applied 

Power Electronics Conference and Exposition, Vol. 1, pp. 199-203, March 2005. 

52. Intel Corporation, “Intel® Pentium® M Processor on 90 nm Process with 2-MB L2 Cache Data-

sheet”, http://www.intel.com/design/mobile/datashts/302189.htm, July 2005. 

53. Intel Corporation, “Mobile Intel® 915 PM/GM/GMS and 910GML Express Chipset Datasheet”, 

http:// www.intel.com/design/mobile/datashts/305264.htm, January 2005. 

54. Y. H. Kim “Design of Interface Circuits With Electrical Battery Models”, IEEE Transactions on 

Industrial Electronics, Vol. 44, No. 1, pp. 81-86, Feb. 1997. 

55. L. Gao “Dynamic Lithium-Ion Battery Model for System Simulation”, IEEE Transactions on Com-

ponents and Packaging Technologies, Vol. 25, No. 3, pp. 495-505, Sept. 2002. 

56. BAPCO “Mobile Mark 2005”, http://www.bapco.com 

57. Environment Protection Agency (EPA) “Summary of Assumptions for EPA Energy Star Savings 

Estimates, Energy Star Preliminary Draft Computer Specification (Version 4.0)”, 

http://www.energystar. 

gov/ia/partners/prod_development/revisions/downloads/computer/Assumptions_Prelim_Draft_Comp_S

pec.pdf, March 2005. 

58. Environment Protection Agency (EPA) “Energy Star Program Requirements for Computers, Eligi-

bility Criteria Preliminary Draft”, http://www.energystar.gov/ia/partners/prod_development/ revi-

sions/downloads/computer/PrelimSpecDraftv4.pdf, 2005. 

59. T.J. Berniard “The Role of Photovoltaics in Our Energy Future”,  http://www.nrel.gov/ncpv/ 

thin_film/docs/berniard_neavs_2004_pv_cdte_overview.ppt, Sep. 2004. 

60. K. Zweibel “2nd Generation (2G) PV: CdTe, CIS, and a-Si Thin Films”, http://www.nrel.gov/ncpv/ 

thin_film/docs/zweibel_rice_2004_2g_thin_films.ppt, Nov. 2004. 

61. K. Zweibel “Thin Films and the System-Driven Approach”, http://www.nrel.gov/ncpv/ 

thin_film/docs/ zweibel_solar_review_thin_films_system_driven_approach2004.ppt, Nov. 2004. 

62. X. Wu “High-Efficiency Polycrystalline CdTe Thin-Film Solar Cells”, Solar Energy, Vol. 77, No. 

6, pp. 803-814, Dec. 2004. 

63. X. Mathew et al. “CdTe/CdS Solar Cells on Flexible Substrates”, Solar Energy, Vol. 77, No. 6, pp. 

831-838, Dec. 2004. 

64. G. Dennler and N. S. Sariciftci, “Flexible Conjugated Polymer-Based Plastic Solar Cells : From 

Basics to Applications”, Proceedings of the IEEE, Vol. 93, No. 8, pp. 1429-1439, Aug. 2005. 



  
                                                                                                                                                               103

65. Konarka, http://www.konarka.com. 

66. R. J. Schwartz, ”Photovoltaic Power Generation”, Proceedings of the IEEE, Vol. 81, No. 3, pp. 

355-364, March 1993. 

67. E. Yablonovitch, G.D. Cody, “Intensity Enhancement in Textured Optical Sheets for Solar Cells”, 

IEEE Transactions on Electron Devices, Vol. 29, No. 2, pp. 300-305, Feb. 1982. 

68. A. Jäger-Waldau, “Status of Thin Film Solar Cells in Research, Production, and the Market”, Solar 

Energy, Vol. 77, No. 6, pp. 667-678, Oct. 2004. 

69. M. A. Green et al., “Solar Cell Efficiency Tables (Version 24)”, Progress in Photovoltaics: Re-

search and Applications, Vol. 12, pp. 365-372, 2004. 

70. Global Solar Products, http://www.globalsolar.com/consumer.htm. 

71. J. L. Balenzategui and F. Chenlo, “Measurement and Analysis of Angular Response of Bare and 

Encapsulated Silicon Solar Cells”, Solar Energy Materials and Solar Cells, Vol. 86, No. 1, pp. 53-83, 

Feb. 2005. 

72. N. Okada et al., “Energy Loss of Photovoltaic System Caused by Irradiance and Incident Angle”, 

Proceedings of 3rd World Conference on Photovoltaic Energy Conversion, Vol. 2, pp. 2062-2065, May 

2003. 

73. S. R. Williams et al., “Actual PV Module Performance Including Spectral Losses in the UK”, Con-

ference Record of the 31st IEEE Photovoltaic Specialist Conference, pp. 1607-1610, 2005. 

74. D. P. Heil and S. R. Mathis, “Characterizing Free-Living Light Exposure Using a Wrist-Worn 

Light Monitor”, Applied Ergonomics, Vol. 33, No. 4, pp. 357-363, Jul. 2002. 

75. H. H. El-Ghetany et al., “Long-Term Performance of Photovoltaic Modules at Different Tilt Angles 

and Orientations”, Proceedings 37th Intersociety Energy Conversion Engineering Conference, pp. 711-

715, 2004. 

76. National Solar Radiation Data Base, http://rredc.nrel.gov/solar/pubs/NSRDB/. 

77. A. Virtuani et al. “Highly Resistive Cu(In,Ga)Se2 Absorbers for Improved Low-Irradiance Perfor-

mance of Thin-Film Solar Cells”, Thin Solid Films, Vol. 451, Special Issue, pp. 160-165, Mar. 2004. 

78. D. Nguyen, "Notebook Power Delivery Update," Intel Developer Forum (IDF) 2005 Online Ses-

sions. 

79. TE-31-0.6-1.0, TE Technology Inc., http://www.tetech.com/ modules/micro.shtml 

80. P. Mayer, R. J. Ram, “Thin-film thermoelectric generator element characterization,” Proceedings of 

24
th

 International Conference on Thermoelectrics, pp. 280-283, 2005. 

81. D. M. Rowe, G. Min, “Evaluation of thermoelectric modules for power generation,” Journal of 

Power Sources Vol. 73, No. 2, pp. 193-198, 1998. 

82. G. Min, D. M. Rowe, “A novel principle allowing rapid and accurate measurement of a dimension-

less thermoelectric figure of merit,” Measurement Science and Technology Vol. 12, No. 8, pp. 1261-

1262, 2001. 

83. Silicon Solar Cell, http://www.radioshack.com 



  
                                                                                                                                                               104

84. N. Mohan, T. M. Undeland, W. P. Robbins, Power Electronics 3
rd

 Edition, John Wiley & Sons, 

Inc., 2003. 

85. O. Abutbul et al., “Step-Up Switching-Mode Converter with High Voltage Gain Using a Switched-

Capacitor Circuit,” IEEE Transactions on Circuits and Systems, Vol. 50, No. 8, pp. 1098-1102, Aug. 

2003. 

86. J. Dickson, “On-Chip High-Voltage Generation in MNMOS Integrated Circuits Using an Improved 

Voltage Multiplier Technique,” IEEE Journal of Solid-State Circuits, Vol. SC-11, No. 3, Jun. 1976. 

87. D. Ma et al., “Design and Optimization on Dynamic Power System for Self-Powered Integrated 

Wireless Sensing Nodes,” Symposium on Low Power Electronics and Design (ISLPED), pp. 303-306, 

2005. 

88. S.A. Bhalerao, A.V. Chaudhary, R.M. Patrikar, “A CMOS Low-V Chrg. Pump,” Proc. 20th Internl. 

Conf. on VLSI Dsgn, pp. 941-6, Jan. 2007. 



  
                                                                                                                                                               105

APPENDICES 

 



  
                                                                                                                                                               

 
* Contact author: Tel. 503-677-4828, email: muhtaroa@onid.orst.edu 

106

Hybrid Thermoelectric Conversion for Enhanced Efficiency in 

Mobile Computing Platforms 
 
 

Ali Muhtaroglu*, Annette von Jouanne 
 

Oregon State University, Department of Electrical Engineering and Computer Science  
Corvallis, OR 97331-5501, U.S.A. 

 

Abstract 

 
Hybrid Thermoelectric Conversion (HTC) has been deployed as the means to improve the efficiency of 
high performance mobile computing systems.  HTC utilizes the thermal margin in the cooling solution, 
when the electronic component is not fully active, to integrate a Thermoelectric (TE) module into the 
heat dissipation path for energy scavenging.  When the component is driven to its junction temperature 
limit through a heavy workload, the same TE module is switched to refrigeration mode to provide addi-
tional cooling headroom for improved performance.  A set of semi-realistic system usage assumptions 
and parameters have been utilized for the evaluation of HTC in system environments. Results from finite 
element analysis (FEA) simulation of the topology, and full TE characterization are shared. Common TE 
models are then used to build an iterative system solver to estimate up to 10% system efficiency benefit 
from HTC integration. 

Keywords: Efficient computing, Hybrid thermoelectric conversion, Sustainable thermal man-

agement 

 

1 - INTRODUCTION 

The performance of mobile computing platforms is limited by the maximum system power they are 
allowed to dissipate without exceeding outer skin and device junction temperature requirements [1, 2].  
Average power consumption is also paramount due to its impact on battery life.  Much work has been 
done to address system power and efficiency [3, 4].  However, application of energy scavenging and 
conversion methods has been limited.  One such source is heat energy generated by device switching in 
system components. 

Usage of Thermoelectric (TE) modules for electric generation has various problems.  First, tradi-
tional TE materials have low energy conversion efficiency.  Second, thermal resistance of the heat dis-
sipation paths increases once the TE module is inserted for energy scavenging.  The shunt path ap-
proach developed in [5] reduced this impact, but the cooling capacity was still penalized by 10-15 W.  
A constant heat source was used to demonstrate the potential for powering up a custom (low-power) 
cooling fan in the vicinity of the microprocessor, but additional problems were identified with this 
closed-loop configuration due to dynamic behavior of a real microprocessor, and required start-up pow-
er for the fan. 

In this work, TE conversion techniques have been applied with a hybridized approach.  The oppor-
tunity of having better microprocessor and chipset cooling solutions in the platform than needed by 
most workloads is converted to battery life benefit through integrated TEs.  The scavenged energy is 
stored to the battery when charging, and is used to supplement external supply when not charging.  The 
utility of thermoelectric modules on microprocessors as both generators and refrigerators has been ana-
lyzed.  The configuration is particularly suitable to high performance notebook systems that need to 
satisfy the dichotomy of a battery and a performance mode.  Hybrid Thermoelectric Conversion (HTC) 
system is a scavenger when performance is not needed, and turns into a performance booster when 
thermally limited applications are being executed. 
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Insight into main modes of usage is crucial to designing an effective system solution.  Semi-
realistic usage assumptions are therefore discussed in the next section for the purposes of notebook 
thermal management and battery life evaluation.  Integration of HTC to notebook systems is presented 
in Section 3.  Expected system benefits and impacts are quantified in Section 4 using real thermoelectric 
module characterization data.  Conclusions and future work are summarized in the final section. 

2 - HIGH PERFORMANCE MOBILE COMPUTING 

Two fundamentally different modes drive the assumptions behind mobile computer design today.  First 
is the average power used to calculate battery life.  Second is the thermal design power for evaluating 
the cooling solution. 

2.1 - Average Power for Battery Life 

Average power distribution in portable computing platforms is dominated by the LCD display as shown 
in Fig. 1, and not by the CPU, due to built-in advanced power management features.  Total average 
power with standard battery life benchmark [6] in such a system is 11-12 W [2]. 

2.2 - Thermal Design Power (TDP) for Cooling 

The cooling solution accounts for a worst case realistic activity across the platform, which results in 
scenario depicted in Fig. 2.  Total Thermal Design Power (TDP) for a typical system is around 50 W.  
The difference between the user ambient and the junction temperature of the CPU has to remain ~65 °C 
[2]. As shown in the figure, CPU is overwhelmingly dominant in driving the worst case power. 
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Figure 1 – Mobile platform average power distribution [2] 
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Figure 2 – Mobile platform Thermal Design Power [2] 

2.3 - Semi-Realistic Usage Model 

There is a range of other scenarios executed on a system at a given time, most of which dissipate power 
levels between those in Fig. 1 and Fig. 2.  It is hard to analyze each case. Instead, a semi-realistic work-
load has been designed around the power numbers from [2] for the purposes of TE integration around 
two higher power (and higher power density) components: CPU and Integrated GMCH (Graphics with 
Memory Controller Hub) chipset.  Figure 3 shows this workload. There are 4 activity scenarios of inter-
est.  
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Figure 3 – Workload model with 4 distinct scenarios 

 

3 – HYBRID THERMOELECTRIC CONVERSION 

It follows from previous work [5] that TE generation used for maximum energy scavenging 
will result in performance degradation.  Therefore, HTC architecture targets a particular notebook usage 
where both performance and battery life are important.  HTC boosts performance during peaks in Fig. 3 
through refrigeration, and otherwise scavenges energy. 

3.1 - System Topology 

Since CPU TDP dominates the platform cooling budget (Fig. 2), hybrid operation mode is only 
supported on the CPU in this work as shown in Fig. 4.  The TE module attached to the chipset (denoted 
as CS in the figure), only operates in generation mode.  The nomenclature in Fig. 4 mostly follows con-

ventional: Q represents heat load (W), Tj device junction temperature (°C), Th and Tc temperature (°C) 

at the hot and cold side of the TE module respectively, Ta ambient temperature (°C), RL resistive load 

model, Ψ thermal resistance (°C/W), PL delivered or generated power (W) to and from the TE module 
for refrigeration or generation mode of operation respectively.  Tc_cpu temperature point can exceed 
Th_cpu temperature when the TE module is being used as a refrigerator. The existence of shunt heat 
path is very critical, as demonstrated in [7], to achieve reasonable heat loads without exceeding device 
Tj limits. This can be attained by integrating a TE module into the heat pipe in a way not to overlap the 
full component as shown in Fig. 5 (top). 

 
Figure 4 – HTC thermal and electrical network topology 
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Figure 5 – Heat pipe with an integrated TE module (top) simulated using Finite Element Analysis 

(FEA) model of a non-uniform heat source (bottom left) to estimate series to shunt heat dissipa-

tion ratios from flux (bottom right) 

 

3.2 - System Parameters and Models 

All CPU related platform specifications extracted from the literature [2, 8] are summarized in 
Table 1.  Some of the specifications, such as the thicknesses of the PCB are estimated based on the total 
platform size. The absolute parameter values will vary, but sensitivities are more important to under-
stand for this study. 

A thermal model has been used to estimate shunt thermal resistance under realistic non-
uniform load conditions [9, 10] by integrating the TE into the heat pipe as in Fig. 5.  An effective shunt 
thermal resistance value of 2-3 times that of the Ψca is attained on the shunt path, depending on TE 
thermal resistance. A reasonable average temperature drop is obtained across the TE module for electric 
generation (Eq. 1): 

Ψha_chunt_cpu ~ 2 to 3 x Ψca_cpu    (1) 

Table 1 – System specifications 

Parameter Estimate 

Platform Size (inch) 10 x 12 x 1 

CPU Package Size (mm) 35 x 35 x 1.5 

CPU Die Size (mm) 15 x 15 x 1 

PCB thickness (mm) 3 

Metal plate thickness (mm) 7 

Platform TDP Power (W) 50 

CPU TDP Power (W) 28.5 (50W * 57%) 

Maximum Tskin (°C) 50 

Ta (°C) 35 

Maximum CPU Tj (°C) 100 

CPU TDP Ψja (°C/W) 2.28 (0.9 Ψjh  + 1.38 Ψca) 

 
The parameter estimates have been utilized next to evaluate the HTC system using the TE shunt path 
model developed in [7], and TE refrigeration models described in [11, 12].  The details of these models 
will not be reiterated in this text. 

4 - HTC SYSTEM EVALUATION 

4.1 – Thermoelectric Micro-Module Characterization 

An off-the-shelf micro-module [13] of relevant dimensions for the desired application has been 
characterized in order to evaluate hybrid operation capabilities, and extract important TE parameters for 
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system evaluation.  The setup, depicted in Fig. 6, is similar to one described in [14] with OFHC copper 
replaced by aluminum blocks, cold plate by a cooling fan (top), and the heater by a hot plate (bottom). 

TE module resistance, maximum theoretical power output, and seebeck coefficient have been 
measured using the techniques described in [15] and [16], for a range of ∆Ts across the module.  Higher 
∆T corresponds to higher average TE temperature in the experiments.  The dependence of the parame-
ters to ∆T, shown in Fig. 7, is in line with the expectations.  Otherwise, the off-the-shelf component has 
a relatively poor Seebeck coefficient, and hence low efficiency compared to other modules noted in the 
literature. 

 

Figure 6 – TE micro-module characterization setup 
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Figure 7 – Characterized electrical resistance, maximum power output (top) and seebeck coeffi-

cient (bottom) against forced ∆T across the TE module 

4.2 – Simple Efficiency Metric 

Maximum dynamic power consumption in IC components is linearly related to clock frequen-
cy of the chip through C.V

2
.f formula [17] where C is the effective switching die capacitance, V is the 

supply voltage, and f is the frequency. Adding to that the size constrained mobile platform chassis, 
thermal design power (TDP) budget of a given component is highly correlated to the maximum perfor-
mance it can achieve without violating its junction temperature specification.  A simple perfor-
mance/watt platform efficiency metric can therefore be devised by taking the ratio of maximum achiev-
able TDP of the performance-critical components like CPU and Chipset to total platform average power 
calculated with the usage model from Fig. 3 (Eq 2.) 

Efficiency = Σ Max Device TDP / Platform Avg. Power      (2) 

4.3 – Notebook System Evaluation with HTC  

The notebook has been simulated for HTC configuration with the help of a custom-built itera-
tive solver. Figure 8 (top) depicts the variation of the efficiency score across two different values of the 
seebeck coefficient, a fixed minimum shunt thermal resistance that is 3x the case-to-ambient thermal 
resistance, and various CPU and Chipset TDP values.  The dark entry on the rightmost side is the base-
line with no TE integration.  The particular TE module characterized in the previous sections (0.32 
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mV/°C seebeck coeff.) can barely achieve the baseline efficiency score. Even though the maximum of 
31.3 W CPU TDP should result in a significant performance improvement over baseline, its advantage 
is being offset by the platform average power impact of the refrigerator during peak activities.  An in-

cremental improvement of using a material with slightly higher seebeck coefficient (e.g. 0.42 mV/°C) 
results in better efficiency than the baseline.  Figure 8 (bottom) also demonstrates a system with a lower 
shunt thermal resistance that is 2x the case-to-ambient.  In this case, all efficiency scores simulated at 
the high end of the CPU TDP range exceed the baseline. 
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Figure 8 – HTC Efficiency improvements over baseline portable system 

5 - CONCLUSIONS AND FUTURE WORK 

HTC architecture has been presented for efficiency optimizations in high performance mobile 
computing.  Semi-realistic usage assumptions and real notebook parameters have been employed for 
analysis.  The integration of a TE micro-module into the heat pipe has been simulated using a FEA 
solver to quantify a feasible shunt thermal path.  Characterization of an off-the-shelf TE module has 
provided insights into real TE operation in both generation and refrigeration modes.  Finally, a simple 
efficiency metric was devised and deployed in an iterative solver to prove the overall benefit of the 
HTC approach with semi-realistic usage.  It is estimated based on the studies so far that up to 10% effi-
ciency score improvement is feasible with quality off-the-shelf TE components and careful system de-
sign. 

Additional TE components with better efficiency will be characterized in future work.  The de-
sign of the power electronics interface between the HTC and the system DC bus will be completed.  
Finally a real notebook system will be enhanced with HTC for a concept system evaluation. 
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Abstract- Renewable energy sources have been integrated into Mega-Watt (MW) power utility systems 

and very low power applications with milli-Watt (mW) consumption. There is very limited work in this area 

for commonly available mobile computer systems operating in the range of a few Watts to tens of Watts. 

This paper investigates the use of renewable energy sources and the associated power electronics for low 

power mobile computers. Sustainable power management architectures have been explored for improved 

“Performance per Watt”, including thermoelectric (TE) and photovoltaic (PV) energy conversion. A rene-

wables link to the system DC bus has been added to the mobile power architecture. Various platform form 

factors have been analyzed using a combination of visual basic models for TE, finite-element analysis (FEA) 

for thermals, spreadsheet calculations for PV energy conversion based on realistic assumptions, and SPICE 

simulations for the power electronics. 10% or more improvement in Performance/Watt is conceivable based 

on preliminary analysis performed on the standard Thin and Light systems. The first prototype has been 

developed for the Hybrid Thermoelectric Conversion (HTC) system along with the associated power elec-

tronics design and validation.  The rest of the system will be added in stages to the prototype. 
 

I. INTRODUCTION 

Extension of battery life to a full work day has been receiving increasing focus as a mobility target 

for Thin and Light platforms [1].  In addition, 50 W or more system thermal power dissipation in a size 

constrained box has driven elegant cooling technologies [2] such as heat pipes.  Nevertheless, the per-

formance, for example maximum achievable microprocessor clock frequency, has suffered due to the 

constrained thermal envelope of the notebook.  In addition, ergonomic requirements such as a comfort-

able outer skin temperature and low acoustic noise from the system fan, have increasingly become im-

portant considerations.  Critical development areas have been identified in the industry such as energy 

efficient cooling, higher density energy sources, fast renewable sources, and enhanced power and ther-

mal management features [3].  Much work has been done on silicon power efficiency techniques, power 

management features, and new costly cooling technologies. An approach that has not been thoroughly 

investigated is to model each platform as an isolated island where access to the resources of the “main-

land” entails high cost. This dictates the effective use of energy sources in the vicinity of the computer. 

Solbrekken and Yazawa [4] developed a shunt-path method to extract excess heat from the micropro-

cessor with a thermoelectric (TE) module.  The modest energy extracted was sufficient to power up a 

small custom cooling fan to maintain the junction temperature of a 25W component under 85ºC.  Note 

that a constant heat source was used in the experiments instead of a real, dynamic microprocessor.  The 

cost of the integrated TE module between the heat spreader and the heat sink was estimated as 10-15W 

reduction in cooling capacity. The solution also utilized sizeable heat sinks, and a fan in the vicinity of 

the microprocessor, which made it inappropriate for direct application to compact mobile systems. 

Emerging thin film solar cell technologies reduce the cost of PV modules with cell thicknesses 

achieving sub-micron to few µm [5] levels.  An external foldable thin film module can be spread flat 

next to the notebook, and connected to the DC power inlet [6, 7].  This usage model requires carrying 

an additional component, and reserving space next to the notebook to set it up. The alternative is to in-

tegrate the photovoltaic (PV) module to the dead space at the back side of the notebook lid.  A small 

solar powered personal digital assistant (PDA) was demonstrated [8] to provide high enough voltage to 
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charge the batteries at indoor conditions. Only 22mA was available due to size limitations, but this was 

sufficient for PDA operation. 

A holistic approach is taken in this work to achieve best sustainability and scalability through the in-

tegration of TE and PV materials to mobile platforms of different form factors. Semi-realistic dynamic 

workload is assumed for thermoelectric analysis. Data collected in office environments [9] is utilized to 

analyze photovoltaic energy potential. Stringent design constraints from previous work such as direct 

recycling of the TE-extracted energy to a cooling fan or requiring the PV module to support full system 

power have been removed. Instead, scavenged energy is stored to the battery when charging, and is 

used to supplement external supply when not charging. A hybrid TE usage is introduced [10], which 

achieves best performance-per-watt tradeoffs at certain form factors.  Various platform form factors 

have been analyzed using an iterative Thermoelectric System Solver (TESS) developed in-house for 

this application.  The assumptions behind solver parameters have been checked with finite-element 

analysis (FEA) for thermals, spreadsheet calculations for realistic PV energy analysis, and SPICE simu-

lations for the power electronics.  Typical TE characteristics have been experimentally extracted from 

commercially available bulk TE modules.  Finally, low voltage power electronics (PE) design issues are 

discussed, and data from the first proof-of-concept prototype experiments is provided.   

 

II. INTEGRATION OF RENEWABLES 

A. Thermoelectrics (TE) 

 

The simplified thermal models for shunt-attach Parallel Thermoelectric Generation (PTG) and Hybrid 

Thermoelectric Conversion (HTC) configurations are shown in Fig. 1(a) and (b) respectively.  TE mod-

ules are integrated into the metal slab (heat-pipe attach) on the CPU and Chipset to scavenge heat ener-

gy.  The PTG configuration represents generation mode only.  The TE module is switched to refrigera-

tion mode in the HTC configuration when high CPU Tj (junction temperature) is detected. This extends 

the available cooling envelope beyond the baseline (without TE) for heavy workloads. 

The available TDP envelope for a thermally limited platform can be used as a proxy for performance 

[10].  A semi-realistic workload similar to MMO5 Office Productivity benchmark [11] is used for plat-

form average power calculations. The performance/Watt metric, thus calculated, highlights the need for 

high TE efficiency (technology cost) in Fig. 2(a) for the PTG configuration to benefit Thin and Light 

form factor.  
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   (b) 
Figure 1. Thermal model for shunt-attach heat pipe (a)  PTG,  (b)  HTC configuration with CPU and Chipset 

 

The smaller the platform, the smaller the negative impact to thermal resistance and the larger the pos-

itive impact to average power such that the TE efficiency is acceptable for break-even operation.  Fig. 2 

(b) demonstrates that TE refrigeration mode, though power hungry (Watts), helps push the portable 

performance envelope further while its impact to battery life averaged over the workload is not as sig-

nificant.   

The TE module Seebeck coefficient used in this analysis was picked based on characterization of 

commercial off-the shelf parts, as further discussed in the upcoming sections. The range of available 

shunt path thermal resistance is also critical to the analysis, and has been derived using FEA simulations 

of the topology depicted in Fig. 3, as previously discussed in [10]. 
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Figure 2. Performance/Watt Efficiency Score vs. System (a) PTG, (b) HTC Configurations – only portable form factor shown in 
HTC configuration 
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Figure 3. TE module integration to the metal slab attached to a heat pipe 

 

B. Photovoltaics (PV) 

 

First-order analysis has been done through simple application of cosine law, reported indoor [12] and 

outdoor [13] irradiance data from the literature, and range of efficiencies for an integrated PV compo-

nent. It is in general assumed that when the portable computer is in use (“active”), the integrated PV on 

the lid is tilted. As summarized in Table 1, the average power generation from an integrated thin film 

PV module varies between 127mW and 1662mW for a portable, and between 51mW to 665mW for an 

ultra-portable system. 

 

TABLE I 
AVERAGE PV POWER GENERATION FROM PREDOMINANTLY INDOOR AND OUTDOOR USAGE MODELS PER PLATFORM TYPE 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

III. POWER ELECTRONICS 

AC voltage is rectified to ~19.5V DC in a traditional mobile power architecture, which is routed to 

the DC/DC converters via power switches to be further converted down for system loads (Fig. 4(a)).  

The battery charger bucks down the voltage to ~10.8V to 16.8V depending on the charge state.  When 

unplugged, the input to the DC/DC converters switches to the battery.  Recent focus in the industry to 

improve cost, real estate, and efficiency has resulted in alternate architectures with lower DC Bus vol-

tage as in Fig. 4(b) [14] and (c) [15]. The first implementation in 4(b) incorporates a bi-directional 

buck/boost converter between the DC bus and the battery. The AC/DC converter brick is enhanced with 

logic in the second configuration (4(c)). It interfaces to the notebook to communicate power demand 

requirement vs. supply capability back and forth and dynamically regulates the DC Bus voltage. 

A renewables link with direct interface to the DC Bus has been added in this work as depicted in Fig. 

4(d). Since the generated TE voltages can be very low based on the early prototype measurements, a 

two-stage converter is needed.  The integration of the low voltage renewables is only going to be more 
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viable with the emerging low voltage DC bus architectures of Fig. 4(b, c).  Simple implementation in 

Fig. 4(e) was designed and simulated in a full system, including the hybrid operation of the CPU TE 

module in the HTC configuration. The DC bus voltage, adopted from the system architecture of Fig. 

4(b) is low enough to be directly fed to the TE refrigerator through the switches used for muxing be-

tween the modes.   

A PWM control with fixed duty cycle (50%) allows the elimination of control and feedback circuitry.  

The supporting TE boosters charge up the shared internal low voltage bus during the high phase while 

helping the PV module magnetize the PV boost inductor at the same time.  The TE modules magnetize 

their local inductors during the low phase, while the low voltage on the internal bus is boosted up to the 

DC Bus.  The circuit can operate at high switching frequency (e.g. 1 MHz) to optimize real estate. TE 

and PV module simulation models are tuned based on form factor requirements and prototype characte-

rization data. 
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(e) 

 

Figure 4. (a) Traditional, (b) Bi-Directional [5], (c) IMPAP [6] Systems, (d) Renewables Link, (e) Combined Converter 
 

The full power system has been simulated. Voltage and current waveforms, and the efficiency of the 

added power electronics are shown in Fig. 5 and Table II respectively during a CPU TE generator to 

refrigerator transition under HTC configuration. The system load is high throughout the long simula-

tion. Only the portion with mode transition is shown.  Negative numbers in Fig. 5(c) indicate power 

generation. The CS TE generated voltage level is modulated in the model to emulate thermal variations.  

The TE generation efficiency is in general low due to two-stage operation.  The second stage was iden-

tified as necessary after initial prototype measurements that indicated low voltage ranges for this bulk 

micro-TE component. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5. “CPU HOT” Transition Sims: (a)Voltage and Currents waveforms,  (c) Power electronics efficiency w/ 2 HTC modes 

 

 

TABLE II 

SIMULATED POWER ELECTRONICS EFFICIENCY FOR HTC MODES 

 

 

 

 

 

 

 

 

 

 

GENERATION TE_CPU TE_CS PV_OUT
RENEWABLES

_BUS
BATTERY

LOAD 

(DC/DC)
Avg. I (A) -0.049 -0.022 -0.100 -0.014 -6.645 6.659
Avg. V (V) 0.286 0.279 1.026 5.994 5.993 5.993
Avg. P (W) -0.014 -0.006 -0.103 -0.086 -39.825 39.911
Efficiency

GENERATION + 

COOLING
TE_CPU TE_CS PV_OUT

RENEWABLES

_BUS
BATTERY

LOAD 

(DC/DC)

Avg. I (A) 1.541 -0.018 -0.100 1.529 -8.124 6.596

Avg. V (A) 3.156 0.227 0.967 5.977 5.992 5.992

Avg. P (W) 4.863 -0.004 -0.097 9.136 -48.678 39.520
Efficiency

70.04%

53.23%

CPU HOT assertion 

CPU TE – ve Port  

Voltage 

CS TE  
Voltage 

PV  
Voltage 

CS TE Current CPU TE 
Current 

PV Current 

Renewables  
Bus Voltage 

CPU TE +ve 
Port Voltage 
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IV. HTC PROOF-OF-CONCEPT STAGE 1 

The goals of the first prototype are: 

1. Characterizing TE open-circuit voltage, short-circuit current, internal resistance, and Seebeck coef-

ficient, 

2. Building a closed loop system between TE and the power electronics presented in previous section, 

3. Demonstrating hybrid generator/cooler mode operation for the HTC configuration using a heater 

and a DIP-switch to replace the CPU thermals and the CPUHOT signal. 

The prototype system is depicted in Fig. 6.  Micro-TE [16] characterization data is shown in Fig. 7. 

The method used is described in ref. [10]. The TESS model discussed in Section II has already been 

calibrated against this data. 

Stage 1 goals described in 1-3 above have been achieved. Sample voltage waveforms and power elec-

tronics measurements in the HTC configuration are shown in Fig. 8 and Table III respectively. As ob-

served in the table, the TE cooler mode power electronics efficiency is very close to the simulated effi-

ciency of the overall system that included the PV and the second TE in Table II.  This is due to the fact 

that the TE cooler power is dominant even in these full system simulations.  The last column of Table 

III estimates the total system efficiency by comparing useful output power (e.g. cooling power going to 

TE) compared to the total power delivered by the voltage source to various portions of the system in-

cluding 1 MHz clock generator, pulse width modulator, and other glue logic and circuits. 

The generator mode measurements for the TE reveal a particularly low efficiency. The absence of PV 

and the second TE in the initial prototype makes a difference between the simulation predictions and 

the measurements. One TE by itself is a fairly inefficient generator.  The last column of the generator 

mode points out the problem of having to power up many different circuits to extract power from one 

TE module. This reduces the full system efficiency down to ~1%.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. HTC Prototype Stage 1 with power electronics 
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Figure 7. Characterized electrical resistance, maximum power output (top) and Seebeck coefficient (bottom) against 

forced ∆T across the TE module 

 

Figure 8. Various waveforms captured while in HTC prototype generation mode 

TABLE III 

MEASURED TE POWER ELECTRONICS AND SYSTEM EFFICIENCY IN BOTH MODES OF THE HTC CONFIGURATION 

 

 

 

 

 

 

V. SUMMARY 

Renewable energy sources have been demonstrated as a means to achieving energy efficient, sustain-

able mobile computing. The opportunity of having better cooling solutions in the platform than needed 

by most workloads is converted to battery life benefit through integrated TEs. Similarly, enhanced cool-

ing is provided to the CPU during high activity (high Tj) bursts. The dead space at the notebook lid has 

been utilized to scavenge PV energy from the environment. A renewables link and a compact converter 

have been added to the mobile power system. Up to 10% or more improvement in Performance/Watts is 

expected depending on conditions and platform size based on the preliminary analysis.  Validation data 

from a proof-of-concept system for the HTC configuration has been reviewed, including the associated 

power electronics.  The results are in general within expectations.  Poor power electronics efficiency for 

the low voltage TE generator highlights the necessity to keep electronics simple, and maximize sharing 

of circuits with other TE modules and circuits in the system, such as existing PWMs.  Next steps in-

TE+ Voltage 
DC Bus Voltage 

PWM 

HTC 

MODE:

TE_CPU 

Current (A) 

(measured 

across 0.1Ω 

Rsense)

TE_CPU 

Voltage 

(V)

TE_CPU 

Power 

(W)

Supply 

Current 

(A)

Supply 

Voltage 

(V)

DC Bus 

Voltage 

(V)

DC Bus 

Current 

(A)

PE 

Efficiency 

%

Total 

System 

Efficiency 

%

COOL 0.950 2.800 2.660 1.000 4.900 4.630 0.96 60.14% 54.29%

GENERATE 0.071 0.167 0.012 0.300 4.900 0.161 0.0161 21.86% 0.81%
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clude integration of the PV source and corresponding power electronics to the proof-of-concept system, 

and interfacing the system to a real notebook.  Further power electronic optimizations to reduce compo-

nent count will be investigated in addition to higher efficiency TE modules.  Finally, many of the pre-

sented concepts are applicable to other computing segments such as servers and desktops. 
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Abstract. Hybrid Thermoelectric Conversion (HTC) has been used as a means to im-
prove the efficiency of high performance mobile computing systems.  HTC utilizes 
the thermal margin in the cooling solution, when the electronic component is not fully 
active, to integrate a Thermoelectric (TE) module into the heat dissipation path for 
energy scavenging.  When the component is driven to its junction temperature limit 
through a heavy workload, the same TE module is switched to refrigeration mode to 
provide additional cooling headroom for improved performance.  A set of semi-
realistic system usage assumptions and parameters have been utilized for the evalua-
tion of HTC in system environments. Results from finite element analysis (FEA) si-
mulation of the topology, and full TE characterization are presented. Common TE 
models are then used to build an iterative system solver to estimate up to 10% system 
efficiency benefit from HTC integration using characterized off-the-shelf TE compo-
nents. 

 

1. Introduction 

The performance of mobile computing platforms is limited by the maximum system power 
they are allowed to dissipate without exceeding outer skin and device junction temperature 
requirements [1,2].  Average power consumption is also paramount due to its impact on bat-
tery life.  Much work has been done to address system power and efficiency [3,4].  However, 
application of energy scavenging and conversion methods has been limited.  One such source 
is heat energy generated by device switching in system components. 

Usage of Thermoelectric (TE) modules for electric generation has several challenges.  
First, traditional TE materials have low energy conversion efficiency.  Second, thermal resis-
tance of the heat dissipation paths increases once the TE module is inserted for energy sca-
venging.  The shunt path approach developed in [5] reduced this impact, however, the cooling 
capacity was still penalized by 10-15 W.  A constant heat source was used to demonstrate the 
potential for powering up a custom (low-power) cooling fan in the vicinity of the micropro-
cessor, but additional problems were identified with this closed-loop configuration due to dy-
namic behavior of a real microprocessor, and required start-up power for the fan. 

In this work, TE conversion techniques have been applied with a hybridized approach.  
The opportunity of having a better microprocessor cooling solution in the platform than 
needed by most workloads is converted to battery life benefit through integrated TEs.  The 
scavenged energy is stored in the battery when charging, and is used to supplement external 
supply when not charging.  The utility of thermoelectric modules on microprocessors as both 
generators and refrigerators has been analyzed.  The configuration is particularly suitable to 
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high performance notebook systems that need to satisfy the dichotomy of a battery and a per-
formance mode.  Hybrid Thermoelectric Conversion (HTC) systems are a scavenger when 
performance is not needed, and become a performance booster [6] when thermally limited ap-
plications are being executed. 

Insight into main modes of usage is crucial to designing an effective system solution.  
Semi-realistic usage assumptions are therefore discussed in the next section for the purposes 
of notebook thermal management and battery life evaluation.  Integration of HTC to notebook 
systems is presented in Section 3.  Expected system benefits and impacts are quantified in 
Section 4 using real thermoelectric module characterization data.  Conclusions and future 
work are summarized in the final section. 

2. High performance mobile platform usage model 

Two fundamentally different modes drive the assumptions behind mobile computer design.  
The first is the average power used to calculate battery life.  Second is the thermal design 
power for evaluating the cooling solution. 

2.1. Average power for battery life 

Average power distribution in portable computing platforms is dominated by the LCD display 
as shown in figure 1, and not by the CPU, due to built-in advanced power management fea-
tures.  Total average power with standard battery life benchmarks [7] in such a system is 11-
12 W [2]. 
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Figure 1. Mobile platform average power distribution [2]. 

2.2. Thermal design power for cooling 

The cooling solution accounts for a worst case realistic activity across the platform, which 
results in the scenario depicted in figure 2.  Total thermal design power (TDP) for a typical 
system is around 50 W.  The difference between the user ambient and the junction temperature 
of the CPU has to remain ~65 °C [2]. As shown in the figure, the CPU is overwhelmingly do-
minant in driving the worst case power. 
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Figure 2. Mobile platform Thermal Design Power [2]. 

2.3. Semi-realistic usage model 

There is a range of other scenarios executed on a system at a given time, most of which dissi-
pate power levels between those in figure 1 and figure 2.  It is virtually impossible to extract 
properties and analyze each case. Instead, a semi-realistic workload has been designed around 
the power numbers from [2] for the purposes of TE integration around the highest power (and 
power density) component, which is the CPU. Figure 3 shows this workload. There are 2 ac-
tivity scenarios of interest: 

• Fully loaded execution under maximum power conditions (figure 2) 15% of the time,  

• Execution under average power conditions (figure 1) in the remaining 85% of the time.  

CPU Power (W)

0.1

1

10

100

Time

 
Figure 3. Workload model with two distinct scenarios. 

 
3. Integration of hybrid thermoelectric conversion 

It follows from previous work [5] that TE generation used for maximum energy scavenging 
will result in performance degradation.  Therefore, HTC architecture targets a particular note-
book usage, as described in the previous section, where both performance and battery life are 
important.  HTC boosts performance during peaks in figure 3 through refrigeration, and oth-
erwise scavenges energy. 

3.1. System topology 

Since CPU TDP dominates the platform cooling budget (figure 2), hybrid operation mode is 
only supported on the CPU in this work as shown in figure 4.  The nomenclature in the figure 
mostly follows convention: Q represents heat load (W), Tj device junction temperature (°C), 
Th and Tc temperature (°C) at the hot and cold side of the TE module respectively, Ta ambient 
temperature (°C), RL resistive load model, Θ thermal resistance (°C/W), PL delivered or gen-
erated power (W) to and from the TE module for refrigeration or generation mode of operation 
respectively.  The Tc temperature point can exceed Th temperature when the TE module is be-
ing used as a refrigerator. 
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The hybrid operation of the TE module, as sandwiched between the heat pipe attachment 
block and the IC component (CPU in this case), is further depicted in figure 5.  When the CPU 
is at its Tj limit (left), pumped current forces electrons to move heat to the attachment block.  
When the CPU is away from its Tj limit (right), the higher temperature potential compared to 
the attachment block generates current in the same direction. 

 
Figure 4. HTC thermal and electrical network topology. 

         

Figure 5. HTC modes: Refrigeration (left), generation (right). 

The TE module, therefore, can be conceptualized as analogous to an electrical potentiome-
ter as in figure 6, which can be varied with power control.  When power is delivered to the 
module, TE thermal resistance goes to a negative value, improving the cooling capability of 
the heat pipe.  When power is extracted in generator mode, TE thermal resistance turns posi-
tive, and thus degrades the thermal performance of the cooling solution. 

 

Figure 6. TE module operating as a variable thermal resistor. 

 

The existence of a shunt heat path is very critical, as demonstrated in [8], to achieve rea-
sonable heat loads without exceeding device Tj limits. This is attained by integrating the TE 
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module into the mobile platform heat pipe in a way that does not overlap the full component 
as shown in figure 7. 

 
Figure 7. Heat pipe with an integrated TE module. 

 

3.2. Thermal shunt path analysis 

Power consumption in IC components during dynamic workload execution is linearly related 
to clock frequency of the chip through the formula [9]: 

TDP = C.V
2
.f  +  Leakage  (1) 

where C is the effective switching die capacitance, V is the supply voltage, and f is the fre-
quency.  Maximum clock frequency is indicative of maximum attainable performance since 
faster clock allows instructions to be executed in a shorter time.  For a size constrained mobile 
platform chassis, TDP budget of a given component is thus highly correlated to the maximum 
performance it can achieve without violating its junction temperature specification, through 
the formula: 

Tj = Θja  x TDP + Ta   (2) 

where Θja represents the total thermal resistance between device junction and ambient. The 
thermal resistance of the shunt heat dissipation path (Θshunt) in figure 4 needs to be co-
optimized with Θte (TE thermal resistance) and Θhp-a (Heat Pipe to Ambient thermal resis-
tance) such that the overall thermal resistance is minimized in order to achieve maximum 
TDP, while at the same time attaining a realistic TE component size with maximum tempera-
ture drop across it to enable power extraction in generation mode. The next challenge, there-
fore, is to identify the TE module size that would provide a sufficiently large shunt dissipation 
path to achieve maximum performance. A non-uniform heat distribution is assumed based on 
literature [10,11], as depicted in figure 8. 

All relevant CPU and platform specifications extracted from the literature [2, 12] are 
summarized in Table 1.  Some of the specifications, such as the PCB thicknesses are estimated 
based on the platform size. 

 

 
Figure 8. Non-uniform heat source model for the CPU. 
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The simulated model abstraction of CPU in a mobile platform for thermal feasibility using 
Finite Element Analysis (FEA) tools is shown in figure 9.  All 3D system parameters were 
normalized for a 2D model in ANSYS in order to optimize simulation time.  The overall accu-
racy was not lost in this model due to the symmetric nature of the system.  Figure 10 depicts 
an example thermal simulation output in graphical format.  By going through several iterations 
using realistic off-the-shelf TE component dimensions, an acceptable solution range was iden-

tified with a reasonable average temperature drop (~15 °C) across the TE module for genera-
tion mode. An effective shunt thermal resistance value of 2-3 times that of the Θhp-a was at-
tained on the shunt path, depending on TE thermal resistance: 

Θshunt ~ 2 to 3 x Θhp-a   (3) 

 

Equation 3 is significant, because it provides generic guidance for integration of the TE mod-
ule into the thermal solution such that HTC benefit is maximized. 
 

Table 2. System specifications 

Parameter Estimate 

Platform Size (inch) 10 x 12 x 1 

CPU Package Size (mm) 35 x 35 x 1.5 

CPU Die Size (mm) 15 x 15 x 1 

PCB thickness (mm) 3 

Metal plate thickness (mm) 7 

Platform TDP Power (W) 50 

CPU TDP Power (W) 28.5 (50W * 57%) 

Maximum Tskin (°C) 50 

Ta (°C) 35 

Maximum CPU Tj (°C) 100 

CPU TDP Θja (°C/W) 2.28 (0.9 Θjh  + 1.38 Θhp-a) 

 
 
 

4. HTC system evaluation 

In this section parameter estimates are utilized to evaluate the HTC system using the TE shunt 
path model  
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Figure 9. FEA model for the CPU and the surrounding thermal solution in a notebook. 

 

 
Figure 10. FEA simulation to estimate series to shunt heat dissipation ratios. 

developed in [8], and TE refrigeration models described in [13, 14].  The details of these mod-
els will not be reiterated in this text. 

4.1. TE Micro-Module Characterization 

An off-the-shelf micro-module [15] of relevant dimensions for the desired application has 
been characterized in order to evaluate hybrid operation capabilities, and extract important TE 
parameters for system evaluation. The setup, depicted in figure 11, is similar to one described 
in [16] with OFHC copper replaced by aluminum blocks, a cold plate by a cooling fan (top), 
and the heater by a hot plate (bottom). 

The TE module resistance, maximum theoretical power output, and Seebeck coefficient have 
been measured using the techniques described in [17] and [18], for a range of ∆Ts across the 
module.  Higher ∆T corresponds to higher average TE temperature in the experiments.  The 
dependence of the parameters to ∆T, shown in figure 12, is in line with the expectations.  Oth-
erwise, the off-the-shelf component has a relatively poor Seebeck coefficient, and hence low 
efficiency compared to other modules noted in the literature. 
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Figure 11. TE micro-module characterization setup. 
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Figure 12. Characterized electrical resistance (top), maximum power output (center) and Seebeck coef-
ficient (bottom) against forced ∆T across the TE module. 

4.2. Efficiency metric for HTC 

A simple performance/watt platform efficiency metric is devised by taking the ratio of maxi-
mum achievable TDP of the performance-critical component, like CPU, to total platform av-
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erage power calculated with the usage model from figure 3.  This metric is also defined in eq-
uation 4. 

eragePowerPlatformAv

ntTDPMaxCompone
Efficiency =       (4) 

The numerator in the equation emphasizes the importance of performance for mobile compu-
ting during bursts of time when critical instructions are being executed. Better system cooling 
implementation allows higher TDP levels. This, as described in Section 3.2, results in better 
performance. The denominator in equation 4 measures the average power consumption in the 
platform, which is most influenced by lower activity periods as was shown in figure 1. During 
the execution of workloads with non-peak power consumption, power spent on cooling should 
be minimized, and additional power should be generated, when possible, to contribute to the 
extension of battery life. Any power generation in the system has negative polarity by conven-
tion, and has the effect of decreasing the value of consumed platform average power in the 
denominator. 

4.3. Notebook system evaluation with HTC 

The notebook, as defined by realistic system power profiles from Section 2 and platform spe-
cifications from Table 1, has been simulated for the HTC configuration with the help of a cus-
tom-built iterative solver. Figure 13 and 14 demonstrate peak and average power consumed by 
the TE respectively across three different values of the Seebeck coefficient. Upper and lower 
limits of the shunt thermal resistance were chosen based on equation 3, Θhp-a from Table 1, and 
various CPU TDP values.  The rightmost entry corresponds to the baseline configuration 
without TE integration, and therefore has no associated power consumption.  Even though 
peak power consumption is high (figure 13) when the TE is in cooler mode, the average power 
consumption (figure 14) is much lower due to the assumed semi-realistic usage model of fig-
ure 3.  Therefore, the performance improvements obtained from the extended TDP envelope 
for the CPU does not penalize the average power consumption significantly.  The second entry 
in both figure 13 and 14 corresponds to near zero power consumption, with the same perfor-
mance as the baseline. 
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Figure 13. Peak power consumption by the TE (W) compared to baseline of 0 W for the solution space 
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Figure 14. Average power consumption by the TE (mW) compared to baseline for the solution space 

Figure 15 depicts the variation of the normalized efficiency score under the same conditions.  
The dark entry on the rightmost side is the baseline with no TE integration.  The particular TE 
module characterized in the previous sections (0.32 mV/°C Seebeck coefficient) can achieve 2 
to 10% better efficiency than the baseline depending on the achieved shunt resistance in the 
final implementation.  An incremental improvement of using a material with slightly higher 
Seebeck coefficient (e.g. 0.42 mV/°C) results in a better efficiency range. The relationship 
between the percent active time to the efficiency is shown in Figure 16 for sample shunt resis-
tance and Seebeck coefficient values.  As expected, the TE dissipates a significant amount of 
power in refrigeration mode for high activity usage models, which reduces the performance 
benefit of the extended TDP envelope. This justifies the emphasis in this work on picking a 
realistic-like model for ‘average’ usage. 

Note the efficiency benefit obtained from the CPU HTC configuration is mainly from im-
proved performance in refrigeration mode since the power extracted in generator mode from 
the bulk TE is less than 30mW as demonstrated by the empirical results in figure 12. For ligh-
ter workloads representing non-peak CPU power consumption, the extracted power can be as 
low as a few milliamps. On the other hand, this power source is “free” for a TE component 
already integrated into the system for refrigeration, given that simple low cost power electron-
ics can be provided to take advantage of it. In addition, new developments in TE technology 
will only increase this benefit. 
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Figure 15. Normalized efficiency (equation 4) compared to baseline of 1 for the solution space 
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Figure 16. Normalized efficiency loss as the % of active CPU state increases, with shunt resistance of 

2.76 °C/W and Seebeck coefficient 0.42 mV/°C 

5. Conclusions and Future Work 

A Hybrid Thermoelectric Conversion (HTC) architecture has been presented for efficiency 
optimizations in high performance mobile computing. Semi-realistic usage assumptions and 
real notebook parameters have been employed for analysis.  The integration of a TE micro-
module into the heat pipe has been simulated using an FEA solver to quantify a feasible shunt 
thermal path.  Characterization of an off-the-shelf TE module has provided insights into real 
TE operation in both generation and refrigeration modes.  A simple efficiency metric was de-
vised and applied in an iterative solver to determine the overall benefit of the HTC approach 
with semi-realistic usage.  It is estimated based on the studies thus far that up to a 10% effi-
ciency score improvement is feasible with quality off-the-shelf TE components and careful 
system design. The system efficiency score can be further improved through TE integration to 
other high power density ICs in the platform. 

Additional TE components with better efficiency will be characterized in future work.  
The design of the power electronics interface between the HTC and the system DC bus will be 
completed.  Finally a notebook system will be enhanced with HTC for a concept system eval-
uation. 
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