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This work investigates the performance of a novel passive cooling system for an office space in hot and dry
climate. A daytime radiative cooling (RC) panel was coupled with a phase change material (PCM) storage tank
system where the nocturnal radiative cooling power was used to regenerate the PCM during nighttime and the
diurnal power during daytime was used to reduce the window temperature. To predict system operation, a
mathematical model was developed integrating the hydronic RC panel model, water/PCM system heat exchange

model, and ventilated window and space model.

The developed model was applied to a case study in Beqaa area of inland Lebanon. It was found that the use of
diurnal RC panel power for window cooling reduced the storage system size by 12.3% in comparison to the case
where only night RC panel was used. The window cooling reduced the radiation asymmetry in the office and
resulted in cost savings of 10% when operated during the summer.

1. Introduction

In the past few decades, a considerable amount of research examined
and reported useful application of nocturnal radiative panels in build-
ings for cooling purposes [1]. The cooling obtained from radiative
cooling (RC) panels during clear and dry nights was stored in different
types of storage tanks in order to be used during daytime under direct
sunlight when the highest cooling demand occurs. Saitoh et al. [2]
proposed an energy-efficient dwelling that utilized a sky radiative panel
with a large storage tank to store the energy. Ezekwe [3] performed
experimental studies to show the potential of a radiative cooling system
combined with a thermal storage tank. The panels that were used to
achieve nighttime cooling consisted of metallic radiators that were
broadband emitters. Nevertheless, such panels were unable to achieve
large sub-ambient cooling due to their strong absorption of incoming
atmospheric radiation outside the transparency window of the atmo-
sphere (8-13 pm) [4]. Subsequently, efforts have been made to improve
the cooling capacity of the nocturnal radiative panels. In 1959 and for
the first time, Head [5] proposed the use of selective infrared emitters
that enhanced the radiative cooling effect. Hence, different designs of
spectrally selective nighttime surfaces were theoretically studied and
experimentally tested [6,7]. The latter discovery did not however
eliminate the need of storage system in building cooling applications
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where cooling is needed during sunshine hours.

In recent years, developments on improving surface characteristics
to achieve daytime radiative cooling took place. However, realizing
radiative cooling during daytime is more challenging due to the incident
solar radiation that is in a wavelength range below the atmospheric
window. This required a special design of RC panels with high reflection
of solar radiation while simultaneously having a high emissivity within
the atmospheric window to produce daytime cooling. This was experi-
mentally proven in 2013 by Rephaeli et al. [8] for the first time using a
new structure for the radiative panel based on nanophotonics. Since
then, many researchers focused on finding the most effective design of
daytime radiative cooling by testing different nanostructured materials
[9,10]. In a recent study, Hua et al. [11] theoretically showed that a
photonic radiative cooler formed of double-layer nanoparticle-based
coatings was able to achieve approximately 5°C below ambient air
temperature with a maximum cooling power of 40 W/m? under dry
weather conditions. Nevertheless, the small cooling amount provided by
diurnal radiative cooling limited the possible options of its usage in
passive applications. Hence, daytime radiative cooling cannot be used as
a primary cooling source for buildings but rather as a complementary
application that would help reduce the building overall cooling load.

It is thus of great importance to evaluate to what extent would it be
beneficial to integrate daytime radiative cooling in passive applications
by studying its effect on the downsizing of the storage system needed for
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Nomenclature Npcm Number of PCM spheres in each tank segment
PMV Predicted Mean Value
A Area (m?) PPD Predicted Percentage dissatisfied
Cp Specific heat (J/kg-K) RC Radiative cooling
dt Time step (s) RH Relative humidity (%)
f Melted fraction T Temperature (°C)
F View factor Vss Volume (m3)
h Convective heat coefficient (W/m2.K)
H Tank height (m) Greek Symbols o
L Tank length (m) a Abs?rpt1v1ty
Lf Latent heat of fusion of the PCM (kJ/kg) ATpr Rac!lagt‘ temperature asymmetry (*C)
Leap Air gap thickness (m) € Emls§1v1ty 3
m Mass (kg) P Den51ty.(k.g{m )
- Mass flow rate (kg/s) T Transmissivity
the building cooling due to the potential reduction in the daytime
cooling load. Subsequently, the relatively small diurnal cooling power of Dy S Al fiow

the RC panel can be exploited in a daytime application aiming to lower
the cooling load of a building space. One obvious possibility would be
cooling a window in order to reduce its temperature. In fact, windows
are typical components that can be target for cooling in desert climates
where radiative panels are effective due to low humidity and clear skies
[12]. During hot and arid summer time, the windows cause overheating
which leads to an increase in the cooling load and provokes radiation
asymmetry that affects the thermal comfort inside the space. This could
be avoided by using the diurnal cooling power of the radiative panel as a
supplementary load reduction method. The latter would help in
reducing the heat gain to the space, which results in reducing the storage
tank size. One promising thermal storage media to be combined with the
radiative cooling system is Phase Change Material (PCM) [13,14]. These
materials have the capability to store thermal energy at a relatively
constant temperature [15], which benefits the system operation. The
employment of the PCM in a water tank can provide the required
thermal storage for daytime use via phase change: At night, the PCM
would solidify and store enough cold energy that would be utilized
during daytime for cooling purposes.

In this work, the impact of implementation of daytime radiative
cooling on the storage system size is investigated through a case study
for meeting thermal comfort and air quality needs of a typical office
space in Begaa Valley — Lebanon. The system consists of a hydronic RC
panel for day/night time application combined with a PCM storage tank
for daytime cooling purposes and a diurnally cooled glazed window. An
integrated dynamic mathematical model of the proposed system is
developed to examine the advantages of daytime RC and its impact on
the storage system size compared to the case when only radiative night
cooling is implemented. The interest resides in minimizing the system
cost while maintaining indoor thermal comfort and air quality during
daytime in hot and dry climate.

2. System description

A hybrid passive cooling system that combines the use of a water-
based radiative cooling panel and a PCM thermal storage tank is pro-
posed to meet the daytime cooling needs of an office space. Fig. 1 pre-
sents the proposed design of the integrated passive cooling systems for
night and day operations. The hybrid water-based radiative cooling
panel mounted on the office roof generates cool water that is used in the
PCM storage tank for nocturnal thermal storage and in a water-air heat
exchanger to cool down the window for diurnal space load reduction.
During nighttime, the water flows in tubes embedded in the RC panel at
(1) to cool down due to the radiative heat exchange between the panel
and the outer space. At the exit of the panel (2), the cold water flows into
a PCM storage tank that stores the cooling power generated by the RC

———- Nighttime = Water flow

t Fan

Fresh air
Office space

Glazing
cooling

Fig. 1. Schematic of the hybrid system application.

panel. During daytime, the cooling energy of the water flowing through
the PCM tank is released via a heat exchanger (3) to an airflow that is
used to remove the heat load from the office space (4). The water
constantly flows in a closed loop from the heat exchanger back to the
PCM storage system where it loses its heat to the PCM. To ensure good
air quality inside the space, a fresh airflow fraction of 81/s/person [16]
is cooled using part of the return air (6) before being mixed with the rest
of the exhaust air from the office. As for the RC panel, its daytime
cooling power is harvested in cooling the window of the considered
office. This technique consists of lowering the temperature of the air
entering the ventilated double-layer window to reduce the heat gain to
the space and minimize the asymmetric radiation that may occur. Thus,
the cool water provided by the RC loses its cooling power via a heat
exchanger (7) to the ambient air that flows into the double-layer win-
dow (8) to reduce its temperature.

2.1. Mathematical modeling

In order to study the performance of the proposed system, simplified
component models were developed for each of the sub-systems; the
hydronic radiative cooling system, the PCM storage tank and the office
space models. The three models were integrated to simulate the opera-
tion of the system and predict the air temperature inside the office as
well as the cooling power needed to maintain thermal comfort for oc-
cupants and good air quality in the office space during occupancy hours.

2.2. Radiative panel model

The model of the hydronic radiative cooler of Weimin et al. [17] was
adopted. It predicts the water temperature through the pipes of the RC
panel system shown in Fig. 2. It assumes 1-D transient flow in the pipes,
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which leads to a unidirectional variation of the water temperature.

The panel is discretized into different sections along its length as
presented in Fig. 2.a. Each segment assumes a constant surface tem-
perature. The water temperature in segment i of the panel is governed by
equation (1):

Vi cpwdTV;iC“’ —tingre Cpu(Turclt, i—1)=Tyre(t,i))

Oua(t,1) A ¢h)
and
Oper(t,1) = Qraa(t,1) = Qun(t) — Qun () — Qc(t:4) 2

The left term of equation (1) represents the transient storage term,
the first term to the right is the net convective heat flow and the last term
is the net cooling power of the RC panel. T, zc(t,i—1) and T, rc(t, i) are
respectively the inlet and outlet water temperature of segment i at time
??; V; is the volume of the water in segment i, p,, and C,, are the density
and the specific heat capacity of the water respectively, m,,zc is the
mass flowrate of the water in the segment and A; is the area of the
considered segment of the panel. Q,.(t,i) is the time-dependent net
cooling power per unit area of segment i of the radiative panel, and it is
described by the energy balance in equation (2) that consists of the
different heat transfer processes (see Fig. 2.b): the longwave radiative
power emitted per unit area by the surface of segment i Qq4(t,i), which is
dependent of the radiative surface temperature Ts(t,i) (equation (3));
the absorbed power per unit area due to the incident atmospheric
thermal radiation Qum(t), which is dependent of the ambient atmo-
sphere temperature Tympien: (€quation (4)); the absorbed power per unit
area due to the incident solar radiation Qy,(t), which is minimized due
to the use of the reflective upper layer that reflects solar radiation as
previously stated (equation (5)); and the power lost/gained per unit area
Qc(t,i) due to convection with the ambient air at the upper side of the
panel and conduction through the roof to the inner space of the office.

Owaltyi) = 2 / “sin0cos 0 do / Le(Ts(t,i) , 2) e(2,0) dA
0 0
3

e

Oun(t)= 2 1 / “sin0cos0 do / " s (Tan (1), 2) £00s0) €am(s 0) di
0 0
()]

Osun (t) = qmlar(t) Xsolar ()

Where Igg(T, 1) is the blackbody spectral intensity [18], &(4,0) and
€am(4, 6) are the emissivity of the surface and atmosphere respectively,
considered independent of the zenith angle 6. Note that &4y, (1) depends
on the RH and cloud coverage [19]. aq is the surface’s solar absorp-
tivity and qse-(t) is the solar radiation on a horizontal surface in
(W/m3). Ts(t,i), which is the temperature of the radiator surface, is

a) o A
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A
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Fig. 3. Schematic of the PCM tank in the solidification phase during nighttime.

taken to be equal to the average temperature of water flowing across
each segment [13].

2.3. — PCM tank model

A horizontal storage tank (L»H) is filled with spherical capsules
containing PCM (see Fig. 3) and assumed to be fully insulated. It is
divided into N segments along its length, each of height equal to the
spherical capsules diameter and containing the same number of PCM
spheres [20]. The temperature of the water flowing through the tank is
considered to vary longitudinally along the flow direction. The heat
transfer in the volume of the sphere is neglected, therefore the PCM
temperature is considered constant in the radial direction. A simplified
mathematical model of the tank is adopted in this study [20] where the
model is divided into two stages: i) the PCM single-phase thermal
response in the sensible heat exchange stage and ii) the PCM melted
fraction during the phase change stage.

2.3. Sensible heat exchange with single phase PCM

When the PCM does not experience any phase change
(Tpem 7 Trmelting)s its temperature is obtained by solving its enthalpy
change equation due to the flow of water in the tank in the longitudinal
direction x. The heat transfer between the PCM and water is mainly
happening through convection since the PCM encapsulated shell is very
thin and its material is highly conductive that the thermal resistance
through it is negligible. Having the number of PCM spheres present
(Npcm) in each segment and the mass of each PCM sphere (mycr), the
enthalpy change equation on each segment k of the storage tank is
expressed as

b)
Section A-A

Qrad Qatm

} Radiative panel

G - Roof

QCnnd
Inner space

Fig. 2. a) Schematic of the RC panel and the water pipes; b) section of the rooftop radiative system.
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AT pem, 2.4. Glazing model
Mpem NP"”'CPMT: (Toaank (t,0) = Typen(1,0)) Bypem Apen 6) The following glazing model was implemented by Al Touma et al.
[22] where it was experimentally validated. The glazing section consists
Where the left side represents the transient storage term in the PCM and of three main layers: the outer glass, the air gap and the inner glass
the right side constitute the convective heat flow between the PCM and (Fig. 4.a). Energy balance equations are carried out for each layer in
the water. Gy, is the specific heat capacity of the PCM, Ty, sank (¢, k) and order to get the surface temperatures of the inner glass (T, Tig,,) and
Tpem(t, k) are the temperatures of the water and the PCM in the tank outer glass (Tog, , Tog,) as well as the air gap temperature (T,). Heat
segment k at time t respectively and Apcy, is the total PCM area in each transfer processes in this double-layer glazed window consist of con-
segment. The convection heat transfer coefficient between the water and duction in each glass layer, convection between each glass surface and
the PCM spheres, hyem is calculated using the correlation of forced its surrounding air and radiation between the glazing layers, radiation
convection in a sphere bed that has been introduced in Ref. [21]. with the space internal envelope as well as with the outer space. During
The global conservation of energy for the water flow inside each daytime, the solar radiation absorbed by the glazing is assumed to be
segment of the tank is given by equation (7) and it includes the energy uniformly distributed across them. Moreover, no energy storage is
storage in the water (left side term), the net convective heat flow (first considered inside the glazing due to its small thickness. The energy
term of the right side) as well as the heat exchange between the water balance equations at the external and internal boundaries of the outer
and the spherical capsules (second term of the right side). glass are given respectively by
o,V iy ¢ (T (k= 1) — Ty (1,K))
w V sement “p,, dt w tank Pw w,tank \*s witank \*5 (7)
Brapen Apen (Tosank(1,K) = Tpen (1, )
Where m, qnk is the water flowrate in the tank (kg/s). heou (Tams = Togon ) + e, @sin+hr. sts (Tots = Togn) + . ground (Teround — Togo)
2.3. Heat exchange during phase change +I:{l (Togin = Togo) =0
When the PCM in the tank attains the melting point, its temperature og ©)
attains an almost constant value that is equal to the melting temperature
(Tpem = Tmetting) and its melted fraction f is obtained by solving the K,
following heat transport equation: ?: (Toga = Tog) + e ie (Tigas = To) +hey (Ta = Tog,,) =Oa 10)
Mpen Lf% _ (Tka(t7 k) = Ty (1, k)) ByenApen 8) For tl.1e inner glass, the en.ergy equations at the external and internal
t boundaries are given respectively by

where f is the liquid fraction of the PCM in segment k and Ly is the latent K; (
igin

- Tig(,,,,) + hr,," ig (Tog,',, - Tig(,,“) + hcu (Ta - Tig(,“,) + Tg(, agi q:uu = 0

heat of fusion of the PCM. The term to the right side of the equation tig
corresponds to convective heat transfer between the PCM and water in an
the considered segment.
K;
“(Tigns — Tigi) +hein (T = Tig,) + dra. in =0 (12)

1
2.4. Space model
where gy, is the solar radiation on a vertical surface in (W/m?), and

The space model is important for the evaluation of the space-cooling Qradin is the radiation heat exchange between the window and indoor
load as well as the estimation of the indoor temperature and glazing space components including walls and ceiling. The radiation heat
temperature throughout the day. The space is divided into two main transfer coefficients hy grounahr,, ., and hy, s are given by Miyazaki et al.
components as shown in Fig. 4: the double-layer window and the inner [23].

space of the office.

a) b)
Cooll air Exh?ust

—_—
E—T @ ri"air- Tsp ace ﬁ

qgky
Qheat source

CQeuvelupe E’E Qerll/elope>

Ta.mb T”gnut‘ 0gin Tigous igin Tswzce r SS
hCour.) hf,, hr” h¢in < Tigin
v I
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—r——p >

q ground

og Lgap tig

Fig. 4. Schematic of a) double-layer glazed window energy balance; b) the inner space energy balance.
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The air gap layer is discretized into different segments along the
window height in the Y-direction, each having a length of Ay. The
airflow energy balance is then given by

dT,

PairViPair djw = 1P (Tojr = Tag) + he,(Tog, — Taj) WaiassAy

(13)
+ h(r” (Tig,,,,, - Ta.j)wg]ass Ay

The left side of equation [14] represents the energy stored in the air;
the right side includes the rate of increase in the energy of the air stream
flowing through the control volume V; and the convection between the
air and the surrounding glass surfaces. The correlations for the
convective heat coefficient h, is extracted from ISO 15099 [24]:

Inputs:

- Weather data

- RC panel properties

- PCM tank properties

- Physical properties and dimensions of the space
hey=2he + 4va, 14 1

Assumed values of the

Where v,; represents the mean velocity of the air in the gap and h,, the !
different temperatures

convective heat coefficient in a non-ventilated air gap which correla-
tions are extensively detailed in Ref. [25].

2.5. Inner space model and thermal comfort

The global conservation of energy equation for the air in the space is Nighttime
defined as: 7
dT Get T, pc in the
fel space _ . Cp | o )
PairVpace P, air Mgiy P, ulr(Talrm T\pa('e) + Qunvetope (t) + Ohear source (1) RC Panel
1e6) ]

Get Tyem ».fand Ty tani in the

where the left term represents the transient storage in the air, the first tarik

term of the right side constitute the net convective heat flow, Qenyeiope(t)
is the convective heat exchange between the indoor air and the space
envelope and Qpeqt source (t) is the extra heat source from occupants and
equipment (see Fig. 4.b). Tqr, is the air temperature entering the space
after being cooled by the water provided by the PCM tank and my; is the
mass flowrate of the supplied/exhausted air (kg/s). The space model of

Yassine et al. [26] is adopted to solve for the walls’ inner surface tem- \N_O/ Daytime
peratures; each wall is considered to be a multi-layer wall and is dis-
cretized accordingly to predict the temperature distribution along these @
layers given the building envelope materials as well as the external S
ambient and internal conditions. [ 1
To define the occupants’ thermal comfort in the office space which 3 N
. . Get Tyyem» fand
affects their performance and overall productivity, the ASHRAE 55 Get Ty,pc inthe pem hf nk
comfort model was used which is based on Fanger’s Predicted Mean RC panel Tw,tank in the ta
Vote (PMV) index [27]. The model requires the office air temperature 1 1
and speed, the RH, the metabolic rate and clothing insulation of the Get glazing Get T;, entering
occupants as well as the mean radiant temperature (MRT) which is temperature T;g the office space
calculated based on ASHRAE handbook [16]. Furthermore, the presence T Uil 1
of the window leads to an asymmetrical radiative environment in the T
Table 1 | Get Tspace, ATpr
Time step independence testing using 4 different time steps.
Time step Relative difference in space air temperature with previous @
(s) case value (%)
Case 400
1 ?
C 300 0.65 :
azse | End of time loop |
Case 200 0.53
3 Fig. 5. Flow chart of the numerical modeling methodology.
Case 100 0.25
4
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office space where thermal comfort sensation may be sacrificed due to
the exposure to high surface temperatures [22]. Subsequently, the
radiant temperature asymmetry AT, can be a very critical factor in
thermal comfort, especially in the case where occupants may be exposed
to a highly non-uniform thermal radiation field. It is calculated for a
person that is considered seated 1 m away from the window since the
issue of asymmetry would be more critical the closer the person is to the
source causing it [16,28].

2.6. Numerical methodology and control strategy

Simulations were carried out using a developed MATLAB code con-
sisting of an implicit first-order time integration numerical scheme. The
numerical model included the integration of the following sub-models:
RC panel model, PCM/water tank model, ventilated double-layer
glazing model and space model. Simulations were repeated over a
number of cycle days until a steady periodic solution state was reached.
The weather data, RC panel properties as well as the PCM characteristics
were primary input used in the model. Input data for the dimensions and
thermal properties of each system were also compiled for each sub-
model. The solution was initialized at time t =0 and an implicit
scheme was employed which allowed the use of larger time steps leading
to a shorter simulation runtime. Based on the time step independence
test shown in Table 1, a time step of 100 s was used.

Fig. 5 summarizes the path followed to calculate the needed outputs
from the developed model. During nighttime, and starting from the RC
panel model that predicts the temperature of the water flowing through
the panel, the temperature of the water entering the tank was computed.
Then, solving the different equations of the PCM/water tank model, the
temperature of the PCM spheres, their melted fraction as well as the
temperature of the water inside each segment of the tank were obtained.
During daytime, the glazing and space models were added. Hence, the
RC panel model was coupled with an air/water heat exchanger to pre-
dict the temperature of the air entering the double layer window and the
glazing model was used to determine the temperature of the glazing
surface in contact with the inner space. On the other hand, the PCM/
water tank model was coupled with a water/air heat exchanger to
determine the temperature of the air brought to the space. Finally, the
outputs of the daytime section were used as inputs to the space model in

Journal of Building Engineering 28 (2020) 101020

order to get the air temperature inside the office as well as the mean
radiant temperature while taking into consideration the effect of all
components.

The criterion for convergence was set when the difference between
the new value of a parameter at time step t and its old value at the same
time step is less than 10~5. After convergence was attained at the current
time step, the model advanced in time and solves for the next time step
until the end of the simulation time. In order to preserve thermal com-
fort inside the office space, the flow rate of space supply air mg; was
varied to maintain the air temperature in the office at 24 °C (+£0.3°C),
providing thermal neutral conditions for the occupants.

2.7. Description of the case study

In order to assess the effectiveness of the proposed system in
providing indoor thermal comfort while reducing the storage system
size, two case studies were carried out of a typical office space
(5m x 5m x 3m) located in Beqaa Valley — Lebanon: i) A base case
without window cooling referred to as case 1, and ii) a case study where
the window cooling is implemented using the diurnal RC panel, noted as
case 2. Beqaa is known for its semi-arid climate with hot and dry sum-
mers, a feature that is mandatory to fulfil the optimal performance of the
radiative panel. Representative summer days were considered at the
15th of each month, June through September. The weather data pre-
sented in Table 2 was directly derived from hourly measured data files of
the inland Lebanese climate [29].

Table 3
Office construction specifications [22,32,33].

Parameter Properties

External south 15 cm concrete layer insulated with an 8 cm insulation layer -
wall U=0.76 W/m’K

Ceiling 15 cm reinforced concrete layer with an 8 cm insulation layer -

U =0.77 W/m’K

10 cm lightweight concrete

8 mm clear glass —airgap=10mm-a =0.19-7=0.74-¢ = 0.84

-k=0.8W/m.K

Internal walls
Window glazing

Table 2
Ambient temperature Tgmp and solar radiation on a horizontal surface ¢, for the 15th of each summer month for the inland Lebanese climate.
June July August September

Time Tams (°C) Gaotar (W/M?) Tame (°C) Gotar (W/M?) Tams (°C) sotar (W/M?) Tams (°C) Gaotar (W/M?)
1:00 AM 14.41 0 23.7 0 18.3 0 17.9 0
2:00 a.m. 14.1 0 21 0 16.4 0 16.8 0
3:00 AM 13.7 0 18.7 0 16.4 0 14.8 0
4:00 AM 12.50 0 17.1 0 14.4 0 14.8 0
5:00 AM 12.10 0 15.6 0 13.7 0 13.7 0
6:00 AM 14.40 91.6 17 67.5 15.2 25.7 13.71 16.6
7:00 AM 18.70 240 21.3 216 16.8 171.4 13.3 123
8:00 AM 23.70 382.6 26.4 361.2 24.4 325.3 22.5 280.3
9:00 AM 26.00 667.5 28.7 643.5 28.7 459.9 28 418.8
10:00 AM 28.00 794.4 31.2 775.1 31.6 741.1 31.2 688.8
11:00 AM 30.40 909.6 33.6 900 34.1 871.7 33.2 810.6
12:00 PM 32.40 890.2 34.5 884.9 36.2 854.8 32.8 783.8
1:00 PM 33.20 877 34.5 862.5 35.3 832.9 34.1 759.1
2:00 PM 33.60 820 35.3 818.3 36.6 783.5 33.6 699.6
3:00 PM 34.10 706.7 34.9 704.7 36.2 662.4 32.8 430.4
4:00 PM 33.60 426.3 34.5 418.2 34.1 381.5 31.6 294.5
5:00 PM 32.00 200.2 33.2 161 29.9 118.2 28.3 118.2
6:00 PM 31.20 129.2 32 125.4 26.4 106 26.4 98.5
7:00 PM 29.50 0 28.7 0 24.8 0 24 0
8:00 PM 24.00 0 25.2 0 22.9 0 22.5 0
9:00 PM 22.10 0 24 0 22.1 0 21 0
10:00 PM 22.10 0 22.1 0 21 0 20.2 0
11:00 PM 19.80 0 20.2 0 20.2 0 20.2 0
12:00 AM 19.80 0 20.2 0 20.2 0 20.2 0
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O Lights and equipment schedule
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Fig. 6. Occupancy schedule and lights and equipment schedule inside the office space during office hours [30].

Table 4
RT18HC properties [35].

Thermo-physical properties

Melting temperature T,, [°C] 18
Latent heat of fusion Ly [kJ/kg] 260
Specific heat capacity Cpem [kJ/kgK] 2
Density p,,,, [kg/m’] 800

2.8. Space properties

In both considered cases, the same space characteristics were
considered; the office was exposed to the outside from the window side
only. A double layer window covered 60% of the south wall which is the
only wall exposed to outside conditions. As for the ceiling, it was
considered insulated to restrain any heat exchange with the RC panel.
Further information concerning the space envelope is presented in
Table 3. It was assumed that four people were present in the office
during daytime. Each person generated 75W while the load from
equipment and lights was fixed at 16 w/m? [16]. A typical office oc-
cupancy schedule as well as lights and equipment schedule were
extracted from ASHRAE 90.1-2004 [30] and presented in Fig. 6. The
metabolic rate of the occupants and summer indoor clothing level were
set at 1.2 and 0.5 respectively for a typical office space [31].

Titanium dioxide Ti0,
=7 Silicon dioxide Si0,
I Aluminium Al

2.9. Storage system characteristics

The storage tank consists of Phase Change Material (PCM) placed
inside highly conductive spherical capsules and placed in an insulated
water-PCM storage tank. In fact, a sphere based packed bed storage
system was reported to achieve more effective thermal performance
compared to the other configurations [34]. During night, when the
temperature of the water surrounding the PCM spheres drops due to
nighttime radiative cooling, the spheres solidify as they release their
energy to the water. During day, the temperature of the PCM spheres
rises as they absorb heat, causing them to melt and liquefy. RT18HC
paraffin was the PCM chosen for this application; it is commercially
available by Rubitherm [35] with a melting temperature of 18 °C, and its
thermo-physical properties are presented in Table 4. The cost of such
PCM is $12.5/kg [35].

To obtain the needed PCM mass, the storage system cooling power
should be able to remove the load of the office. Subsequently, the stor-
age system should be sized based on the month with the peak conditions
that necessitates the highest cooling load in comparison to the other
considered months. Note that the cooling load changes in case 2
compared to case 1 due to the window load decrease when diurnal RC
panel is used.

2.10. RC panel properties

The RC panel used in case 1 is a nocturnal RC panel consisting of an
emissive layer; whereas the daytime RC panel was formed of the same

Reflective layer

Emissive layer

Substrate

Fig. 7. RC panel materials and design.
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emissive layer used in case 1 with the addition of the reflective layer.
The diurnal radiative panel of the study of Hua et al. [11] was adopted in
this work due to its scalable coating that has significant potential in large
scale applications at a relatively low cost: It consisted of a double-layer
coating composed of a reflective layer on top of an emissive layer, both
lingering on an Al substrate (see Fig. 7). The reflective layer usage was
primordial since reaching meaningful daytime radiative cooling would
be highly dependent on preventing solar irradiation from being absor-
bed by the cooler. Titanium dioxide TiOy was chosen as a reflective
material due to its high reflectivity in the solar spectrum (0.3-2.5 pm)
and transparency in the mid to far infrared spectrum so that the thermal
emission property of the double-layer coating is mainly dependent on
the bottom emissive layer. The optimal thickness of the TiO, layer was
reported to be 25 pm. As for the emissive layer components, Silicon di-
oxide SiO, and Silicon carbide SiC were reported to have strong optical
emission in the sky window. In this study, SiO; is chosen to form the
emissive layer for both the daytime and nighttime panels, with a 20 pm
thickness. The optical properties of these layers were experimentally
measured by Hua et al. [11]. The nighttime performance of the RC panel
was the same for both considered cases since the reflective layer present
in the daytime panel only affected the short wavelength range and thus,
did not have any influence on the nighttime application. Hua et al. [11]
reported that the radiative surface had a high emissivity (~ 0.9) in the
sky window and a solar reflection of around 0.95. The cost of the
nanoparticles applied in the manufacturing of the diurnal panel was
reported to be $7/m? [11].

The cooling power provided by the RC panel should be sufficient to
regenerate the PCM mass used during night. Thus, the area of the RC
panel should be fixed based on the required nocturnal cooling power and
is evaluated through the simulations. The cloud coverage during the
considered months was in the range of 0 and 0.12 and the RH varied
between 20% and 56% [36]. Note that these two parameters have a
fairly large effect on the spectral transmittance of the atmosphere, which
in turn affects the cooling performance of the panel [19]. Subsequently,
the emissivity of the atmosphere was calculated with the given air
temperature, RH and the amount of cloud coverage using the correla-
tions provided by Berger [19] and Argiriou et al. [37]. As for the rate of
the water flowing through the RC panel system, it was fixed at 0.16 kg/s
[13].

The proposed case studies were simulated using the developed model
and the performance of the integrated system was extensively studied
for the representative day of the months of June, July, August and
September. The system was set to work from 8:00 a.m. until 6:00 p.m.
which is the occupancy time of the office.

3. Results and discussion

The developed mathematical model in this study was an integration
of previously validated and well-documented models in literature [11,
17,20,22,26]]. It was simulated for the two proposed case studies in
order to evaluate and compare their performance for each considered
month. Each case needs to maintain an air temperature of around 24 °C

Table 5

Hourly averaged mass flowrate of the supplied air mig;, (kg/s) in the base case.
Time June July August September
8:00 a.m. - 9:00 a.m. 0.07 0.08 0.065 0.06
9:00 a.m. - 10:00 a.m. 0.17 0.175 0.175 0.175
10:00 a.m. - 11:00 a.m. 0.185 0.185 0.185 0.185
11:00 a.m. - 12:00 p.m. 0.19 0.19 0.192 0.19
12:00 p.m. - 1:00 p.m. 0.195 0.195 0.198 0.195
1:00 p.m. - 2:00 p.m. 0.15 0.15 0.155 0.15
2:00 p.m. - 3:00 p.m. 0.18 0.18 0.185 0.18
3:00 p.m. - 4:00 p.m. 0.17 0.17 0.17 0.165
4:00 p.m. - 5:00 p.m. 0.155 0.155 0.15 0.148
5:00 p.m. - 6:00 p.m. 0.14 0.14 0.13 0.13
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inside the office as a basis for comparison.

In the base case referred to as case 1, a nighttime RC panel is used to
regenerate the PCM mass during night so that it provides the cooling
energy needed to remove the space load during day. Preliminary sim-
ulations of the base case showed that a total PCM (RT18HC) mass of
114 kg can provide sufficient cooling energy to the office space during
the peak conditions of the month of July. Subsequently, two identical
horizontal PCM storage tanks were used, each having a size of 0.135 m>
and containing 57 kg of PCM spheres of a diameter of 0.05m each.
Furthermore, in order to produce the cooling energy needed to regen-
erate this mass of PCM during nighttime, a RC panel area covering 60%
of the roof (5x3 m?) was used to provide cold water that is able to so-
lidify the mass of PCM used.

In case 2, a diurnal RC panel is implemented to cool the office win-
dow during day while proving the regeneration of the PCM at night. This
panel consists of adding a reflective layer to the nocturnal panel used in
case 1 to reflect solar radiation and provide daytime cooling. The latter
will reduce the radiant asymmetry from the window and the load of the
office space due to the reduction in the window load. Accordingly, the
PCM mass needed to remove the space load will decrease. Therefore,
simulations of this case were performed in order to study the effect of the
daytime radiative cooling implementation on the office load and
possible PCM mass reduction along the associated cost reduction as well
as the radiant asymmetry in the office.

3.1. Base case without window cooling

The simulation of the proposed system was first achieved for the base
case where there is no window cooling. For each summer month, the
supplied air mass flowrate m,; should maintain an indoor air tempera-
ture of around 24 °C throughout the day. Subsequently, it changed on an
hourly basis depending on the inner space load and outdoor conditions,
as presented in Table 5. During early morning operation in the month of
July (8:00 a.m.-9:00 a.m.), a low value of 0.08 kg/s of air flowrate was
needed since the outdoor temperature, solar radiation intensity as well
as the inner space load (occupants, lights and equipment) were low. As
these quantities increased, higher air flow rates were required in order to
meet the office cooling load. It was found that from 12:00 p.m. to 1:00 p.
m. where peak cooling load is to be removed, a maximum value of
0.195 kg/s was needed. On the other hand, between 1:00 p.m. and 2:00
p-m., a reduction in the required mass flow rate was noticed (Mg
=0.15kg/s). This was caused by the typical office break during this
period (see Fig. 6), which led to a decrease in inner space load. After the
end of the break period, mg; increases to 0.18 kg/s. From 3:00 p.m. till
the rest of the day, the needed flowrate decreases again as the outdoor
conditions and solar intensity drop. The same trend of flowrate hourly
variation was found during each month; however, the values differed
with respect to the outdoor weather conditions and solar intensities.

As previously stated, the air temperature inside the office space was
maintained at 24 °C (£0.3 °C) during office hours for all the considered
months since it is known to provide thermal comfort in typical office
environments. In fact, a Predicted Mean Vote (PMV) between 0.02 and
0.3 with a Predicted Percentage dissatisfied (PPD) ranging between 5
and 7% were found for the considered months. Thus, the overall comfort
achieved in the office was acceptable since the PMV and PPD were in the
limits of thermal comfort defined by ASHRAE (| PMV | < 0.5 and
PPD < 10%). Nevertheless, the presence of the window leads to an
asymmetrical radiative environment in the office; Table 6 presents the
hourly averaged radiant temperature asymmetry of a person seated 1 m
away from the window as well as the temperature of the glazing surface
that is subjected to the inner space conditions for all the considered
months. In the month of July, a radiant temperature asymmetry AT, of
8.12°C was found during the first working hour and increased to reach a
peak value of 12.35 °Cat peak conditions (between 12:00 p.m. and 1:00
p-m.), inducing local dissatisfaction to the occupant. The noted radiant
temperature asymmetry was caused by the high temperature of the
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Table 6
Hourly averaged radiant temperature asymmetry AT, and temperature of the glazing inner surface Tj;, (°C) in the base case.
June July August September

Time ATpr Tig;, ATy Tig;, ATpr Tig;, ATy Tig,,
8:00 a.m. - 9:00 a.m. 7.90 33.27 8.12 33.86 7.64 32.80 7.02 31.61
9:00 a.m. - 10:00 a.m. 9.51 36.08 9.77 36.45 9.94 36.40 9.35 35.82
10:00 a.m. - 11:00 a.m. 10.82 37.71 11.28 38.43 11.45 38.55 11.00 38.01
11:00 a.m. - 12:00 p.m. 11.66 38.90 12.17 39.78 12.33 39.82 11.80 39.14
12:00 p.m. - 1:00 p.m. 11.92 39.26 12.35 40.02 12.54 40.22 11.54 38.69
1:00 p.m. - 2:00 p.m. 11.36 38.74 11.58 39.04 11.62 39.07 11.02 38.10
2:00 p.m. - 3:00 p.m. 10.30 37.38 10.62 37.80 10.63 37.88 9.62 36.22
3:00 p.m. - 4:00 p.m. 8.84 35.51 8.97 35.64 8.78 35.68 7.65 33.67
4:00 p.m. - 5:00 p.m. 6.84 33.01 6.94 33.07 6.13 32.44 5.21 30.50
5:00 p.m. - 6:00 p.m. 4.34 29.79 4.44 29.87 3.15 28.09 3.16 27.84

Table 7
Hourly averaged radiant temperature asymmetry A7), and temperature of the
glazing inner surface Ty, (°C) in case 2.

June July August September
Time ATy Tigy, ATy Tigy, ATy Tigy, ATy Tigy,
8:00 a.m. - 1.77 2533 247 2673 198 2483 135 23.68
9:00 a.m.
9:00 a.m. - 414 29.27 485 30.38 469 29.66 3.82 28.91
10:00 a.
m

10:00 am.-  6.21 31.91 7.00 33.07 7.00 3273 6.32 32.04
11:00 a.

m.

11:00a.m.- 7.74 3378 853 3503 856 34.88 7.88 34.09
12:00 p.
m.

12:00p.m. - 8.43 3491 9.17 3595 9.21 36.10 815 34.44
1:00 p.m.

1:00 p.m. - 8.31 3469 912 3576 9.14 3585 813 3441
2:00 p.m.

2:00 p.m. - 8.09 3434 856 3508 858 3524 747 33.50
3:00 p.m.

3:00 p.m. - 7.09 33.01 738 3347 730 3358 596 31.58
4:00 p.m.

4:00 p.m. - 555 3099 575 31.32 516 3095 396 28.90
5:00 p.m.

5:00 p.m. - 3.43 2827 359 2857 242 2722 204 2638
6:00 p.m.

Space load reduction (%)

0
8AM 9AM I10AM 11AM 12PM 1PM 2PM 3PM 4PM 5PM 6PM
Time

glazing surface Tj,, that increased from 33.86 C in the morning to
40.02°C at peak conditions and then dropped to around 30 °Cat the end
of the day. This variation followed the same trend as that of the solar
radiation intensity and weather conditions during the day. The same
happened in the months of June, August and September, where a radiant
temperature asymmetry peak of 11.92°C, 12.54 and 11.54 °C were
respectively obtained.

Note that the initial PCM mass adopted at the beginning of the
simulations (114 kg) was found to be enough to remove the space load in
the different months: A total melted fraction of 95% was found at the
end of the representative day of July, 93.1% in June, followed by a
92.7% total melting at the end of the day in August and finally reaching
its minimum value in September with a 91.45% total melted fraction.
Moreover, this PCM mass was successfully regenerated at the end of the
night (around 4:00 a.m.) by the RC panel area that covered 60% of the
roof.

3.2. Case study with window cooling implementation

In this case, a diurnal RC panel was implemented in order to harvest
its daytime cooling power in reducing the high radiation asymmetry and
glazing temperature obtained in the base case by cooling the window,
leading to a reduction in the space load and storage system size while
establishing local comfort for the occupants. Subsequently, a reflective
layer of TiO, was added to the nocturnal RC panel of case 1, covering
60% of the roof. The cold water provided by this panel during sunshine
hours helped in cooling an airflow of 0.07 kg/s that was supplied into
the window gap to reduce the glazing temperature as well as the radiant

H June

| July

O August

O September

Fig. 8. Hourly averaged load reduction of case 2 in reference to the base case (%).
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asymmetry in the space.

The hourly averaged radiant temperature asymmetry AT, and
glazing inner surface temperature T, are presented in Table 7 for each
considered month. It can be observed that upon integrating the window
cooling application to the system, the AT}, value in the month of July is
2.47 °C between 8:00 a.m. and 9:00 a.m. It increased between 11:00 a.
m. and 1:00 p.m. from 8.53°C to a peak of 9.17 °C. Lower AT, values
were reached in the month of June and September throughout the day
due to their moderate weather conditions and solar radiation intensities
in comparison to those of July and August. This is explained by the fact
that the RC panel performance during daytime enhances as the outdoor
weather conditions and solar radiation intensity drop. Regarding the
glazing inner surface temperature, a Tj;,of 26.73°C was noted in the
early morning of July. It increased to reach a value of 35.95°C between
12:00 p.m. and 1:00 p.m., and then decreased as the solar radiation
intensity drops (1:00 p.m.-6:00 p.m.). The same trend of hourly glazing
temperature variation is found in the other months as well. Comparing
the AT, values of this case to those obtained in the base case (Table 6), a
reduction of 29.2%, 25.7%, 26.55% and 29.4% during June, July,
August and September was found respectively during peak conditions.
This reduction is attributed to the reduction in the glazing inner surface
temperature, which is noted to reach 11.08% in June, 10.16% in July,
10.24% in August and 11.24% in September at peak conditions.

The glazing temperature reduction obtained due to the window
cooling also induced a decrease in the window load transmitted towards
the inside of the office, as an average window load reduction of 35.6%,
34.05%, 31.16% and 29.9% was noted respectively in September, June,
August and July. This window load reduction helped in reducing the
space overall load. Fig. 8 shows the percentage of the space load
reduction in case 2 in comparison to the base case. In each considered
month, the load reduction changed throughout the day depending on
the variation of weather conditions, solar radiation as well as window
load. The average space load reduction during the office hours is 6.5% in
September, 4.13% in June, 3.58% in August and 3.09% in July. It is
subsequently found that the highest load reduction was reached during
September due to its moderate diurnal weather conditions that
enhanced the performance of the RC panel, followed by June, August
and July where the peak conditions gave minimum load reduction.

This load reduction led to a decrease in the needed air mass flowrate
to be supplied into the room; Table 8 shows the mass flowrate of the
supplied air mg; in the case of window cooling. During the month of
July, a rate of 0.04 kg/s is needed between 8:00 a.m. and 9:00 a.m. in
comparison to 0.08 kg/s in the base case where no window cooling was
applied (Table 5). This rate increases and reaches a maximum value of
0.17 kg/s during peak hour, which is 12.8% lower than the maximum
airflow rate needed in the base case at peak conditions. Note that the
hourly basis variation of mg; in this case follows the same trend as in the
base case. It is also worth mentioning that the highest overall mass flow
rate reduction is found during September, the month with the highest
load reduction.

As the cooling load of the office experienced a drop when the win-
dow was cooled, a storage system size reduction was achieved: the PCM
mass needed to meet the cooling load of the office was lower by 14 kg
than the mass used in the base case. Subsequently, a total PCM mass of
100 kg was equally divided into the two tanks, each having a volume of
0.122m>. This 12.3% reduction in the PCM mass when cooling the
window affects the overall cost of the system. Therefore, a cost analysis
of the system is conducted.

4. System savings analysis

In order to be able to critically assess the proposed system’s added
value, a simple cost analysis was performed and each component cost
was estimated separately. The diurnal RC panel used in case 2 was more
expensive than the nighttime one used in case 1 due to the presence of
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Table 8

Hourly averaged mass flowrate of the supplied air m,;, (kg/s) in case 2.
Time June July August September
8:00 a.m. - 9:00 a.m. 0.025 0.04 0.03 0.018
9:00 a.m. - 10:00 a.m. 0.13 0.135 0.135 0.132
10:00 a.m. - 11:00 a.m. 0.15 0.155 0.155 0.153
11:00 a.m. - 12:00 p.m. 0.165 0.165 0.165 0.162
12:00 p.m. - 1:00 p.m. 0.17 0.17 0.17 0.166
1:00 p.m. - 2:00 p.m. 0.135 0.135 0.135 0.132
2:00 p.m. - 3:00 p.m. 0.165 0.165 0.165 0.16
3:00 p.m. - 4:00 p.m. 0.16 0.16 0.16 0.148
4:00 p.m. - 5:00 p.m. 0.15 0.15 0.143 0.137
5:00 p.m. - 6:00 p.m. 0.13 0.135 0.125 0.125

the extra reflective layer that was estimated to cost about $1.5/m>
Subsequently, the nighttime RC panel price was $5.5/m? whereas that of
the daytime panel was $7/m> Regarding the storage tank used, 114 kg
of PCM were used in case 1 to meet the cooling load of the office and a
total of 14 kg was reduced in case 2 due to the use of the diurnal RC
panel. With a PCM cost of $12.5/kg [35], a total PCM cost of $1250 was
hence needed in case 2 in contrast to a $1425 in the base case.

The cost of the system for the considered summer months was
computed as follows:

Cost (8)=I+ Euu.Xxr a7)
where I is the initial cost of the system ($), Eg.. is the electricity con-
sumption for the considered summer months (KWh) and r is the elec-
tricity tariff rate in Lebanon ($/KWh). The average tariff rate of
electricity in Lebanon is currently of $0.13/kWh [38]. The fan and pump
power consumption were also calculated for both cases while consid-
ering: a) the extra pump and fan electric consumption during daytime
for the window cooling in case 2 and b) the decrease in the power of the
fan supplying the air to the office in case 2, which is due to the reduction
in the mass flowrate found in comparison to the base case. This led to a
comparable operation cost between the two cases, making the savings
mainly affected by the initial cost. It was then found that the overall cost
of the system of case 2 for the summer months was reduced by about
$152 from the base case. Thus, the resultant total savings of the diurnal
RC panel integration were around 10% compared to the base case of
typical night radiative cooling.

5. Conclusion

This paper evaluated the integration of daytime radiative cooling to a
passive system and assessed its impact on the system size and overall
cost. Two cases were extensively studied and compared: one including a
system that used diurnal RC for daytime load reduction and another that
used typical nighttime RC. A set of simulations was conducted based on
a typical office space located in Beqaa Valley in Lebanon for the months
of June, July, August and September. It was found that using daytime
radiative cooling for window load reduction decreased the needed PCM
mass by 14 kg. Accordingly, 10% savings in the overall system cost were
attained, even though a higher initial cost for the daytime RC was
needed. In addition, the proposed system resulted with better comfort
conditions due to reduced radiant asymmetry as well as a smaller stor-
age system at no added cost.

Although current work considered the daytime RC application in
window cooling to reduce space load and window radiation asymmetry,
however, there are other potential passive cooling applications for
improving building performance in hot climates. One potential appli-
cation for future studies is the use of RC captured power in pre-cooling
ventilation fresh air to reduce air-conditioning cost. Other applications
for diurnal RC may include condenser cooling to improve vapor
compression system coefficient of performance by lower the tempera-
ture of air cooling the condenser. This indicates the need in future work
to properly consider utilizing daytime RC by incorporating it in new
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passive designs or as complementary design to existing cooling system to
improve building energy performance.
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