{ LIVERPOOL

JOHN MOORES
UNIVERSITY

"1 $%&'

%!

1012
|

13! 1%&04%3/'5 6 /7/$4'$0%

O*+

# %

* 4 %

%



http://researchonline.ljmu.ac.uk/
mailto:researchonline@ljmu.ac.uk

Energy harvesting from asphalt pavemeasingthermoelectric technology

Wei Jiang®*, Dongdong Yuan 2 Shudong Xu?, Huitao Hu?,

Jingjing Xiao®, Aimin Sha?, Yue Huang®

aKey Laboratory for Special Area Highway Engineering of Ministry of Educa@an] 1D Q 8 Q LSodthP¥ L W\
ringroadOLG G OH 6 H F \VBhaRi7110§H3Rina

b School of Civil Engineering, Charfin University South2™ring road 0L G GOH 6 H F WshaduXi,7100%H Q
China

¢ Department of Civil Engineerind.iverpool John Moges University, Peter Jost Enterprise Centre, Byrom Street,
L3 3AF Liverpool, United Kingdom

* Corresponding authoE-mail addressjiangwei_029@sina.com (W. Jiang).

Abstract: Nowadays, energy harvesting from rolag becomea researchhotspot. The power
generation systenmvithin asphalt pavemeiased on thermoelectric technology was studied in this
paper.The characteristics of temperature difference betwsepavement and ambient air, as well
as the temperature gradienithin road surface were invegtited bycollecting dataon-site in
different season®ased on this, a novekt ofroad thermoelectric generator system (RTEGS) was
developed which can generate electricityhen there is daemperature difference between road
surface and ambient ain addition a RTEGS prototype was fabricated to verify the energy
generation capacity based on indoor and outdoas. ®ssults shoed thatthe outputvoltage of
RTEGS was about 0.¥ by asphalt mixture slaf300 mm x 300 mm by sizg, when the
temperature ifference between road surface and ambientwais 15 °C in winter. While in
summer, the output voltageasabout 0.6V to 0.7V, with atemperature differenaef 25 °C to 30

°C. Thismeangshat somel60 kWh of energy can be obtained &hours fromaroadof 1 km in
length and 10 nin width. For asphalt pavement in tropical and subtropical regiondatbe
temperature difference would be more suitable for RTEH®S.findingsand researchxperiments
from this studywill provide a good starting poinand reference for the development and

application of pavement thermoelectric technology.



Key words: Thermoelectric generatar Energy harvestingAsphalt pavement Temperature

gradient

1. Introduction

Global energy shortage, environmental pollution and clinchgngeare the most urgent

challengesmankind have everfaced [1,7]. The hope of future energy security lies the

economieal, efficient and clean use of existing energy, as welldaselopment of new energy

sourceg3-6]. To this end, environmentally &ndly collection and use aflean energyhave been

explored by industries from different perspective [7,8]. In pavement engineering, energy

harvestingechnologybecomes a focal point of interdisciplinary resed@ch?].

By far, research orenergy hargsting fromroad pavementhasfocusel on the following 3

aspects. 1) Piezoelectric technolo@y embedding piezoelectric materials in the pavement

structure,a portion of the mechanical energy generated fragre-road interactionscan be

converted into elctric energy{13-16]. 2) Photovoltaic technologyJsing solar panels to replace

traditional asphalt and concrete matexiah paved roadswhich will absorbthe solar radiation

and transformit into electric energy[17,18]. 3) Thermoelectric technologyBy laying

thermoelectric generators (TEGs)kiite or outsidethe pavement structure, part of the thermal

energy absorbed by the road surface can be converted into electric étettyy. stage, these

different ways ofpavement energy harvesting have sein wide range of applicationsainly

due totechnicalchallengesRegardingpavemenpiezoelectric technologyhe difficultiesinclude

poor durability of piezoelectric materials under repeataffic loading the mismatch in stiffness

of piezoelectric mirials and pavement materig) and the difficulty in directly using the

instantaneous higholtage low-current electrical signal§l4,19]. For pavementphotovoltaic



technology, the main difficultiesare the need d develop newsolar panelsthat meetthe
requirements fouse inroad surfaceDurability of the photovoltaic power generation system
influencad by external factors such as traffic load, rain and snow, istcrucial to prevent
efficiency loss of the solar panels,and to meet requirements such sadriving comfort,
skid-resistage, and easyto-repair [20] etc. As to pavement thermoelectric technology, the
challengesmainly lie in the low efficiency of power generatiomvhich relies orthe temperature
gradients withirpavemenstructureg21].

Compaed with piezoelectric and photoelectric modes, pavement thermoelectric technology
has its owrsuperioritiesdespite of the currelytlow efficiency The thermal energy absorbed by
road surface can hdirectly converted into electric energy without changpayement materials
and structuresOn the one handhe heat transition careduce plastic deformation causkey
rising temperature withimsphalt pavemenh hot weather and thusprolong the service life of
road [22]. On the other handhrough thediversion of heatfrom road surface, the urban heat
island effectwhich iscaused by the heat absorption and storage inside the asphalt pawament,
be mitigated23-25].

TEG producs electric energybased orthe Seebeck effedR6], i.e. the voltageoutput &
caused by temperature differermetween the twghot and coldsidesof TEG. The fundamental
principle is based orthe charge carriers: electrons in-tjpe materials and holes in-tfpe
materials have the ability to move freely through metals and sadiictorg[27]. In the presence
of a temperature gradient, charge carriers diffuse from hot side to cold side until an equilibrium is
reached between the diffusion potential and the electrostatic repulsion potential, resulting in a

buildup of charge carrie28]. Typical thermoelectric devices consist of alternating P aitygph!



semiconductors connected electrically in series and thermally in paslgiown in Fig. 1This

allows the holes and electrons to flow in opposite directions forming an eatrént for power
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Fig. 1. Configuration of TEG module

The temperature difference determirtbe efficiency ofpower generatioin TEGs The
greater the temperature gradient, the more erismggneratedThe temperaturdifferencecanbe
found from pavement materiakst different deptk. However,this difference is limitediue to the
small temperature gradiemtithin the pavement structuf@9,30]. Wu et al. (2011) developed
devices made of highly thermatonductive materials texploit the e€mperature difference
between the subgrade armhd surfacevhich facilitatedthe electricity generatiofi3d1,37. Hasebe
et al. (2006) developed a pavemenbling system(water pipe9 with a TEG embeddedn the
pavemen{33]. River water near the roadasused as a coolant tmllect heafrom the hot side of
TEG and provide heat fothe cold side A similar pipepavementTEG system model was
developedby Guo L et al. 4], in which the electric energputputwas estimatedising results
from previous studis as well as weather data Floridg USA. The pavement thermoelectric
technologyhasnot yet beencomprehensivelynvestigated due tothe low efficiency of power

generation caused ligw temperature gradients within pavement structures.



In summary, thenainchallenge®f pavement thermoelectric technologreeffectivdy using
the temperaturalifferencewithin roadstructuresas well agnaintainingpavement thermoelectric
conversion efficiency under different environmental conditidResearchs so far have been
limited to theoretical modéhg and estimationand there is generally a lack of field data
validate the modelling resulf85]. In this paperthe road temperature gradienh different
seasons wereneasured and characterizethen, a novd set ofroad thermoelectric generator
system (RTEGS) was developddirthermore, thelectrical outpus of RTEGSweretestedindoor
and outdoar The voltage andjuantity generated by RTEGS wermnalyzedunder different
environmental conditiongzindings fom this studywill provide a starting poinand reference for
the development and application of pavement thermoelectric technology.

2. Road surface temperature characteristics preliminary field test
2.1 Temperature differendeetweenoad surface andmbientair

The key to improve the efficiency of RTEGS is maaintain and effectively use the
temperaturedifference Therefore,it is necessary teexamine and analyze theéemperature
characteristics afoad surface andmbientair.

The temperature diffence betweemoad surface and ambieair changes due to external
circumstancesuch asadiation intensity. Fig2 displays thetemperature differenda 7 hours of a
typical summer (August 1§ 2016 Fig. 2a) and winter (December™8 2016 Fig. 2b) dayin the
FLW\ RI ;LYDTe té8pe@tiredf road surfacewas collected byan infrared thermal
imaging camera the temperatureof ambientair and radiation intensity were gatheredm a
mobile weather statiofFig. 3). Occasionalffluctuation ofthe raliation intensitywas observed

which was causetly theclouds as well athe moving shadovg of surrounding buildingssuch



asbetween 12:00 and 14:00 in FRip.
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Fig. 2. Road surface and ambient air temperature.

Fig. 3. Mobile weather station device.



It can beseenfrom Fig. 2 that seasonal variations of radiation intendiigve a significant
effect on theéemperature difference betwerad surface and dientair.

On August 16th, 201&he ambienair temperature wa25°C to 39°C, and the solar radiation
intensityreachedpeakvalue of833W/n? at 1230pm The maximum temperature of road surface
was 65°C, and the temperature difference between roadaeiidnd ambierdir was up to 2%C.
The temperature differencgas abovel0 °C for 7 hto 8 h and above 20C for about 5 hOn
December 8th, 2016&he ambientair temperature was 4 to 16 °C, and the solar radiation
intensity peak was 506WAwat 12:30mn. Although the intensity of solar radiatias lessin the
winter, the road surface temperature reachetC3lue to the endothermfbeat absorptiorgffect
of asphalt pavement, and ttemperature difference between road surface and andienas up
to 15°C. Thae wereabout 5 h when theemperature differenc@asabove 10°C. Thus it canbe
concludedhat the temperaturdifferencesbetween road surface and the amba@ntlwaysexist
for a sgnificantamount of time in the dayegardless athe £ason

It is worth noting thathe climate othetesting sitelocatedat 33°42'to 34°45' north latitude
and 10740 to 10949 eastlongitude is in the temperateclimate zone.It can bepredictedthat,
asphalt pavement itnopical andsubtropical reginswould be more suitable for the application of
pavement thermoelectric technolodgr the higher radiation intensitynd longer duration of
temperature difference.
2.2.Temperature gradientithin road pavement

Compared to directly usindpe temperatug difference between road surface and the ambient
air, the heatbuilt up inside the roadnay be easier tousewhenhigh efficiencyin conductionis

achieved vianew technology. Therefore,it is useful to determine the temperature gradient



underneatlttheroad surfacePrevious work has focused largelytbhetemperature gradieifdr the
full depthof road[36,37]. However, theegmperature gradiemtithin road surface layer, especially
the depth fromO mmto 100 mm, is more valuable for pavement thermoelecieneration
technologydue to the presence gfeater and longeemperature differendé&8,39].

In order to obtain accuratéata ofroad surface temperature, asphalt mixgpecimenwith
dimensionof 300mm x 300 mm x 100 mmwasprepared in moldsrhe maximumaggregatesize
was 9.5mmTheslabwasdividedinto 10 layers,each layer was paved and compacteparately
Two PT100 temperatureensorswith 30 mm horizontal spacingvere embedded at interfaces
between layersTherefore, atotal of 18 temperate sensors were placed in the specimen
shown in Fig4a. The temperatures of slab surface were measuret fraredthermalimaging
camera, and temperatumeasured byhe sensors were collected bydataacquisitioninstrument.
Theaveragdemperatre of sensorat all interfacesndthe temperature obtained fraheinfrared

thermalimagingcameravereshown in Fig5.
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(a) Schematic (b) Specimen with temperature sensors inside

Fig. 4. Placement of temperature sensor in the slab specimen

The specimenvasplaced inalocationwhere it can be exposeddaectsunlight During the
test, the slab wasontained ifoam board at all sidesand segregateftdom the concrete flooby a
woodenboard to reduce external heat transfer, as shoWwigirb.

Fig. 5 gives the temperature data a$phalt mixture lab gathered orAugust 23 (Fig. 5a)
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and December 27(Fig. 5b) 2016.It can be seethat the temperature gradient can be roughly
divided into twotime sectionsIn section 1temperature gradiip decreasedvith the depth due to
the amount ofsolar radiation absorbed by asphailixture When the solar radiationntensity
decreasedo a certain extenfe.g. below 300 W/A), the heatabsorbed byasphalt pavement
materials especiallyin surface lgers, began tcescape intmutside,whichled tothe temperature

of road surfackeng less thaower layers and this was characterized as section 2

I{ Section 1 * Section 2 H

(a) August 23, 2016



Section 1 Section 2
|« p| |

(b) Decamber 27", 2016.

Fig. 5. Temperature gradient of the asphalt mixture slab.

Surface layer of theoadreceives solar radiation directhwhichis sensitive to thehangeof
radiation intensityThis explains theemperature fluctuation is gradually weakemgith the depth
OnAugust 23, 2016, theeak value of thelabsurface(0 mm depth)temperaturavas58.9°C at
15:0Q and he maximum temperaturef the slabat 20 mm to 3 mm depthwas55.2°C at 15:30
i.e. 30 minafter the peak temperature at surfa®a Decembe27", 2016, thepeak value of the
slabsurface temperaturgas20.7°C at 14:50, andthe maximumtemperatureit 20 mm to 3 mm
depth vasobserved at the same time 1&@t1°C.

The aboveesultsshow that, althougthe peak temperaturat 20 mm to 3 mm depth was
about 3°C to 4 °C lower than slab surfacét can still maintain a considerable temperature
differenceto the ambientair. Meanwhile,pavementtemperatureat this depthvaried to a less
extentwith a change ofthe solar radiation tensity compared with surfaceTherefore,road

pavementt20 mm to 3 mm depthis idealfor experimentathermoelectric generation.

10



3. Design of oad thermoelectric generator systenfRTEGS)

The ke principlesof RTEGSdesigninclude thefollowing. Firstly, to collect andstoreheat

energyfrom the road surfacefficiently. Secondly, to makeeffective use of the temperature

difference between road arambient air Thirdly, to minimize the impact of thermoelectric

generator system on road structure anaderial properties.

The RTEGS was designed follamg the above principte Vapor chambers, witljood heat

transferability, wereplaced a0 mm to 30 mm depth of the road. One end of the vapor chamber

wasembedded inthe pavement structur@ he other endvas exposedo the roadsidendbonded

to the hot side of TEGon its upper surfage The heatcollected fromthe roadsurfacewas

transferredthrough the vapor chambeo the hotside of TEG, which formed a temperature

difference with the coldideexposedo the environment, thereby generating a voltageshown

in Fig. 6.

However, the heat would inevitabtsansferfrom TEG hot sideo cold side.Therefore, he

temperature difference between fREG and ambient air would eventually diminishz&ro.To

maintain the temperature difference betwéestwo sides of TEGawatertankwasdevisedatthe

TEG cold sideas the cooling unitThe bottom othe water tank isa vapor chamber, whicls in

direct contact withTEG cold side The sidewal of the water tank are heat sink, which enable

sufficient heat exchange between the water and ambieint aigerto keep thesametemperature

Other measures, such as ingtgllshading board on the outside of the tank to reduce direct

sunlight,werealsoused taredice the water temperature in the tank.

11



Fig. 6. Schematic of RTEGS

In this system, the heatastransferred out of the roaructurebefore utilization. Compared
with embedding TE&into the pavementthis systemavoids the longerm effecs of traffic load
on theTEGs, and greatly improves the stability and durability of REEGS. Meanwhile,the
specialy designedwater tankmakes full use of the temperature difference between the road and
ambient airwhich enhancethe outpubf electric energy
4. Materials and test methodf road thermoelectric generator system (RTEGH
4.1.Materials

In this study, a RTEGS prototype was developedidnfy the ability of the RTEGS to
generate electric power in fiekimulated roadway conditions7 KH S UR WdtponemisfvV F
included asphalt mixture slappwer generation devicand cooling device fothe cold side of
TEG asseen in Fig7a

The asphalt mixtureslals are duatlayer with 300 mm in length, 300 mm in width and 100
mm in thicknessThe upper layer isnade of SBS modified asphalt mixtureith a nominal
maximumaggregatesize (NMAS) of 13mm, anda layer thicknessof 40 nm. The lower layer

material isunmodifiedasphalt mixture witre NMAS of 20 mmand layer thicknessof 60 nm.
12



The materials andhickness bthe slabaretypically found in reafoaddesign In order to reduce
the heat exchange betwedhre twosides ofthe specimen and outsiddne slab was surrounded by
heat insulation cottofbamand segregatedom the ground by a wooden boa(Hig. 7b).

The power generation device comprisg#saluminum vapor chambers and TEGSree
pieces of aluminum vapor chambewvith 300 mmx 60 mm x 3mm dimension weresvenly
spaced in the slab 0 mm depth At one end abouttwo-thirds of the length was embedded
within the slabAt the other endabout100 mm lengthwasexposedo the outside of the slabnd
bonded to the hot side of TEG dhe upper surface by thermal adhesive gllieree TEGs
(TEG-199) with62 mm in length,62 mmin width and4 mm in heightwere connected in series.
The TEG199 module consisted df99 pairs of semiconductors connected electrically in series
and betweenhe hot and cold side The euivalent thermal conductivity ahe chambers is 3.2
x1PW/(m-k), its applicable temperature rangel2(C to 200C, and its compressive strength is
4 MPa

The cooling device includea shading board ana water tankwhich maintains thdow
temperature atEG cold sideThe water tankvith 350 mm (length)< 150 mm (width) x160mm
(height) sizels made of polymethyl methacrylat¢Fig. 7c). In orderto improve the efficiency of
heat exchange between TEG cold side and the water in the taallapgrum vapor chamber was
usedat the bottom ofthe water tank, whichs bonded to the TEG cold side by thetradhesive
glue (Fig. 7d and 7f). The sidewaB of water tankare aluminum heat sir&kwhich allowed
sufficient heat exchange between the water and ambieiht a@iddition, theshading boarde/ere

usedatthe side and top of the tank to block direct surilig

13



(a) Schematic oRTEGS

(b) Integrated model (c) Asphalt mixture slabs and water tank

(d) Details of water tank (e) Data acquisition instrument

(f) TEGs below the water tank
Fig. 7. Prototype of RTEGS for testing
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4.2. Test methods

4.2.1.Indoor tests

A 500-Watt iodinetungsten lamp was uséd simulatethe solar radiationd heat the slab

specimensThe perpendicular distandeetweenthe slab surfacand iodinetungsten lamp tube

was 500 mmThe temperature of slab surface coulalctea maximum o065 °C underthe radiation

of iodinetungsten lampDuring the test, Infrared Thermal Imaging Camera was used to record the

temperature of slab surface every 10 ni#1,100 temperature sensors were usecktordthe

temperature of water ithe tank and the generatd electric voltagewas gathered by a data

acquisition instrumer(Fig. 7e).

The environmentatonditions can be easily controlled for indoor test. Therefore, it is easy to

determine the power generation efficiency of RTEGS unitiereht temperatuie anddifference

conditions. The test methods proposed by the indoor test also provide a reference for subsequent

and similar tests.

4.2.2. Outdoor tests

The aitdoortess were considered moreepresentativef the actualgeneration ofelectric

power by RTEGS becausethe specimensvere put ina natural environmentunder natural

radiation intensityambienttemperature and other fact@sach as windIn the outdoor electric

power generation testhe slabs were placed an open arean order toreceivedirect sunlight

The data acquisition method was similatttat ofindoor tests.

5. Results

5.1 Output voltage of indoor tests

According to the resultdrom indoor tests, linear relationsisipbetween temperature

15



difference and output velge of RTEGS can be obtained by regression, as shown i8. Rigan

be seen thadifferent mathematical relationships betweentput voltageand temperature
differenceoccurredin the process of heating and coolifithis is becausehe temperatures of
water and TEG cold side are similar, whihe temperatures of slab surface and TEG hot side are
different The slab surface temperature was higher thafEG hot siddn the process of heating,
and lower than the TEG hot side in the process of cooligya resultlinear but different
relationshig exist between the output voltage and temperature difference in ticegzrofslab

heating and coolinghe intercep of the regression lines are different.

Fig. 8. Relationshipbetween temperature difference and output voltage of RTEGS by indoor test

The output voltage (Y in the process oindoor slab heatingcan be expresseasing the

following equation:

Ui=0.018T £0.1733 (R?=0.9899 1)

The output voltage (&) in the process oihdoor slab coolingcan be expresseasing the

following equation:

Us=0.0186T C0.1532 (R?=0.967) @)

where T is the temperature difference bewn the slab surface and water in the tank
As depicted in Fig8, the peak value obutputvoltage occurredt the initial stage of slab

coolingwhichwas 0.737 Whenthe temperature difference between the slab surface and water in

16



the tank was 34.9C.
5.2. Output voltage of outdoor tests

Outdoor testingsite was selecteith Changfn University,Xi §inon October 3%, 2016. The
ambient temperatusef the day vere6°C to 16°C. Fig. 9 presentshe measured output voltage
and temperature dath.can beseenthat theslab surface temperatuirgcreasd firstly and then
began tadeclineduring the testandthe maximum temperature was 26C. Similar trendcan be
found forthe output voltageThe peakvalue ofoutput voltagewasabout0.41 V. The timehat

output voltagevasabove 0.2 V0.3V and 0.4V wasabout 6 h4 h and 1 h, respectively

Fig. 9. Outputvoltage andemperature oORTEGS

According to the results obtainefom outdoor tests, linear relationslsipbetween
temperature differencébetween the slab surface and water in the tamkl) output voltage of
RTEGS caralsobe obtained by regression, as shown in E@@ylt can be seen that thariatiors
of output voltagewith temperaturewere similarto the results ofindoor tests Good linear
correlations betweeoutput voltageand temperature difference were obserirethe process of
slab heating and cooling

The output voltage (Y in the process of outdoor slab heatcan be expressagsing the
following equatio:

17



Ui=0.0D4T4 E0.0100 (R?=0.8904) @)

The output voltage (&) in the process of outdoor slab cooliogn be expresseadsing the

following equation:
Uq=0.0189T C0.1133 (R?=0.9762 4

where Ty is the temperature differeeadetween the slab surface and water in the tank

Fig. 10. Relationship between temperature difference and output voltage of RTEGS by outdoor test

6. Data analysisand discussion

According to theaboveresults, therare somedifferences in the regression function between
indoor and outdoor test.The reason can be attributed to the fact thaliation intensity was
graduallychangingduring the outdoor testing, whilewas constant during the indoor testing. As
a result compaed with the indoor test, the overall heating rate of the specimasmelatively
slow in outdoor test, and the surface and internal tempesatfithe specimenvere relatively
uniform. This difference in radiation intensitgd toa difference in the statemperature gradient,
which resultedin a difference in temperature between slab surface and TEG hotviidé, is
reflectedin the regression function eventually.

From the results of outdodest therewasabout 0.4 V output voltaggained from RTEGS
when the temperature difference between slab surface and water in theatddi®C. According
to the regression relationship between voltage and temperature difference, as well as the road

surface temperature gradient, it canpbedictedthat about 0.6/ to 0.7 V output voltagevill be
18



gainedwhen the road surface temperature reache®C&fnd the temperature difference between
slab surface and water is %5 to 30°C.

7KH UHVLVWDQFH 5 RI 7(* XVHG L QCWbKeb°PCWTHaraford, theD E R X W
current and power (P) of the RTEGS can be calculasedyOhm's Law. For exampléhe output
voltage (U) was 04 V measured at 10:2én on October 3%, 2016 then the current can be
calculated using the following equation.

®)

where lis thecurrent(A); n is the number of thermoelectric modules in seaie equalto 3

herein;

The power (P) values can b&leulated using the following equation.

(6)
WhereP is the power (W);

The power at different times can be calculdiaded orihe output voltage data measured on

October 3%, 2016, as shown in Fig1.

Fig. 11. Relationship between time and power of RTEGS.

The results show that,ith thetime increased, the powdef RTEGSincreased first and then
began to decline. And thelationship carbe described by quadratic parabolic formuging the

following equation.

19



(7
Where t is the timés).

The power output by the slab 300 mm x 300 ynsize was about 840 J in 7.5 h by integral
calculation usind=q. 7. To better understand the scale of power outhatenergy generated by a
road of 1 kilometer in length and 10 meter in width are calculated, which is about 9.36 ®f10
energy, equivalent to 26lowatt-hour (kWH of electricity in 7.5 h. And the output energy will be
as high as 5.9x2Q in 8 h,equivalent to160 kWh of electricity, if calculated usinghe data of
road surface and ambient temperature measured on August 16th, 2016. The electric energy
generated by the RTEGS can potentially be stored and used later, such as road lighting, traffic
signal, communications, wireless monitoring system, and other electrical facilities by the roadside,
or even charging facilities for electric vehicles in the futd@41.

In order tounderstandhe performance of the RTEGS, Talldists some examples that

representhe current road power genergttechnology[21,31,32,41

Table 1

Parameters comparisdor representative technology of energy harvesting from road

Technology Companyresearcher Energy generatior Technology readiness levels (TRL

~ Solar Roadways NA 4
Photovolaic
TNO NA 7
) ~Innowattech 5.8 Jivehicle 4
Piezoelectric
Genziko 40 J/vehicle 4
TEG Wu and Yu 2.6 mWi/cn? 3

WhereNA representdNot Analyzed.TRLs arethe measures used to evaluate the maturity of a technology

during its developmeat stages. These levelsto 9were initially defined bythe National Aeronautics and Space

Administration (NASA)[21], but are now commonly used in project evaluations

TRL 1 +basic principles observed and reported; TREtBchnology concept and/or apgation formulated;

TRL 3 zanalytical and experimental critical function and/or characteristic proof of concept; TRlosponent

validation in laboratory environment; TRL % component validation in relevant environment; TRL #6

20



system/subsystem model @rototype demonstration in a relevant environment; TRL+ 3ystem prototype
demonstration in awperationalenvironment; TRL 8zactual system completed and qualified through tests and
demonstration; TRL Qtactual system proven in operational environtnen

According to the calculation method used by Wu and Yu [31,32]etleegy generation
calculated was about 2.83 mW/&wmhen output voltage of RTEGS was 0.7TWe development
stageof RTEGS was TRI5 to TRL6. Compared with the photoelectric conversidiiciency of
10%[21], the thermoelectric conversion efficienafythe roads still low, usuallyaround5%.

As mentionedthe testing siteis in a temperate climat&urthermore, due tbuildings and
trees nearhythe illumination time of thesite wasless than the available illumination tinmethe
day It is anticipated that for asphalt pavements in tropical andrepizal regions, more energy
will be generatedhrough theRTEGS Field tests in those regions will help to quantify the actual
outputs.In addition,the conversion efficiency oRTEG used in this testasonly about 86 to 6%
according to the manufacturenith further development of the thermoelectric materials and
technology,the output of RTEGSs likely to be enhanced, which will furthepromote the
application of pavement thermoelectric technoltayywider social and economic impacts
7. Cost and environmental benefits

In terms of costthetotal cost of materials and production is 40 $ for indoor test. The price of
aluminum vapor changss is about 10 $, the price of TEG modulss15 $, and thecost of
materials and production of the water tdakl5 $. The costs for a road of 1 kilometer in length
and 10 meter in width are estimatatabout 90000 $ according to the cost of indoorttes
Assumingthe road service life of 15 yeamndthe price ofelectricity 0.2 $ per kW, when the

annual average daily electricity generation is 100 k8 kwh and 60kwhthe income form
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electric powegeneratiorcan reach 108,000 86,400 $and64,800%, respectivelyThis system is
expected to benore profitable for tropical and subtropical regions whére radiation intensity
and the average annual temperature is high. In addition, the mefferiald WalG@eXxabtbe end of
road life was not takeimto account in the above calculatiofrurthermore, the cost of the system
is expected tbefurther reducd when the scale of constructiorcreases to industrial level

Compared with the piezoelectric and photovoltaic road technology, thermoeleculic roa
technology has significant environmental and social benefits. 1Riglisplays the temperature
collected outdoor of the traditional asphalt road surface and thermoelectric asphalt road surface on
May 26", 2017.1t can be seen that themiperatures of #rmoelectric asphalt road surface were
much lower than that of traditional asphalt road under the natural sunlight, temperature and other
environmentalfactors. The maximum temperature difference of traditional asphalt road surface
and thermoelectric asphhaoad surface was about 20. The temperaturdifferenceexceeded 5
°C from 12:00 to 19:30. From the results above, thermoelectric asphalt road could significantly
reduce the surface temperature of pavements and is currently considered a promidimg tool
alleviating urban heat island effect, as well as redudiefgcts of road associatedth high

temperature.

Fig. 12. Temperature data collected outdoor of the traditional asphalt road surface and thermoelectric asphalt road
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surface (May 26", 2017

This system can be further upgraded to redtmsts andenhanceenergy output, such as
using municipal water supply pipeline instead of water tank fixetherold side of TEGs. In
addition, it is also possible to consider connecting the TEGs cold sideet end othe vapor
chamber, and the other end is buried at a certain deptheiground for a relatively lower
temperaturePracticality of these desigmnd the enhanced power output can be tested in further
study to validate the above assumptions.

8. Conclusion and recommendations

In this paperthe road surface and ambient temperature characteristissinvestigated
Studies for energy harvesting from asphalt pavemensing thermoelectric technologyvere
conductedand a road thermoelectric generatsystem was developed for electricity generation.
From the indoor and outdoor test, the output voltage of developed RTES$ested and
regression analysis carried out to establish the relationship between energy output and temperature
difference The nmain work involved in this study, angsultsfrom the experiments are outlined
below

(1) A set ofroad thermoelectric generator systeras develogd. The heatvas transferred
out of the pavemenby vapor chamberembeddedn the pavement structurd@he temperature
difference between the road surface and ambienwhich produces electrical energyasused to
power the TEGs. A water tank wadnstalled at the cold side of TEGo maintain a stable
temperature differenc&he system providesn innovative \ay for energy harvesting from asphalt
pavement.Further studies are needed to prove the concept of embedding vapor chambers in
pavement structure without compromising its mechanical performance and durability.

(2) The temperature difference between thedaarface and ambient air, as well as the
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temperature gradientithin road structurewere gathered by a data acquisition instrumé&hé

FLW\ R, whefeDtke field tests were carried ,optovides the necessary conditions for the

application of thermelectric technology. For asphalt pavement in tropical and subtropical regions,

thelargertemperature difference would be more suitable for RTEGS.

(3) Good linear correlations betweeoutput voltageand temperature difference were

observedn the processfaslab heating and cooling. That is, thetputvoltage increased linearly

with the increase oftemperature difference-dowever, due to the temperature gradients in

pavement during the heating and cooling proctesinterceps of the regression linor indoor

and outdoor testwere different. While the outdoor tests are more representative of the real road

environment, indoor tests enable the control of environmental conditiessatalishmathematical

relationship between variables.

(4) When the tempeatture difference between road surface and amhierst 15°C in winter,

the outputvoltagegeneratd byRTEGSis about 0.4/. Thus, the energy generated by a road

kilometer in length and 10 meter in widthestimatedo be9.36 x 1GJin 7.5 hoursequivalent to

26 kWh of electricityWhile in summer, the output voltage generated is abol ®#80.7 V with

25°C to 30°C temperature differencevhich meansbout 160kWh of energy can be obtaiired

hours

(5) In addition toharvesting energy fro road, RTEGS caalso reduce the road surface

temperature which helps to alleviate the urban heat istdfiedt as well asreduce pavement

defects associated withigh temperatureThe maximum temperature difference todditional

asphalt road surface aridermoelectric asphalt road surfasgas about10 °C. Therefore, the

RTEGS has significant environmental and social bendit§ecycle mstbenefit analysis of the
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RTEGS in pavement structure, consideting installation cost, income from energy getieraas

well as prolonged pavement life, will be very conductive to evaluate the cost implication of using

the RTEGS.

(6) With thedevelopmenbf TEG materials antechnology, theutputenergy ofRTEGSand

thus the efficiency of the system, is likely te lenhancedwhich will further promoteits

application.

As a brand new technology, results from this stadyquite encouraging. Further-gitu

testing of the RTEGS in asphalt pavement is essential for optimizing the system, as well as

evaluating thereadiness for industrial useln addition, it is recommended to consider the

connection between the water tank of RTE@fathe water supply system around the road in a

pilot scheme, which will improve the power generation efficiency of the system, as well as

indicate any practical constraints of applying thishnology.
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