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Abstract—The purpose of this study is to invegttigate the
efficiency of a double-layer roof in collecting solar energy as an
application to the areas such as raising high-end temperature of
organic Rankine cycle (ORC). The by-product of the solar roof isto
reduce building air-conditioning loads. The experimental apparatus
are arranged to evaluate the effects of the solar roof in absorbing solar
energy. Theflow channel isbasically formed by an aluminum plateon
top of a plywood plate. The geometric configurations in which the
effects of absorbing energy is analyzed include: a bare uncovered
aduminum plate, a glasscovered aduminum plate, a
glass-covered/black-painted aluminum plate, a plate with variable
lengths, a flow channel with stuffed material (in an attempt on
enhancement of heat conduction), and a flow channd with variable
slanted angles. The experimental results show that the efficiency of
energy collection varies from 0.6 % to 11 % for the geometric
configurations mentioned above. An additional study is carried out
using CFD simulation to investigate the effects of fins on the
aluminum plate. It showsthat dueto vastly enhanced heat conduction,
the efficiency can reach ~23 % if 50 finsareinstalled on the aluminum
plate. The study showsthat a double-layer roof can efficiently absorb
solar energy and substantially reduce building air-conditioning
loads. On the high end of an organic Rankine cycle, a solar pond is
used to replace the warm surface water of the sea as OTEC (ocean
thermal energy conversion) is the driving energy for the ORC. The
energy collected from the double-layered solar roof can be pumped
into the pond and raisethe pond temperature asthe pond surface areais
equivalently increased by nearly one-fourth of the total area of the
double-layer solar roof. The effect of raising solar pond temperatureis
especially prominent if the double-layer solar roofs are installed in a
community area.

Keywords—solar energy collection, double-layer solar roof,
energy conservation, ORC, OTEC

|. INTRODUCTION

N heavily industrialized countries like Taiwan, a steady

supply of electricity has become an important issue faced by
both the government and the industries. Power generated from
low-grade energy resources has become an inevitable option
for countries like Taiwan. Low-grade heat from renewable
energy sourcesis considered to be agood candidate to generate
electricity. Among those sources, a combination of OTEC and
solar energy using organic Rankine cycleis apotentialy viable
measure in converting low-grade heat into power generation
and in other applications. Hung et al. [1] analyzed ORC/OTEC
systems and they identified working fluids which are suitable
for converting the energy of warm surface seawater into power.
Unfortunately, the estimated efficiencies are well below ~10 %
as the heat source is the surface water of the ocean, shown in
Fig. 1.
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They also studied using a solar pond as an dternative for the
warm surface sea water; and much higher efficiencies, as
shown in Fig. 2, can be achieved if the solar pond supplies a

higher water temperature between 40 to 60°C. Therefore, a

solar pond with a high water temperate would be an ideal
modification to an ORC/OTEC system. The main purpose of
this study is to seek an extra energy source to raise the solar
pond temperature, e.g., using a solar energy collection device —
a double-layer solar roof.

A by-product benefit of the solar roof is reducing radiation
heat which might penetrate the building roof; and conseguently,
reducing building air-conditioning loads. It was estimated [2]
that radiation heat which penetrates the roof contributes 30 %
of the air-conditioning loads in a normal family in semi-tropic
area like Taiwan. The solar energy emitting on the roof is
usualy 2 to 3 times higher than those on fagcade and various
side walls. If the radiation heat can be insulated from
penetrating the roof, the building air-conditioning loads would
consequently be reduced dramatically. A double-wall,
triple-roof experimental solar house was built in a hot and
humid area [3]. The results of monitoring the house for one
year have shown that the double-wall, triple-roof designs are
effective for insulating and removing heat from the building’s
envelope.

These heat-insul ating and exhausting strategies can maintain

the diurnal fluctuation of indoor air temperature to within 2°C
on a typical mid-summer day. In addition, 300 liters of hot
water at temperatures of 35-54°C can be obtained on any sunny

day throughout the year, and most of the hot water can be
supplied by the integrated solar system. Using double-layer air
channels on the envelop of an experimental chamber, Chiu [4]
showed that, without any mechanical ventilation device, a
naturaly-induced air circulation can developed and
three-fourths of the radiation heat is blocked from entering the
chamber. Khedari et a. [5] used aroof solar collector (RSC),
which is made by using concrete roofing tiles on the outside and
gypsum board on the inside, to minimize the fraction of the
solar flux absorbed by the dwelling (insulation) on one hand;
and to induce a natural ventilation which alows thermal
comfort on the other hand. They studied the length and tilt
angle of the RSC on its performance, and they found the
optimum length of the SRC is shorter than 100 cm and the tilt
angle is 30°. Huang [6] analyzed the double-layer roof and
estimated the buoyancy-driven air flow rate which can be
applied to building cooling in apassive mode. Other researches
on double-layer solar roof can be found in Refs. 7 —11. Itis
conclusive that the idea of using a naturally occurred air flow
which carries part of the radiation heat away is a viable and
effective measure in building therma shielding as well as
energy collection.
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The purpose of the current study is to optimize thg,mn 37.3 1o 45.8C. The average solar intensity is 0.724

double-layer solar roof in terms of the efficienafycarrying
away radiation heat in order to reduce buildingcainditioning
loads and supply an extra energy source of the polad for
the OTEC/ORC applications.

Il. EXPERIMENTAL SETUPS AND PERFORMANCE OPTIMIZATION

The basic configuration of a double-layer solarfrcas
shown in Fig. 3, is composed of two parallel plateshich air
is driven by buoyancy due to absorption of radiatieat. The
energy carried away by the air flow is calculated the
following equation:

0= f [ . Cp . (Toue — Ton)dlt]
0

whererm is the air mass flow rate exiting from the toptioé

channel, gis the thermal capacity of the aif, &nd T are the
entrance and exit air temperature, respectiveld, @nis the
total energy collected in the time period of 0 to The

efficiency of energy collection is defined as tiatio between
the collected energy and the incident solar raatiatin the top
surface of the double-layer solar roof, as expesse

[
Nen = Qtota _ fg [m -Cp . (Tout - Tin)dt]
th — -

Qsolar Qsolar

In order to optimize the energy collection of theaidle-layer
roof, a series experiments are carried out to perf@a
parametric study. The papameters under investigaticlude:
(1) an uncovered alumnium plate, (2) a glass cwfethe
alumnium plate (in an attempt on reducing energsg ldue to
forced convection), (3) a black-painted alumniurat@l(in an
attempt on increasing radiation absorption), (#pdation on
the dimensions of the plates, (5) an introductidrstaffing
material (in an attempt on increasing heat conductf the
alumnium plate), and (6) a variation of the slardaadle of the
plates.

Case 1 Uncovered alumnium plate

This is the base case for further comparisons rarpatric
analysis. The experiment is carried out durin@@1o 14:00 in
July. As shown in Fig. 9, the ambient temperatanges from

kW/m?. As compared with the base case, Case 2 does not
exhibit a better performance in air exit tempermatpossibly

due to the reflection of sunlight on the glasseglaevertheless,

it performs better in air exit velocity, i.e., tlggoss energy
collection is increased. The efficiencie of energlfection and
efficiency ratios based on Case 1 of all casefisiesl in Table

1. The efficiency of energy collection is 0.9% €ase 2-- still
unsatisfactorily low.

Case 3 Glass-covered and black-painted alumnium

In an attempt on increaseing the absorption ofstirdight,
the alumnium plate is coated with a black pairgtaswvn in Fig.
12. As shown in Fig. 13, the ambient temperatames from

30.7 to 34.€C, the air velocity at the channel exit varies from
0.30 to 0.45 m/s, and the air temperature at the afxthe

channel varies from 70.6 to 7823 The average solar intensity

is 0.752 kW/m. As compared with the base case, Case 2
exhibits a much better performance both in air &xiperature
and air exit temperature due to a much higher vaduiadiation
absorptivity of the black alumnium plate. The @fincy of
energy collection raises sharply to 6.5%.

Case 4 Glass-covered and black-painted alumnium platk avit
shorter length of channel

The efficiency of energy collection may be a fuantof the
channel length. In Case 4 the length of the chdamsdorten to
2.4 m. As shown in Fig. 14, the ambient tempeeattaries

from 27.4 to 32.1C, the air velocity at the channel exit varies
from 0.15 to 0.25 m/s, and the air temperaturbeaekit of the

channel varies from 48.7 to 60CL The average solar intensity

is 0.513 kW/m. Case 4 does not perform better than Case 3 in
air exit temperature and air exit velocity; howeuelrields a
higher efficiency of energy collection (9.7%) a< tkolar
radiation intensity is much lower than Case 1 draldnergy
absorption is more efficient near the entranceoregf the
channel. It also shows that a long double-laytarsoof is not
necessary in otder to achieve a high efficiencyeonérgy
collection.

Case 5 Glass-covered and black-painted alumnium platk avit
shorter length of channel stuffed with heat-conithgcimaterial

27.3 to 32.%C, the air velocity at the channel exit varies from [N an attempy on increasing heat conduction oathenium

0.05 to 0.15 m/s, and the air temperature at thie afxthe

plate to air flow, the channel is stuffed with $te@&es (shown
in Fig. 15) in Case 5. As shown in Fig. 16, thebamt

channel varies from 37.3 to 587 The average solar 'ntenS'tytemperature varies from 27.2 to 3Tthe air velocity at the

is 0.713 kW/m. The efficiency of energy collection is rather

low (0.6%) in Case 1.

Case 2 Glass-covered alumnium plate

In order to reduce force convection, the alumnidatepis
covered with a glass plate in case 2 as showngnIg. The
gap between the glass cover and the alumnium @&anm.
As shown in Fig. 11, the ambient temperature vdrias 27.3

to 33.5C, the air velocity at the channel exit varies frOrh to
0.2 m/s, and the air temperature at the exit ott@nel varies
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channel exit varies from 0.1 to 0.15 m/s, and theeeperature
at the exit of the channel varies from 40.7 to 49.2 The

average solar intensity is 0.313 kW/mContrary to what is
expected, Case 5 does not perform better than Casethe
efficiency of energy collection drops to 5.7% pbbsidue to a
greater pressure drop occurred in the channel ardfmoor

contact between the alumnium plate and the steslsywand
consequently, it results in a lower air mass flater This case
suggests that heat conduction of the alumnium péatd
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TABLE |
EFFICIENCIESOF ENERGY COLLECTION AND RATIOS OF EFFICIENCIES R
i
CASE EFFICIENCY OF ENERGY  RATIO OF EFFICIENCY | Organic Rankine
| Cyele using
COLLECTION ( % ) BASED ONCASE 1 " o ’7 —;;;::;-mmm
=z ! N 2 T | Canversion
[OTEC)
Casel 0.6 1 . L
( Blower '
CAsE2 0.9 1.5
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for the OTEC ORC Power Plant
CASE3 6.5 10.8
Fig. 3Schematics depiction of the dou-layered solar roof and solar
pond system used in OTEC/O
CAse4 9.7 16.2
Colle I
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e
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pressure drop of the channel have to be compronigseshch
an optimal performance.

Case 6 Glass-covered and black-painted alumnium platk it
shorter length of channel slanted at a shallowea(2f)

In an attempt on maximizing the solar radiatiorisity, the
solar roof is slanted to a less steep angle 23., As shown in

Fig. 14, the ambient temperature varies from 2933t6C, the

air velocity at the channel exit varies from 0.20t8 m/s, and
the air temperature at the exit of the channelegafiiom 49 to

61.8°C. The average solar intensity is 0.562 k\W/mAs

expected, Case 6 yields a higher efficiency of gyeollection
than Case 4 due to a higher solar radiation intensiowever,
an even shallower slant angle would impair air aunmy; and
consequently, reduce air mass flow rate.

The experimental results show that the efficierayes from
0.6 % to 11 % for the geometric configurations nred
above. Among all the parameters under consideratioe
single parameter which affects and enhances ti@esfty of
energy collection the most is the solar absorptivf the
aluminum plate, i.e., a black-painted aluminumekbsorbs a
much higher amount of solar energy than uncoataie pl
In the light of enhancing heat conduction by introieg stuffed
material in the channel, efforts should be empleaksinn
enhancing heat conduction yet with a tolerable dase of
pressure drop. A simple geometric modification ekhinay
fulfill both requirements is by installing fins dhe aluminum
plate. Due to its difficulties in fabrication, tleduminum plate
with fins is analyzed using numerical simulatiorwever, an
agreement between experiments and numerical siimgat
must be verified prior to performing a full-blowmsilations of
the fins. The next section describes a detailedquiure of the
numerical simulations.

I1l.  NUMERICAL SIMULATIONS AND PREDICTION OF FIN
PERFORMANCE

The numerical simulations are carried out using ENJT
6.1 [12]. In order to simplify calculations, tha #ow in the
channel is assumed to be imcompressible, lamimat,im a
steady state. The geometry simulation is showtignl7. The
comparison between experiments and numerical stronfais

performed for Case 6 in which the alumnium plate il

glass-coated, black-painted, the channel has #&sHength of

2.4 m, and the slanted angle i€.23he numerical results are

shown in Figs. 18 and 19. The predicted air exitpperature at

2.4 m is 56.8 while the average measured value is %5.4

The favorable agreement in air exit temperatures lay
foundation for  further = numerical
conduction-enhancing fins on the alumnium platéguie 19
also shows that the air exit temperature does motease
substantially beyond ~ 6 m, i.e., a solar charomér than 6 m
would not yield a better energy absorption abilifjhe

numerical simulations are performed for cases afioua

numbers of fins: 1, 3, 5, 10, 20, 40, and 50 fins.typical

prediction of air temperature in the channel issah Fig. 20
for the case with 50 fins. The predicted air eégihperature,
alumnium plate temperature, and the air mass fhe at exit
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are shown in Fig. 21. The efficiency of energylection can
reach 23% for the case with 50 fins. This shows iy adding
fins the alumnium plate can conduct a much moreuarnof
heat to the air; and thus, increase the efficiency.

IV. DISCUSSION AND CONCLUSIONS

A. Total power collection for the solar pond of OTEC/ORC
application

Using OTEC as the heat source and heat sink ofgani
Rankine cycle has shown its feasibility in genegtpower.
Previous studies carried out by the author showed the
efficiency of an ORC with OTEC is well below ~10%igh is
unsatisfactorily low for an economic operation. @ternative
in this matter is to replace the warm seawater $glar pond as
the heat source of the ORC in an attempt on raisheg
efficiency. The main conclusion of the currentistis that the
solar pond temperature can be substantially raibgd
introducing an extra amount of solar energy inte pond by
collecting solar energy from building rooftops ugira
double-layered roof design. The energy collectestich a
fashion will be transferred directly into the pofrdm the
bottom in the form of air bubbles, which hopefulso cause
some turbulence to homogenize pool temperature clirent
study shows that the double-layer solar roof cdleco~23%
of the total solar radiation incident on the saieof, i.e., the
surface area of the solar pond is virtually incegblsy nearly a
factor of one-fourth of the total area of the saolzof. This is
particularly viable and practical if the doubledaysolar roofs
are installed on building tops of a community area.

B. Reduction of building air-conditioning loads

A windfall of this double-layered roof design is teduce
thermal radiation directly transmitting into theilding; and
hence, reduce air conditioning loads especiallysimmer
seasons. Based on a normal family house, therielgct
consumed for air conditioner is around 30 kW-hheTutility
bill saved due to a 1.2 X 2.4°ndouble-layer solar roof is
around 0.5 $ in Taiwan area.
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