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Abstract

and domestic hot water.

To date, research on possible applications of asphalt solar collector technology (ASC) has been focused on their
usage of in cold to moderate climate conditions, mostly for road de-icing and heat pumps. Both of these applications
require large and expensive intercessional heat storage units. This paper will explore potential applications of ASC
in hot and humid climates by evaluating the performance of a simulated 20 m>ASC meeting the demand of three low
to medium-temperature solar thermal applications, namely: solar assisted cooling, atmospheric water generation

Keywords: Asphalt solar collectors; Solar assisted

Atmospheric water generation; Jeddah; Saudi Arabia

cooling;

Introduction

Asphalt solar collectors (ASC) involve the use of asphalt-paved
surfaces to harvest solar energy. ASC is a relatively new technology
that has become a research focus in the past few years due to the
thermal properties of asphalt and the abundance of asphalt
infrastructure in modern cities, as 35-60% of modern cities are already
paved with asphalt [1] and resurfaced, on average, every 12-20 years

[2]. Thus, ASC can be relatively easily integrated in the current
infrastructure without a negative impact on the structural performance
of paved roads [3,4].

An ASC system consists of a pipe embedded in the wearing course
of asphalt pavement, which acts as a heat exchanger (Figure 1). ASC
systems function by pumping fluid through the embedded pipe. The
fluid temperature rises as it collects the heat from the asphalt
pavement. The heated fluid is then collected in storage tanks for
further use.
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Figure 1: Heat transfer mechanisms in an ASC.
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Methodology

The presented research is conducted with the help of the numerical
simulation software TRNSYS. The typical meteorological year (TYR)

weather data of the city of Jeddah, Saudi Arabia was chosen for this
research as its climactic conditions reflect those of a typical hot and
humid climate, characterized by hot to extremely hot summers and
mild to warm winters. Rain is scarce with minimal cloud cover. TYR
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weather data show that temperature and solar radiation intensity reach
their maximums during the summer months between May and
September with minimum cloud cover and almost no rain.

Simulation time | Pumping Inlet water | Asphalt

frame regime temperature area

From 1st of APR to From sunrise to Mains water

30th SEP with a 1 temperature from TYR| 20 m2
L sunset )

min time step weather file

Table 1: Summary of the simulation boundary conditions.

This research was conducted during this period of the year as it is
during this time that ASC performance is expected to reach its peak. In
Table 1, a summary of the simulation boundary conditions is provided.

To ensure the reliability of the simulated model, the asphalt
pavement is modelled in TRNSYS using the same thermal and physical
properties of a real sample from the case study site (Table 2) [5].

: Thermal i i

Layer '[';:i"k"ess conductivity Ri?ﬁgcl;l])amty I[Z:(Z?:gly
[W/m'K]

Wearing 0.05 25 ) 2300
course
Base

0.08 1.8 1.1 2200
course
Sub-base 025 18 09 2200
course
Sub-grade 30 15 0.85 1500
course

Table 2: Asphalt properties as found in Alawi [5] study and used to
build the ASC model in TRNSYS.

A comparison between the thermal behaviour of the modelled
asphalt against the real one is carried out to insure that the modelled
sample behaves similarly to the real one (Figure 2).
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Figure 2: Heat transfer mechanisms in an ASC.

The compression results showed a general agreement in thermal
behaviour between the simulated and real samples [5] as well as with
the Saudi Arabia asphalt grade recommendation map [6], with results
indicating that the sample can safely be considered valid for the
purposes of this research. The difference in temperature between the
simulated and measured surfaces was an average of 5K. This difference
can be attributed to a number of factors, such as the fact that the

simulations are based on TYR weather data and not on real time
weather data.

An optimized configuration of the ASC components was developed.
ASC system components along with the asphalt thermal properties are
chosen based on information in previously published articles on the
topic [7-9] with the addition of the road rated insulation Styrodur®C
4000 CS, with of conductivity (A)=0.032 W/m'K [10]. A sensitivity
analysis was performed on the asphalt pavement and heat exchangers
in order to develop an optimized ASC model to yield the largest
amount of useful energy for low to medium temperature solar thermal
applications. ASC optimization is achieved by assessing the impact of
each ASC system component on the performance of the ASC as per the
following criteria

1. The amount of fluid collected at temperatures between 45°C and
55°C at 2.5K intervals along the simulation time frame
The maximum temperature reached by the fluid at the outlet.

3. The maximum temperature difference between the inlet and
outlet.

4. The collected heat by the ASCq=(VxC,xAT)/A_(ASC ) [W/m?]
(D).

5. The system efliciency, n=(heat collected by ASC)/(solar radiation
on ASC) [%] (2).

A summary of the investigated variables of the ASC is displayed in
(Tables 3 and 4).

Wearing Insulation Insulation depth| Wearing heat capacity
conductivity | thickens [cm] from surface | (C) [kJ/kg/K]

(A) [W/mxK] [cm]

2 3 0 0.9

25 4 5 1

2.88 5 13 1.1

Table 3: Investigated asphalt wearing course thermal properties.

m;x%aterial A E:r;:‘e] spacing [P(:E-ﬁ depth Pipe diameter [cm]
Copper [401] 10 3 1
PEX[0.47] 15 4 2
PVC [0.19] 20 5 3

Table 4: Investigated ASC heat exchanger properties.

Supporting components such as the storage tank, power source and
a pump were added to the ASC system in order to achieve full
functionality. These supporting systems were chosen from
commercially available devices to allow for further validation of the
simulation results on a field test as well as for assessing the overall
performance of complete ASC system under real life conditions.

Water Tank Properties

A vertical insulated hot water tank was used in the simulation. The
tank height was 2 m and its capacity was 3 m?. Its heat loss coefficient
value was 0.1 [W/m?xK].
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Water Pump Properties

A direct current (DC) water pump with a rated capacity of 1000
kg/h was used. The main advantages of the DC pump are its high
efficiency and the fact that the pump can be directly wired to a PV
panel without the need of an additional DC/AC converter, as the ASC
system is expected to work in phase with sun radiation intensity,
rendering the use of a backup battery unnecessary.

Pum Pump type Rated Rated Max flow | Max
p P typ voltage power | rate head
Specifications | Centrifugal | 12 [V] DC 13 [W] 1020 [L/h] | 2 [m]

Table 5: Specifications of the water pump [11].

Photovoltaic Panel Properties

A 12v 30WP photovoltaic panel was chosen as the power source for
the pump. The PV panel was installed facing the horizontal radiation,
as this angle is the optimum angle for PV panels during the summer
months in Jeddah [12:48] and the working hours of the pump.

Peak Cells _
PV PV type power number Efficiency
Specifications Monocrystalline 30 [WP] | 36 16.1 [%]

Table 6: Specification of the PV panel [13].

The performance of the developed ASC is to be evaluated based on
assessing the ASC’s ability to meet the load demand of three solar
thermal applications, which are:

A 2 kW absorption solar cooling (AC) unit

2. An atmospheric water generator (AWG) with a water extraction
efficiency of 35% [14]

3. A domestic hot water demand (DHW) of 600 L/day which
represents the daily consumption of about 10 persons [15].

Minimum Maximum . AT supply &
L . " Load time
Application | driving driving X return
profile

temperature temperature temperature
AC 65C N/A 9am-6pm | 5K [16]
AWG 60C N/A 2pm-8am | 5K
DHW 55C 60C ﬁqum—Z‘lp N/A

Table 7: Specifications of the water pump [11].

The maximum and minimum driving temperatures of each system
are specified based on the published working temperature of each
system [14,17,18].

The AC load hours are chosen between 9am and 6pm as they match
the typical cooling demand load profile, where the AWG load hours
are chosen between 2am and 8am. During this time, the relative
humidity is at its highest, thus allowing the system to extract the largest
possible amount of water from the air. ASC system performance
meeting each load is evaluated based on the following criteria

1. The ASC system working hours

2. The amount of water collected above the minimum driving
temperature

3. The collected heat by the ASC, q=(VxCpxAT)/A-(ASC) [W/m?]
1

4. The system efficiency, n=(heat collected by ASC)/(solar radiation
on ASC) [%] (2)

5. The system working fraction, f=((working hours)/(load hours )
x100) [%] (3).

An air-to-water heat exchanger was used to mimic the effects of the
load of each of the three applications on the return water temperature
to the storage tank. This type of heat exchanger was used due to it
being a stable system that can be easily specified and controlled, and
can thus be easily integrated into further field tests performed under
real conditions. Heat exchanger performance was calculated separately
for each of the scenarios using the Number of Transfer Units
Effectiveness Method (NTU) [16].

The NTU value was used in order to regulate the amount of heat
extracted from the water by the heat exchanger in order to deliver the
return water from the heat exchanger to the tank at the correct
temperature as if the water was subjected to real load. The temperature
of the return water in the AWG and AC applications is taken from
[14,18] respectively. A schematic of the developed ASC system is
provided (Figure 3).
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Figure 3: Schematic of the developed ASC system.

Development of the Optimized ASC Configuration

The sensitivity analysis revealed that the heat insulation and asphalt
heat capacity had the most positive impacts on temperature difference
between the fluid inlet and outlet temperatures.

Asphalt Thickness [m] Thermal properties

A [WimxK] C [kJ/kg/K] | p [kg/m3]
Wearing 0.05 25 0.9 2300
Insulation 0.03 0.032 1.47 38

Table 8: Asphalt properties of the optimized ASC model.

On the other hand, increasing the system depth had the most
negative impact, followed by increasing the pipe spacing. Asphalt
conductivity and solar absorption showed very little correlation with
system performance.
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Increasing heat insulation thickness made a slight impact on system
performance. Properties of the ASC optimized system are specified in

(Tables 8 and 9).

Pipes Pipe A| Flow rate Pipe geomet

depth[m] | WimxK] | [kg/h] pe g y
Spacing | Diameter Thickness
[m] [m] [m]

0.03 0.47 875 0.1 0.02 0.002

Table 9: Heat exchanger properties of the optimized ASC model.

Results

The results of investigating ASC performance under the three loads
are promising (Tables 10-12).

In general, the system showed potential for atmospheric water
generation and meeting the domestic hot water load, with the former
being of high importance, especially in hot humid climate conditions.
In the month of August, working under the load of DHW, The 20 m?
ASC system extracted 1516 litres of water from the air and reached an
average efficiency of almost 25%.

Average Tank Water  collected

Month Tem Srature System working | System working fraction 270 working| above min driving| Average Average heat gain
r°c P hours [h] hours/month [%] temperature efficiency [%] [kW/m?]

[Liter/m2]

May 64.71 90.85 33.65 2491.56 12.13 110.71

June 64.7 51.58 19.10 1836.77 9.58 87.97

July 64.86 82.93 30.72 2191.88 12.34 102.31

August 64.84 87.87 32.54 2341.35 13.39 100.1

September | 64.78 53.17 19.69 1789.38 10.54 87.2

Table 10: Performance of the optimized ASC meeting the load of the 2 kW Absorption solar cooling (AC).

System System  workin Water  collected in
Average Tank | SYSte yste 9| above minimum | Amount of generated Average system Average heat gain
Month o working fraction (180 L R 2 - o 2
Temperature [°C] o driving temperature | water [Liter/m<] efficiency [%] [kW/m“]
hours [h] hours/month) [%] . P
[Liter/m<]
May 62.05 162.98 90.55 3502.19 57.99 16.15 148.02
June 61.22 145.9 81.06 3067.6 54.27 14.86 136.6
July 61.94 167.27 92.93 3278.33 64.15 17.03 140.09
August 62.01 168.27 93.48 3676.46 75.82 19.42 144.92
September | 61.3 149.07 82.81 3146.35 66.07 16.75 139.89

Table 11: Performance of the optimized ASC meeting the load of an atmospheric water generator (AWG) with a water extraction efficiency of

35%.
System working Water collected
Average tank | System working ySte above minimum | Average system | Average heat gain
Month o fraction (30 hours /| " °. . o D
temperature [°C] hours [h] o driving temperature | efficiency [%)] [kW/m#]
month) [%] . P
[Liter/m<]
May 60.06 58 97 3028.23 21.97 198.39
June 59.19 49.93 83 2945.83 20.07 183.97
July 59.63 54.47 91 2879.48 22.25 181.8
August 59.32 58.03 97 3162.4 24.62 191.35
September 59.02 48.9 82 2923.23 23.66 193.21

Table 12: Performance of the optimized ASC meeting the load of 600 L/day of domestic hot water (DHW).
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Conclusion and Discussion

This paper has investigated the performance of ASC in hot humid
climates by means of simulation with TRNSYS [16]. The performance
of the simulated asphalt pavement model is provisionally validated
against empirical data from the case study city in order to ensure the
reliability of the created TRNSYS model.

The optimized asphalt solar collector along with its necessary
supporting components was developed based on a sensitivity analysis
and the availability of commercial devices in order to facilitate the
building of a real system based on the given specifications for further
field tests to validate the research results. The results of the sensitivity
analysis indicate that the addition of a road-rated heat insulation layer
below the pipe-carrying asphalt layer has improved ASC performance.
The results of the sensitivity analysis indicate that, in general, the heat
components of the ASC (pipes and fluid) have a greater influence on
the performance of the ASC system than the asphalt properties do. The
main ASC design components that were found to impact the
performance of the ASC, with respect to achieving the highest
temperature difference between the fluid inlet and outlet were the fluid
flow rate, the fluid heat capacity and the depth of the heat exchanger
system, in that order.

The performance of the developed system was analyzed and
evaluated under the load of an absorption cooling cycle, an
atmospheric water generator and typical domestic hot water demand
between the months of May and September. ASC performance for the
above mentioned solar thermal applications indicate a strong potential
for the use of the ASC technology to cover domestic hot water demand
as well as for atmospheric water generation, with the latter being of
especially high importance in hot and humid climates where there is
an abundance of asphalt paved roads. It should be noted that designing
a specified load for each of the previously-mentioned cases was beyond
the scope of this research. Therefore, the results of this research should
be considered accordingly.

Implications for Future Research

The results of this paper are relevant to understanding the potential
applications of ASC technology in hot, arid climates. It has been
demonstrated that ASC is a viable technology for arid, urban
environments. The results of this study indicate a need for further field
tests in different weather conditions in order to accurately assess the
applicability of ASC systems to meet such demands as well as to
validate the results of this research.

Preliminary cost estimates from local contractors for the proposed
additions to the normal paving for the ASC system represent an extra
25$ per m2 A cost-benefit analysis and the potential applicability of
combining ASC with other solar energy harvesting systems were not
part of this research. An analysis of the impact of the system on the

safety and durability of paved roads should be included in future field
test research.

Overall, the results of this research imply a wide array of potential
applications for ASC technology, demonstrate the validity of the new
technology, and indicate a need for further field test research.
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