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Abstract

Previous investigations of the Urban Heat Island (UHI) effects have higidigite long-term
negative impacts of urban street canyons on surroundings temperaturesliteatlyncontribute to
global warming. Studies on road pavement solar collector (RPSC) system have shown tla giotent
reducing the heat from the pavement surface by absorbing the heat from the pavemamessing
the thermal energy. This study expands the investigation of optimising tBE Rystem based on
four tested parameters (pipe diameter, pipe depth, water velocity and wateraeme) comparing
the system performance in terms of Delta T of inlet-outlet, potentiehthecollection (PTC) and
surface temperature reduction (STR). Two types of external environmental canditier
considered(i) urban domain resembling a street canyon (ii) flat surface resegrdliow density or
rural area‘De-coupled’ CFD method was employed basedpaeviously author’s published work by
simulating the effect oéxternal environment (macro domain) onto RPSC system (micro domain) in
two separate CFD modelling. Initially, both domains were validated with nurhanidaxperimental
data from previously published works. In comparing the RPSC application in udpaaind and
flat/rural domain; it was found that the system adjustment based on high and lotioosnafi water
velocity provided the best performance improvement with average 28 % higher in téPi€ ahd
STR as compared to other simulated parameters. Yet, insignificant Delta Thdes$ K) was

obtained with values over 0.02 m in the pipe diameter and in the 0.25 m/s water velocity.

Keywords: Road solar collector, hydroponic pipes, urban canyon, computational fluid dynamic
(CFD), urban heat island (UHI)
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1 Introduction

Recently, works have been focussed on evaluating the system performance of road pavament sol
collector (RPSC) in mitigating the Urban Heat Island (UHdjfect during summertime or hot
conditions and to speed up the snow melting effect during wintertime. In general, the systenyworks b
allowing heat to be transferred fraahotter medium to colder medium. Despite its potential to be an
alternative urban energy generator, it should be noted that the initial réasmrceptualising RPSC

is to deal with high temperature gradients within road layers caused by trseéymvement to the
excessive solar radiation especially during long day hours. Such high tengegetdient is
associated with long-term structural damage and curling problem thus severahithptudies have
conducted thermophysical analysis on tested road materials. Asphalt materialsvdaotientionally

used for road construction was observed to obtain the highest temperature in the aftedniocte
evening as compared to the other studied materials [1]. It has been suggestedthat [ap
incapability of the material to dissipate heat fully before sunrise casedhe occurrence of heat
effect in the early morning. The temperature gradient of concrete slab wastealas high as 18°C
when the lowest and the highest slab temperature values were compared. The workdstigaiest
more investigations are necessary to improve the current state of road materials in order tahgrolong

lifespan.

2 Literaturereview

According to [3, reduction in the surface temperature of 5°C was emphasised to extend the lifecycle
of the pavement up to 5 years [4] meanwhile in the study of [5], the reduction between 3°C and 4°C in
the surface temperature or 6°C in the total daily cycle fluctuation has bediot@d to significantly

delay the pavement cracking and structural damage during the exposed daytime. In tB8searly
alternative pavements with the increased values in the solar reflectanceal teenitiance and
convection coefficient for surface temperature reduction were discussed to r&plamnventional
asphalt pavement [6]it was highlighted in the study of [7] that during the exposed time to sinlig

the conductive asphalt was observed has speed up the heat conduction in the top-ddem direct
across the specimen layers, reducing the potential to increase the temperature gep betw
specimen depths. Recently, studies have found the connectivity of the exposed uidies $a
influence in three aspects to determine the condition of an urban area: (i) climate, (ii) therroa, comf
and (iii) electricity usage. In the study of [8], it was reported that thedse between 2% to 4% in

the electric demand was due to 1°C rise in the daily maximum air temperétutbewange of 15-

20°C. The problem was associated with the exposed dark asphalt surface to treelsdian which

tends to absorb more heat than other type of urban surfaces. This study fonmabtii@nice of using

! According to Elsayed (2006) [44], UHI effect is the rise in urhimrtemperature as compared to rural areas
caused by urban elements, urban land use pattern, artificial heat proddigjidacement of natural elements,
urban pollution and human activities.
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high reflective pavement(s) to reduce the absorptivity factor while inoge#se emissivity value of
the pavement surface(s); e called ‘cool pavements’. Analysis by using numerical simulation has
foundasignificant 10C temperature reduction from the urban road surface by the increase of 0.25 in
the surface albedo. Consequently, cool pavement analysis was carried out to evalnditeenhce on

the external environment &fbs Angeles within one-third of the city area by using a similar method
[9]. This has brought the prediction that by reducing 1.5°C in the air temperatureythancsave
approximately 100 megawatts per hour in the demand for elgctrithus, [8] suggested the
importance of using light coloured asphalt or light asphalt mixtures; howestsoutd also be noted
that in the study of [10] seems not fully agreed. While numerous studies have foyadethigeal of
modifying the surface albedo foiHI mitigation the study of [10] found that high reflective material
can reduce the level of external thermal comfort of the nearby peddsyrisntegrating models
developed by [11, 12

21 RPSC system integration to conventional pavement

As early as 1988, the use of underground pipe was mentioned to have the potentialSavifigel
apart from road heating during winter season [13]. Additionally, the use of hydrqés for
cooling/heating has been well documented under ASHRAE standdrdrildot climate condition,
studies have correlated the use of hydronic pipes to reduce the surface tempkraautpavements.
It was highlighted in the study of [15] that the hydronic RPSC was observed tonpevédk in
cooling the pavement and for thermal storing when the coolant temperature was heittande of
18°C-24°C. In the study of [16], field test measurement was carried out toabetdrydronic RPSC
tubes within 135mm depth from the asphalt surface. An experimental study in dokgpg summer
season has introduced the utilisation of nearby resources (river waseiport the pavement-pipe
heat transfer process whichdslled ‘Road Thermal Energy Conversion’ (RTEC) system [17]. The
system was designed by connecting a thermoelectric generator with 10 mm diametecihaager
pipes and to be embedded 70 mm underneath a road surface, reducing the surface tehyp@eature

on average as compared to the conventional pavement without RTEC.

A review of RPSC was carried out by [18hich discussed the system development based on the
design in the variables and parametérsaboratory scale study of asphalt pavement integrated with
hydronic copper pipe system was carried out to evaluate the thermal respibresmigfgrated system

by changing several tested parameters [19]. Significant reduction in the tempevas observed
across the pavement layers with additional hydronic circulation as comparkd tmriventional
pavement. Although it was mentioned that the efficiency of the hydronic pipes eniabged by
increasing the flow rate of the water [20]; it was highlighted ir] {ht large increase in the water
flow rate did not significantly improve the cooling of the pavement layer. In thigasistudy has also

found that the temperature of the pavement upper layer was reduced by 30 % when the pipe depth was
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changed from 125 mm @6 mm. According to a study carried out in United States, it was found that
the optimum depth of pipe embedment was 20 mm [I8]the study of [20], changing the
temperature of the inlet water was found to be more appropriate for highregaetdansfer. Using
high conductive asphalt materials such as graphite powder, steel fibres, etesteztdy [21, 22, 23]

to optimise the performance of hydronic pipes. Despites of the experiment wafosdtegvy snow
condition R1], it should be noted that a 50% increase in the thermal conductivity of the asphalt
pavement has increased about 30% of the system performance.

Several works have integrated different types of hybrid RPSC system. For example udyhef st
[24]; hydronic RPSC which was designed for bridge deck was connected to a Ground-Szatrce H
Pump (GSHP). The combination was to prevent heavy snow effect on road whereas during
summertime, the absorbed heat from RPSC will be streamed down to GSHP as the nshimdysa
system in long-term basignother example can also be found in [15]. In the study of [25], ‘GSHP
combined Ground Heat Exchanger (GHE)’ was designed in the U-shape 40 mm diameter heat
exchanger tubes and were inserted in the drilled vertical borehole with three depth3@lue$@ m
and 90 m) for comparative analysis. The study highlighted that the longest Hadtielable has the
highest coefficient of performance by 50% over the shortest drilled borehole. Fintitar
combination, temperature distribution was then studied; see [26]. Recentlyeratyate of hybrid
RPSC was studied which combines thermal energy storage, heat pump, solar panild andrgy;

to be called as ‘Hybrid Renewable Heating System’ (HRES) [27].

2.2 Integrated system with urban environment

This paper has broadened another perspective of evaluating RPSC systemrfappitzation which
has to deal with the urban climate and its complexity to comprehend heat effebaorsurfaces. It
was mentioned earlier regarding the obtained high pavement temperature which carthaffect
climate, comfort and electricity usage of the surroundings. Conversely, it shenlldeahighlighted
that the city land surface is not as simple as a flat surface. In the stud&i [Bban geometry is in
the complex shape and has the influence on the solar heat flux either in short i@vg wave
direction, causing heat to be accumulated and increases the temperature ofrabedisgs.
Investigation on the effect of buildings to the air temperature was caurted the study of [28, 39
alsocalled ‘canyon’ street effect. According to the study [28, 29], it was observed that the long wave
reflection from ground to sky can be decelerated due to the increase spéoe rtio of the canyén

A good comparative 2-dimensional numerical model was developed in 2012 [30] to ahelgfedt

on air temperature within the scenario of having building canyon and withaus\ftface). In recent

years, many works have extensively used computational methods to carry out @valoétthe

2 As referred to the study of Levermore and Cheung (204tPdet canyon aspect ratio, H/W is a ratio of
building height, H to the width of a street canyon, W][3
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microclimate and thermal issues on urban environment. Computational Fluid Dyn@rix) (
analysis has the ability to solve problem related to fluid flow frasimgplified geometry model [31

to the complicated one [32].

2.3 Aim and objective

To the authors’ knowledge and after conducting a comprehensive study, there is no work on the
analysis of the design parameters of RPSC system which includes the impact of urtzarmemii
Therefore; to address the current gap in the literature, this paper evétheapesformance of RPSC
when the surface of the system embedment is located in between two buitgilicgting an urban

scenario. Several studies have noted the significant impact of wind on the heat loss from the pavement

surface [26, 33] meanwhile in the study of [31, 34], wind-blocking buildimgntation was found to
cause deceleration of wind velocity on the ground surface which also reduced theiwerest
transfer from the surface. Another important effect of buildings on grourfidceuis the shadow;
which can cause less heat flux received by the surface [35]. Thus, thernmaimpexde of RPSC
within two dissimilar conditions of embedment will be compared: (i) surfate lilding rows—
canyon/urban environment, and (ii) surface without building refat surface/rural environmenrA
‘de-coupled’ computational modelling has been employed following the method detailed in the
previous published work [36]. Computational analysis has been carried auhumber of RPSC
studies; for example by using Finite Element Model (FEM) [3, 2] and Finite Differktodel (FDM)

[5]. The ‘de-coupled’ approach has combined the 3-dimensional Finite Volume Model (FVM) macro
domain which represents the external environment above a pavement surface with a 31a#inensi
FVM micro domain which represents the hydronic RPSC system. To evaluate the pecraf
RPSC system within an urban environment and also flat/rural environment, this stedgsabe
effect of changing several system parameters such as: (i) pipe diameteatdiilvelocity, (iii) pipe
depth, and (iv) inlet water temperature. The system parameters have been setheithimge as
referred to the values of the previous published works with the goal tantetethe optimum
parameter for urban integration of the RPSC system.
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3 Methodology: 3-dimensional Finite Volume Method (FVM)

31 De-coupled computational modelling

A de-coupled computational modelling method was use(l) analyse the effect of building rows or
canyon on the thermal performance of RPSC system, (ii) compare the thermahaec®rof urban
RPSC with flat/rural RPSC, and (iii) evaluate the optimum valuesribhn RPSC with system
variables over the flat/rural RPSC; see Figure 1 which details the methodology fidw cha
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Figure 1: Methodological chart of de-coupled CFD simulation approach
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3.2 Computational geometry and domain

A benchmark model was selected based on the previous studies [3dnd3@s criterions were
followed to represent an urban street canyon model within a computational flow domain. Tw
domains were classified as the macro domain which represents the external environment above a
pavement surface and the micro domain which represents the RPSC pipe embedded underneath a
pavement. For the macro domain, the temperature of a road surface was assumefiuenbed by

five variables: (i) solar radiation, (ii) air flow, (iii) canyon geomgef(iv) building wall temperature,

and (v) soil temperature. After the model was validated, the temperature outpet afrface was
obtained and was used as the input for the micro domain model to calculate the hedtayatihe

RPSC system.

3.2.1 Urban macro domain (RPSC-1)

A street canyon model consists of a 20.0 m width road in between two buidiege each building
with the dimension of 100 m length, (L) 20.0 m width (W) and 20.0 m height (H); to be specified as
the canyon aspect ratio (H/W) of 1. The integration of macro-micro domains isaedised as per
Figure 2(a) and specification of the urban macro domain was detailed with dimenskogsre 2(b)

and 2(c) [31].

Based on [31, 36], a standard canyon configuration was set up which reqaegities larger
outflow (15H) than inflow distance (5Hp allow the flow to re-develop behind the recirculation
region. Similar distance was set up for the distance to the left and thdaighin walls from the side
walls of the buildings. For sufficient height for the air flow ovetwsen the roof top and the domain
top plane, similar distance of 5H was also applied. This macro model wasddivithree volumes

(i) air-fluid region (wind flow), (ii) 5.0 m depth solid region (road and)saitd (iii) empty region
(building interiors; excluded in the study). The wind inlet plane wamnted parallel tg/-direction
with the first building wall closer to the inlet plane acting as an olasta the incoming wind. This

study only considered one street canyon shape with one building orientation.
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Figure 2: Urban domain (a) in 3-dimensional diagram (b) from elevation view (c}dmaew

3.2.2 Flat/rural macro domain (RPSC-0)

Similar guidelines were also applied for an empty macro domain whicasents a less dense urban
area or rural area. Two regions were divided in this domain: (fjuar+region (wind flow), and (ii)
5.0 m depth solid region (road and soil). Similar location and distances of directioandz were
indicated for the canyon ground road surface. The only differisrtbe ground road surface was not
sandwiched between two buildingehe overall size of both macro domains was.@68 lengthx
300.0 m widthx 125.0 m height (5m depth below ground surface).

3.2.3 RPSC micro domain

The RPSC system was characterised by circular hollow horizontal copper pipesOwit length,

0.005 m (5 mm) wall thickness and 0.02 m (20 mm) nominal diameter followirggutig of [37] to

be embedded 0.15 m (150 mm) below the road surface. The gap between the pipes was assumed 1.0
m and the pipes were layered to be parallel with the road direction (north to southijficgition of

the model was carried out by placing the RPSC pipes at the central areajrapgmly 10% area was

covered out of the total road surface area. The total area of the pipe embedm&ntGm lengtk
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20.0 m width. For the micro domain, a 10.0 m length pipe was designed to be embeddead withi

solid pavement with dimension 10.0 m lengtii.0 m widthx 0.3 m ground depth.

3.3 Mesh

In general, this study applied patch independent hybrid meshing technique on all ateestig
geometries. The patch independent mesh algorithm is based on the subsequent spat@brsubdiv
algorithm which ensures refinement of the mesh where essential, but retagmselargents where
feasible, therefore allowing faster computational times [37].

3.3.1 Macro domains

For the mesh sizing of both macro domains, ‘edge sizing’ was used to refine several canyon sections,

¢, Which are: (i) canyon ground road surface, (ii) building walls, and d@nyon lower ground.
‘Inflation of First Layer Thickness’ option was used to generate very fine mesh near the ground level

in order for the mesh to grow gradually in the bottom-up direction. Thédfjest thickness was set to
0.10 m with growth rate of 1.2; however the maximum layer was set to 20. To detdrenopimum
size of the mesh, mesh refinement method (h-method) was applied based on theiatistfibmesh
size, h over a finite element. Furthermore, the edge sizing was set to size theomesbafise to fine

[38] and the values are described as per Table 1.

Table 1: Mesh setting based on edge sizing

Edgesize at Mesh Total element Total node
c, (M) description (nos) (nos)

1.00 Coarse, 609,332 213,514
Hybrid

0.50 Medium, 1,125,457 373,925
Hybrid

0.25 Fine, 2,063,739 659,968 TS
Hybrid Note: Generated mesh allows fin

mesh at the concentrated area

It should be highlighted that similar meshing technique was also applied femiity domain (no
building). Although the buildings are absent from the domain, refinement of the mesh was set near the
surface where the embedment of the RPSC pipes was designated. In the previous stiindydB6}

was very nominal when comparing the coarse, medium and fine meshes (overall |€s5QHanin
difference). This study has carried out the simulation for both macro domdine mesh sizing due

to very high speed computational time still can be achieved. Table 2 displays dhe ofethe
selected sizing for urban and empty domains. It can be observed that 2.67 % was deztadieel fr

total nos of element and node of empty domain.

10
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Table 2: Description on the selected mesh sizing for macro domains

Domain Selected sizing Total element (nos) Total node (nos)
Urban/building canyon Fine, verified 2,063,739 659,968
Flat//no building Fine, verified 2,010,784 731,198

3.3.2 Micro domain

To determine the meshing type of micro domain, the pipe body was set in tloé 8i920 m (20
mm); dividing the total length into 2000 elements with 0.005m sizing each (5 rhis)sdtting has
automatically generated 0.02 m 0.02 m hexahedral grid for upper and lower layers while the

thickness is gradually reduced when the layers are closer to the pipe body.

34 Boundary conditions

3.4.1 Study background

The location of the simulated building was in Milan of the north Italy [31, 36w88 the longitude

of 9.18°E, latitude of 45.47°N and the UTC of +1. It was reported in the study of [39] that the summer
days in Milan is the combination of hot temperature with low winds. The selétieddate, month,

the intensity of the solar radiation, air velocity, air turbulent intensity, the ambient &omeeasind the
ground roughness condition were set based on previous studies [36]. For both buildings, simil
conditions of the surfaces were applied. Detailed description of the surface pojsedisplayed in
Table 3.

Table 3: Boundary condition applied to wall surfaces [36]

Surface Temperature (K) Density Specific heat Emissivity Thermal
description (kg/m3) (J/kgK) conductivity
(W/mK)
Road surface Not applied 1000 1000 0.9 2
Soil 288 1000 1000 0.9 2
Building walls 299 1000 1000 0.9 0.15
Copper pipe Not applied 8978 381 0.8 387.6
Water 293 998.2 4182 Not applied 0.6

The surface temperatures of the two specified macro domains (urban and flat/eneaompared

and were compared and were exported as the surface condition for the micro domain. $owas al
highlighted that the analysis of the RPSC performance was carried outdlecéd pipes based on
every two pipes gap (2m distance centreentre). For the urban domain, the selection was carefully

measured from the very centre pipe location (pipe C-1) towards building WAH2AA-3, A-4, A-5)

11
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and towards building wall B (B-2, B-3, B-4, B-5) as shown in Figure 3{ajilé® selected pipes for

urban domain were also determined for flat/rural domain; see Figure 3(b).

Bullding B
Building A

OO0 00 0O 0D O Q0O OO0 O0O0C O 00 0O
B-5 B4 B3 B2 G-1 A2 A3 A4 A5

(@)

o oo 0 00 O OO0 OO0 OO0 O OO0 OO0
B-5 B4 B-3 B2 c-1 A2 A3 A A5

(b)
Figure 3: Embedment of RPSC pipes in (a) urban model (b) flat/rural model (Not to Scale)

The velocity of the inlet water was s40.1 m/s assuming very low speed of water was used [36, 40
while the inlet water temperature was set 293 K (20°C) which was withiadceptable range [18].
Then, changes involved with four system parameters were evaluated for furtherisompatween
urban RPSC and flat/rural RPSC as described in 3.4.2, 3.4.3, 3.4.4 and 3.4.5.

3.4.2 Change in pipe diameter

Sizes in RPSC pipe diameter were set from the very small to the veryigingdne optimum water
velocity according to the diameter: (i) 0.015 m - 0.21 m/s, (ii) 0.02 m - 0.22ii©)/6.025 m - 0.32

m/s, (iv) 0.035 m - 0.34 m/s, (v) 0.05 m -, (vi) 0.065 m -, and (vii) 0.0791B,-37, 40]. This

analysis is referred to the rule of thumb by [40] that highlighted that hfjperdiameter requires
higher flow rate to ensure an optimal water flow rate is according to tefsike pipe opening. For
all diameter sizes, the inlet water temperature was set to 293 K (20°C).

3.4.3 Change in pipe depth

Change in the pipe distance from the surface was evaluated by setting up thef:d@pdh025 m, (ii)
0.05 m, (iii) 0.075 m, (iv) 0.1 m, (v) 0.125 m, and (vi) 0.15 m [18, 88 41]. This simulation
considered one water velocity for every changing depth, 0.1 m/s [40] meanwhile theapietedi

was set to 0.02 m with the inlet water temperature of 293 K (20°C).

12
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3.4.4 The effect of water velocity

The effects of water velocity for 0.02 m diameter RPSC pipe with 293 k (204 temperature
were evaluated from the lowest to the highest settings as per mentionetnfis0(ii) 0.25 m/s, (iii)
0.5 m/s, (iv) 0.75 m/s, (v) 1 m/s, (vi) 1.25 m/s, (vii) 1.5 m/s, and (v) 2.0 m/s.

3.4.5 The effect of water inlet temperature

Investigation was further carried out to by changing the inlet water tatoper Five inlet water
temperatures were analysed: (i) 278K, (ii) 283K, (iii) 288K, (iv) 293K, an@¥98K [18, 37, 21]. For
this analysis, 0.1 m/s water velocity was set with 293 K (20°C) in thevi@ter temperature and
0.02m in the pipe diameter.

35 Simulation model

For the radiation model, Discrete Ordinate (DO) was used [37]. Salafl Racing of the Solar Load
Model was coupled in order to include the effect of solar radiation in the 3D sionul@t calculate
sun radiation, the model requires the global sun location in the sky at a specified datsyrtim
longitude-latitude position and sunshine fac®8#][ Simulating urban turbulent air flow was based on
the principle of momentum, continuity and heat conservation that used steady RANS squiiltion
standardc- € model. The air flow was assumed to be fully turbulent solved by the transpoibaquat
for turbulence kinetic energy) and dissipation rate) [37]. The simulation involved the conductive
and convective heat transfer from the horizontal surface to the bottenfslagonsisting of pavement

solid and the pipe body with flowing medium (water) as demonstrated in Figure 4(a) and 4(b).

‘?‘*(
.Q>
a 4
\

Figur:
,“z’(“b;‘{ 000000000

(a) (b)

Figure 4: Diagram of heat transfer of (a) external to surface micro domain (b) surfatezrali
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In Figure 4(a), the thermal energy was transferred from the solar oadiatthe ground surface and
due to the blocking wall from the left side, some parts of the surface arecowered with wall
shadow. Figure 4(b) is a blow-up diagram highlighting temperdafuasd thermal conductivitys at
different mediums. Each medium represents the material that has different ability to transfenieat fr

one wall to another.

3.6 Performance calculation
In this study, the calculation of RPSC performance is quantified based on DeRatential
Temperature Collection, PTC (%) and Surface Temperature Reduction, STR &%) Bguation 1,

Equation 2 and Equation 3, respectively.

Delta T (K) =Two— Twi (Equation 1)

Where Delta T is based on the difference between the inlet water tempefgtuf) and the outlet
water temperaturel,, , (K). To calculate PTC, the derived value is obtained by percentage of Delta T
per inlet water temperature valig,; (see Equation 2). The STR value is the percentage based on the
deduction value of the surface temperat(¥g, (K) to the outlet water temperatuf®, , is required

per surface temperatur®, ; (see Equation 3).

Potential Temperature Collection, PTC (%) = (DeTlm. T) X 100% (Equation 2)
Surface Temperature Reduction, STR (%) = (T”T_&) X 100% (Equation 3)
1s

In this study, the percentage of the system efficiency was calculated bateal aeduction of the
value of higher PTC/STR per the lower PTC/STR. For the deficiency, toalat#@n is as per
Equation 5.

_ Highvalue—Low value

System efficiency (%) in PTC or STR

X 100% (Equation 4)

Low value

_ Highvalue—Low value

System deficiency (%) in PTC or STR X 100% (Equation 5)

High value

14
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4 Method validation
It was suggested that the simulation works require method validation [5, 17,aidveét, it should
be highlighted that this study has to validate each domain based on an individuak ahay no

integrated study has been carried out before; thus several published works were referred [19, 31, 43].

4.1 Macro domain method

For the validation of macro domain, the results were compared against the result48f [BXpur

analysis: (i) wind profile approaching the first building wall from thketirplane (Figure 5), (ii)
dimensionless air velocity profile in the canyon (Figure 6(a)), (iii) dimensiord@stemperature
profile in the canyon (Figure 6(b)), and (iv) ground surface temperature measuredcdlected

points (Figure 7).

* 10
: e ’
8 I B ¢ 8 - : 8 $
S ; L) ) ; S $
£ ¥ g $ £ H £ :
$° H 5¥ 5o : 5e $
i b : ;
3 : 3 5 : 3 |
% 4 & By ' Ra $ N 4 4
& 4 = i ® ; ® i
£ 3 = } £ § £ }
g ¥ 2 ‘ g § 3 :
¥ 2 E 2 $ 22 . %, é
} 4 & é
e R *% et et
0 NI i i o gz et
0 0.5 1 1.5 2 25 0 0.5 1 1.5 2 25 0 05 1 15 2 25 0 4 0-5 ‘-1 1-5 2\ 2‘5
00m frominlet 20m from inlet 40m from inlet 60m from inlet
# Bottillo et al., 20140 Nasir et al., 2015
(@) (b) (© (d)

Figure 5: Validation of wind velocity at four locations based on y-direction
(a) 00m from inlet (b) 20m from inlet (c) 40m from inlet (d) 60m from inlet

Based on Figure 5, the difference between the velocity profile results of tremtcwork and the
previous work [31] were less than 1.0 % on average for the plotted profilevatZIDm, 40 m and 60
m from the inlet [36]. In Figure 6(a), it can be observed that the cunrentasion satisfied the
validation of (iii) against wind tunnel experiment of [43] as compared to theiqusly CFD

simulation of [31]; see Figure 6(b).
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Figure 7: Validation of three temperature points at ground surface

It was found that the error between the current simulation and wind tunnel was 4.57 % oa andrag
the average difference with the previous CFD simulation was 10.61 % on average. Foryiis aihal
(iv), the temperature at Point 1 gave minimal error, 1.15% and for the Polrd Betcentage error
was 2.36%; see Figure 7. Point 2 obtained the largest variance with 8f8&%nde; however it can
be agreed that graph trend was comparable with the reference work. It should be rioted tha
implemented DO model has dominant values for radiation intensities, causihglyshigher

temperature was obtained by the shadowed surface area nearby Building B.
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4.2 Micro domain method

The micro domain was validated against the experimental work of [19] which cedtrbie
surrounding temperature at25°C. The pipe was modelled as per the experimental setup as shown

in Figure 8. To simplify the validation of the model, the surface heat flux of the micdel was set
between 25 W/ m2 and 100 W/m?2 and the selection was based on the lowest percentage error when

compared with the results of the laboratory test; see Figure 9.

£ 0.15m
0.075m: H
v v

rnarassnnnnarasnsansansansnnsansfp

0.000 0150 0.300(m)
)

o.075 0.22%

0.000 0.150 0,300 {m)
0u7s 0.225

(@) (b) (€)

Figure 8: Validation configuration of (a) meshing technique (b) plan dimension (c) depth dimension

Percentage Error (%)

10 -
m Percentage error

8 based on heat flux (%)
623 6.41 at water velocity 83 6
mL/min

m Percentage error
based on heat flux (%)
at water velocity 1757
mL/min

Heat flux, W/im*

Figure 9: Selection of surface heat flux based on experimental validation error (%)

Based on Figure 9, 50 W/m2 surface heat flux provided the lowest percentage rebrathfavater

inlet velocities and was assumed to be the heat flux values in the experimeiiio[1@iher analyse

and compare the current model with the laboratory work, the temperature distribittion the
pavement depth was plotted (0.0 mm to 140.0 mm) and compared with [19] as dispRigenlari0.

It was earlier mentioned in Section 2.2 that the two flow rates were tested in [19] to evaluatethe effe

on the pavement’s temperature distribution.
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Figure 10: Trend comparison between the current simulation and the experimental resultagccordi
to the depth from the surface of (a) 883.6 mL/min (b) 1757 mL/min

The result demonstrated the heat transfer in top down direction; from the tapesiar the bottom
layers of the pavement. Based on the plotted results in Figure 10, it can be notideel sirattation
of the RPSC has slightly underestimated the experimental resylts [19

4.2.1 Underestimation factor and justification

In the laboratory experiment, the surface of the RPSC specimen was exposed to ¢ém¢ ainthe

room, causing the dynamic heat transfer in the bottom-up and the top-down directianghehil
circulating water in the pipe was reducing the pavement temperature. It wasmedrgarlier that the
surface heat flux has to be assumed 50 W/mz?; thus there was no heat exchange betweargthe
pavement surface and the external environment. However, it can be observed that the trend was
similar as compared to the experimental result$ @ the percentage error ranged from 0.14 % to
3.87 %. It was observed that there was no significant difference between tite ateaugh there

was large difference in flow rate; which agreed with the observati®h Qverall, it was obserde

that the results of the validation of the simulation method against thelmtbbsperiment work were

satisfactory and can be used for further analysis.
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5 Results and discussion

51 Analysison the surface temperature

Overall, the simulation has demonstrated that the building geometry becomasjthefactor to
influence the obtained temperature in the pavement including the surfasecdrhibe clearly
observed in the temperature contours showing lower surface temperature closenitdthg B due

to the shadow effect from the building. Conversely, higher temperature was obfi@mnedhe
pavement surface closer to the Building A where the solar radiation was not t&ostoycthe
building. For the pavement in the flat/rural domain, the simulation showed thaa\tement surface
received equal temperature from the solar radiation due to no influence by any buildileg4 Tab
displays the surface temperatures obtained for both macro domains.

Table 4: Simulation result of average surface temperature for urban domain andaflamain

Surface description Temperature

(K) g 4 10% embedment area

§

Surfaces of urban domain g
Above 0.15m of pipe A-........... 356.22
Above 0.15m of pipe Ak............ 353.21 »
Above 0.15m of pipe A-........... 352.01 el —
Above 0.15m of pipe A-............ 351.41 §
Above 0.15m of pipe Q-........... 350.81 i
Above 0.15m of pipe B-........... 342.99 £
Above 0.15m of pipe B-........... 334.57 iiding A
Above 0.15m of pipe B-........... 334.57
Above 0.15m of pipe B-........... 334.57 PEEiEEIEYEEYIEELETL Yy
Surfaces of rural domain B B |
Above 0.15m of all flat/rural pipes 331.74 Note: the temperature measurement was conduo
(constant surface temperature) ' within the 10 % embedment area

Average water outlet temperature was calculated by selecting the area weightgg avehe pipe
outlet plane and the temperature difference of inlet-outlet selecti@pliesented as Delta T. The
results for Delta T, Potential Thermal Collection (PTC) and Surface Tetapef@eduction (STR)
based on the simulation of summer daj} 2dne at 13:00 hour are summarised in Table 5.

Using Delta T, PTC and STR values, the efficiency/deficiency of the system panferin the two
domains was then calculated. For the RPSC pipes in the urban domain (RRS@x4 phserved the
effect of building shadow can reduce the thermal performance of the RPSCrpipe$6f82 % to
34.27 %. The obtained minimum PTC values were not less than 8 K or 3.0 % and theimaxi
values were not more than 14 K or 5.0 %. Based on the calculated results, the urbawd@PSC
36.08% more efficient as compared to the flat/rural RPSC based on the simulatiomefr siay 21

19



~N o oA WN

June at 13:00 hour. The simulation results have shown that the surface within urban camjed abs

heat in a diverse range, displaying strong influence of the building geometry on plreeatiemre of the
pavement surface. The calculated STR values of the urban RPSC were between 9.0 % and 14.0 %,
displaying potential of the system to perform 27.11% more in terms of STR Wwaeydtem was

located within the urban domain.

Table 5: Calculated PTC and STR values based dd&ie [36]

Description Twa) (K) T (K) Delta T (K) PTC, % STR, %
RPSC-0 for all pipes 292.99 301.52 8.53 291 9.11
RPSC-1 for all pipes 292.99 304.57 11.58 3.96 11.58
A-5 292.99 306.91 13.92 4.75 13.84
A-4 292.99 306.24 13.25 4.52 13.30
A-3 292.99 305.98 12.99 4.43 13.08
A-2 292.99 305.85 12.86 4.39 12.96
C-1 292.99 305.71 12.72 4.34 12.86
B-2 292.99 303.99 11.00 3.75 11.37
B-3 292.99 302.14 9.15 3.12 9.69
B-4 292.99 302.14 9.15 3.12 9.69
B-5 292.99 302.14 9.15 3.12 9.69
Efficiency (%) of urban RPSC as compared to flat/rural RPSC 36.08 27.11

5.2 Analysis based on the changesin system parameters

Adjustment on the value of four parameters involved with the system was conducted tedhaluat
performance of selected RPSC pipes in urban domain (B-5, C-1 and A-5) and RPSC pipesrai fla
domain (B-5, C-1 and A-5 were combined to be R). The result was displayed in the magka af

13
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19
20
21
22
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24
25

Potential Temperature Collection (PTC, %) and Surface Temperature Reduction (STR, %)

521

In this section, the diameter of RPSC pipe was varied between 0.015 m and 0.075 m and the
calculated Delta T, PTC and STR are displayed in Figure 11. Based on Figurat 1d4a)pbvious

that the smallest pipe diameter, 0.015 m obtained the highest Delta T which was & tveswl

13.35 K. Significant reductions were found in the calculated Delta T and thevR@n the diameter

of the RPSC was reduced to 0.020 m; up to 50 % performance drop. In Figure 11(b3uttseaf

PTC and STR were compared, showing the inverse trend of STR against dhef tRarC. By thisijt

can be agreed that the larger the pipe diameter, the higher potentiedluice rmore surface
temperature. For urban simulation, the highest PTC value was obtaingueb-piwith the smallest

pipe diameter while the lowest PTC value was obtained by pipe B-5.

Effect of changing the diameter of RPSC pipes

20
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Figure 11: RPSC performance based on pipe diameter in (a) Delta T (b) PTC and STR

5.2.2 Effect of changing the depth of RPSC pipes

Based on Figure 12, it was observed that the RPSC performance was improved by uh&0 the

pipe depth was reduced from the initial depth of 0.15 m to 0.025 m. A signifiegnirdthe Delta T

and the PTC was observed when the depth was increased from 0.025 m to 0.0%ulatioSirof

urban domain demonstrated that the highest PTC value was obtained by pipe A-5 at 0.025 m and the
lowest PTC value was obtained by pipe B-5 at 0.15 m depth. While, the lowest and the Sildghes
values obtained were for pipe B-5 and pipe A-5 which were located 0.025 m and 0.15 nthieelow

road surface, respectively.

28

+PTC, %
B5
2, w et
P .
20 4 Delta T % " ﬁg’_/
. A, (85) s & = s ok =R )|
ooy T 4 Delta T s 12 = . ®:STR, %
e S i, SR s & (1),
e g, 4 Dot T T i g V-
\ 5 o Y coh (M) 8 [ B N u-STR, %
A Delta T $ 3 : ST : (A-5)
®R) SR . . # .4 PTC, %
5 * R O
* ik (R)
- STR, %
0 0 (R)
0.025 0.05 0.075 0.4 0425 0.15 0.025 0.05 0075 01 0.125 015
Pipe Depth, m Pipe Depth, m
(a) (b)

Figure 12: RPSC performance based on pipe depth in (a) Delta T (b) PTC and STR

5.2.3 Effect of changing the inlet water velocity of RPSC pipes

By varying the inlet water velocity of RPSC pipe from 0.1 m/s to 29) the trend of the calculated
Delta T, PTC and STR were observed to be similar with the pipe diaamabyssis; see Figure 13
The simulation demonstrates significant reductionin the surface temperature at the early trend
(between 0.1 m/s and 0.5 m/s) and slowly dropped influenced by the water temperatiré&ashi
more dominant on reducing the surface temperature. It can be observed that theabdltheTPTC

will be in anoptimum range when the velocity is set not larger than 0.25 m/s. Howeskouid be
noted that huge performance loss when the velocity was changed from the lowest velocity @dlue of
m/s to 0.25 m/s.
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Figure 13: RPSC performance based on water velocity in (a) Delta T (b) PTC and STR

5.2.4 Effect of changing in inlet water temperature

Figure 14 displays the effect of changing the inlet water temperature on the D& Bnd STR

values. A constant decrease was observed in the Delta T and PTC whertdngierature was set
for the water at the inlet point while a gradual drop was observed i&TtRe However, the lowest
Delta T can still be obtained above 7.5 K (pipe R, water temperature 298 K) ehiieghest Delta T
can be obtained up to 17 K (pipe A-5, water temperature 278 K).

® " A PTC, %
(B5)
: - g = STR, %
16 & n ik s 16w . = (B5)
A ol . 4 Delta T ) 2 i & PTC, %
X gz 4o i ook B9 2 LE @ s (c)
W ; g A-a DeltaT S 12 ] " g (c-“:i M
] iy ST (1) 2 1)
g s R ke Delta T £ | ~a- PTC, %
R * (A5) £ 8 1 (A-5) A
- Delta T £ kg = S:AT-?] %
4 (R) P ‘ : S Ad L‘TC.%
T Vo A (R}
5 STR, %
e 0 (R)
278 283 288 293 298 78 38 2 s S

Inlet Water Temperature, K Inlet Water Temperature, K

(a) (b)
Figure 14: RPSC performance based on inlet water temperature in (a) DelfRTC(and STR

53 Comparison in the high-low conditions between urban RPSC and flat/rural RPSC

Table 6 displays the comparison of Delta T, PTC (%) and STR (%) betweenRP$®-and rural-
RPSC according to the four parametezgaluating high and low conditions of the system. The
average results of the selected pipes (B-5, C-1 and A-5) were used to refpresgbain domain and
flat/rural domain. High condition of RPSC performance indicates the maximwm e system can
potentially perform and vice-versa for low condition. The analysis demonsthatietthé urban RPSC
system works the best terms of Delta T and PTC by comparing high and lowamnditipipe depth
over the other tested parameters. However, it should be noted that in contiparagplication of

RPSC in urban domain against flat/rural domain, changing to high condition of pipe djgupeer
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embedment and inlet water velocity shared similar 28.5 % increase in Deftd FTC followed by

high condition of inlet water temperature, 22.4 %. In comparing between the lowia@osdif the

tested system parameters, it is worth noting that the inlet water tomgeprovided the best
percentage difference when comparing the RPSC system application in urban domaih agains

flat/rural domain; up to 31.5 %.

Table 6: Comparative analysis of RPSC performance in two simulated domains

Description DeltaT PTC (%) STR (%)

Pipe diameter
High condition

=  Urban domain.............. 11.44 3.91 12.13
=  Flat/rural domain.......... 8.18 2.79 9.01

Low condition

=  Urban domain.............. 0.23 0.08 15.35
=  Flat/rural domain.......... 0.22 0.08 11.41

Pipe depth

High condition

= Urbandomain.............. 20.04 6.84 9.66

=  Flat/rural domain.......... 14.32 4.89 7.15

Low condition

=  Urban domain.............. 11.44 3.91 12.13
=  Flat/rural domain.......... 8.18 2.79 9.01

Inlet water velocity
High condition

=  Urban domain.............. 11.92 4.07 12.00
=  Flat/rural domain.......... 8.52 2.91 8.91
Low condition

=  Urban domain.............. 0.71 0.24 15.21
=  Flat/rural domain.......... 0.51 0.18 11.32

Inlet water temperature
High condition

=  Urban domain.............. 15.22 5.47 15.37
=  Flat/rural domain.......... 11.82 4.25 12.44
Low condition

=  Urban domain.............. 10.82 3.63 10.87
=  Flat/rural domain.......... 7.42 2.49 7.73

It was demonstrated that by changing to low condition of pipe diametereitbenpage difference of
Delta T and PTC between the two domains provided the least differencle iwhl.6 %. It can be
summarised that the drop in the performance of urban RPSC over flat/ruraiviRBSBserved up to
84 % when high condition of pipe diameter was changed to the low condition, causingicasigymif

larger the pipe size over 50 % of the diameter. Another insignificant islass than 0.3 K can be
compared between the urban RPSC and flat/rural RPSC when changing to lovocafditith pipe

depth and inlet water velocity. To analyse the comparative study of STR betweenRFPSC and

flat/rural RPSC; the highest reduction in the surface temperature waseobtsi changing to low
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condition of inlet water temperature with a value of 28.9 % followed by dondition of pipe
diameter and inlet water velocity (25.5 %). Changing from low to high conditionletf water
temperature provides the least difference to compare the urban RPSC and fRP&E€alith 19.1
%.

6 Discussion
In Section 6.1, the effect of urban canyon on the thermal performance of RPSC syftether
discussed. The calculated Delta T, PTC and STR values were analysed and discBestdnir6.2

and the system optimisation was discussed for urban application in Section 6.3.

6.1 Analysis of RPSC embedment inside urban surface and flat surface

Simulation and analysis of the RPSC system during a typical hot summer day demonsegted
solar heat flux distribution on the canyon ground surface which was influenced Hyittieg
geometry and orientation. Higher surface temperature was observed frormtiteeafethe canyon
towards Building A and lower temperature towards Building B. The solaatiali(13:00) has
directly heated the surface closer to Building A and was obstructeduiging B which
overshadowed about one-third of the road surface. In terms of the air movementfltevwaiocity
was observed specifically at the centre of the canyon which caused vergtéowf rair-solid heat
convection at the particular areas. This is a result of the building oreentatiich caused the wind-
blocking effect, causing the wind to cross over and to go through the sidedafltliregs with some
of the airflow circulating in the canyon space.

Conversely, an evenly distributed temperature was observed for the simulated sutti@cesral/flat

domain. The simulation of the RPSC on a typical summer day showed that the shadoWwoeffect
Building B caused a reduction in the surface temperature between 16.82 % and 34.27 % on average
Furthermore, the RPSC system in the urban domain had a higher average PTC (36.08 %) rand highe
STR (27.11 % In the flat/rural domain; it was observed that the overall surface tempeohtitme

canyon ground was lower when the wind flow passed across the surface at a leigiecapsing the

heat to be transferred.

6.2 Optimisation of Delta T, PTC and STR based on system parameters

6.2.1 Delta Tand PTC

In order to obtain the highest Delta T and PTC; based on the simulationafsvdesign parameters,

the RPSC system should be designed with smallest pipe diameter, shallow pipe depth, tow wate
velocity and low inlet water temperature. In this study, the initial pigggth was 0.15 m below the

road surface. At this depth, significant reduction in Delta T and PTC was etisehen the pipe
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diameter was increased from 0.015 m to 0.02 m and when the inlet water vekxitycveased from

0.1 m/s to 0.25 m/s which reduced in the system performance by 50 %. It is worthningrtthat the
reduction of 5 K is enough to achieve the standard to prolong the service psfviiraent up to 5
years [4] and should be the minimum when assessing the RPSC parameters. The shalloatst simul
pipe depth providead Delta T as high as 23 K and as low as 14 K during the hottest time of the
simulated summer day. Based on the analysis, the reduction in the pipe depth by 83 % 0425 m
increased the Delta T and PTC values by 60 %. Among other tested parameterpe tdepgh
parameter had the most potential for energy harvesting while maintaining threimppavement
lifecycle.

Of all simulated parameters, adjustment of the inlet water temperature showed tpetkra#sil for
improving Delta T and PTC and could cost additional energy for reducing/méigtanlet water
temperature. However, it could be useful for adapting to the variation of enviramentitions.
Based on the highest simulated inlet water temperature of 298 K, a Del@&5Tko{pipe R( can still
be achieved and up to 17 K (pipe A-5) at the lowest simulated inlet wateenatimre (278 K). Even
with the highest simulated temperature, it was clear that the RPSC stitdras the potential to
increase the lifecycle of the pavement while harvesting thermal energyit 3leduld be noted that

there will be additional cost to keep maintaining the inlet temperature if higher PTC vadgaiied.

6.2.2 STRvalue

Based on the analysis of pipe diameter and water velocity, it was observétetlsaftR value was
inversely proportional to the decrease in the PTC value. It was observeithdlatwas a sharp
increase in the STR value when the pipe diameter was increased from 0.015 m tm.0S@blar
trend was observed when the water velocity was increased from 0.1 m/s to By mfgeasing the

pipe diameter and the water velocity, more volume of water will be pumped &tpigh which

carries lover temperature. This can speed up the heat to be transferred from the road pavement to the

RPSC pipe while accelerating the cooling effect in the pavement. Howewes iobserved that it
was unnecessary to increase the pipe diameter and to speed up the water velocitQ).béyonand
1.25 m/s. At these diameter and inlet velocity, the temperature of the paveasefdund to have
reached an equilibrium state with the temperature of the water, demonstratisgdeabnost no

further temperature difference.

6.3 System optimisation for urban application

The variation b water velocity in high and low condition to compare the urban and flat domains
provided the best performance which was 28 % higher on average higherdgrofddTiC and STR
over other tested parameters. For urban application, choosing this paramefgrmicsation would

be ideal due to flexibility in changing the value to meet the requirementadagt to the
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environmental conditions without changing the physical properties of the syAtdmugh the
highest Delta T can be obtained when reducing the pipe depth, it should behaothe decision of
placing the pipe should be made in the early stage. This is not only to oktdiesthPTC and &
but also to consider the best option for protecting the system from long run phyainabe
especially in heavy traffic condition of urban area. Thus, it is suggested that the design ofRBRan R
should consider the inlet water velocity as the main parameter. The embedmeig dppthisedfor
long lifecycle of the pipe and the lifecycle of the pavement in order @@irobt minimum of 5 K

reduction.

7 Conclusion
Application of the RPSC system was studied by comparing two scenarios, consistisignpfifeed
urban canyon which represents an urban area and a flat surface which represahtsear Théde-

coupled simulation method was employed which couples a macro domain and the micro.domain

Based on the simulation and analysis of the RPSC system during a typisahfmoér day, it can be

summarised that:

l. The calculated PTC and STR for the RPSC system was 3601 27.11 % on average higher
in the urban domain as compared to the flat/rural domain.

II.  Significant Delta T and PTC values were still obtained in deep pipe embedntehtgh inlet
water temperatures.

lll. A significant drop of 50 in the performance (up to 50 %) was observed wh&P®BE pipe
diameter and inlet water velocity were increased from 0.015 m to 0.02 m an@.franis to
0.25 m/s, respectively.

IV. Low Delta T (lower than 5 K) values were calculated for RPSC systempiyith diameter
larger than 0.02 m and with the inlet water velocity higher than 0.25 m/s.

V.  The variation of water velocity in high and low condition to compare the urban donthin wi
flat/rural domain provided the best performance which was 28 % higher on@uetagns of
both PTC and STR over other tested parameters.

Based on the results, it can be concluded that buildings and the urban environment have @n effect
the best performance of RPSC systems and therefore should be taken into accountryihgroaar
RPSC simulations and parameter optimisation. It should be highlighted that thisegaldgtes the
RPSC performance limited to one building orientation and only during one partitajarof

summertime. Thus, it should be highlighted that additional studies assessinduttrecenof external

environment on the urban RPSC performance is required to be carried out in the future.
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