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ABSTRACT
Selective emittance materials show high technical
potential for use as radiative cooling heat exchangers
for buildings. This paper presents the thermal modeling
of the photonic radiative cooler and the simulation of a
system that integrats the photonic radiative cooler with
radiant floor cooling in a medium office building. The
system was simulated with EnergyPlus and the
extensive use of its energy management system module.
Our simulation results show that the radiator surface
temperature remains well below the ambient air
temperature even during summer in Las Vegas. The
radiative cooler was sufficient to meet the cooling load
for five months of the year and addressed at least 17%
of the total hydronic loop load in the peak summer
months.

INTRODUCTION
Radiative cooling refers to the physical process by
which a body loses heat to another body of lower
temperature via long-wave radiation. In the case of
buildings, radiative cooling results from the thermal
radiative heat transfer between building surfaces on the
Earth and the colder atmospheric layers in the sky. In
general, there are two methods of applying radiative
cooling in buildings (Argiriou 2013): passive radiative
cooling and active radiative cooling. With passive
radiative cooling, the building roof radiates towards the
sky, and the cooled roof surface temperature then
contributes to increased conductive heat losses from the
building interior or reduced conductive heat gains from
the exterior. Representative design strategies of passive
radiative cooling include moveable insulation and cool
roof (Al-Obaidi 2014). Active hybrid radiative cooling
makes use of dedicated radiative panels, usually not
part of the building envelope, and a heat carrier (air or
water) to deliver cooling to targeted interior spaces.
Mihalakakou et al. (1998) studied the performance of
an air-based radiative cooling system while several
others (e.g., Meir et al. 2002; Eicker and Dalibard

2011) studied hybrid radiative cooling systems using
water as the heat transfer medium.
All previous work on the application of radiative
cooling has focused on its use at night. Daytime
radiative cooling to a temperature below the ambient air
is highly desired because this would better offset peak
cooling demands in buildings. In this respect, selective
emittance materials show high technical potential for
radiative cooling applications by reflecting a very large
fraction of incident solar radiation while increasing
longwave radiative exchange with the relatively cool
sky. Theoretically, for optimal cooling, the spectral
properties of a surface material should have the
following characteristics (Granqvist 2003): 1) the
reflectance is close to 1 for the wavelength range
between 0.3 and 3 microns (µm); and 2) the reflectance
is close to 0 for the wavelength range between 8 and 13
µm, where the atmosphere is transparent for thermal
radiation to the sky. In a recent study, Raman et al.
(2014) applied a thermal nanophotonic approach to
tailor the optical properties of a coating material. The
photonic radiative cooler consists of seven alternating
layers of two thin oxides, a couple of metal layers, and
a silicon wafer substrate. Such a photonic structure has
achieved spectrally selective emittance: weak over
visible and near-infrared wavelengths but strong
between 8 and 13 µm. When exposed to direct sunlight
exceeding 850 W/m2, the photonic radiative cooler
maintained its surface temperature 4.9°C below the
ambient air temperature.
The advances in daytime radiative cooling are
promising for building applications. However, because
of the coating material’s selective emittance, modeling
the performance of the photonic radiator is not trivial,
especially in the context of the system simulation using
existing tools. This paper intends to provide thermal
modeling of the photonic radiator and the simulation of
a system integrating a photonic radiator with radiant
zone cooling in a medium office building via the whole
energy simulation program EnergyPlus.
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PHOTONIC RADIATOR MODELING

where,

The photonic radiative cooler was assumed to be
integrated with the roof construction (Figure 1). The
upper surface of the radiator was assumed to be made
from the nanostructured materials described in Raman
et al. (2014). Underlying the radiative cooler is an array
of metallic piping. Each pipe runs parallel from an inlet
manifold on one side of the radiator and returns to an
outlet manifold on the other side of the radiator. The
spacing between pipes is 150 mm and the pipe diameter
is 19 mm. Water pipes are located in between the
radiative cooler and a thin thermal conductive layer
(e.g., aluminum plate). To mitigate the convective heat
gains from the surroundings, the photonic radiative
cooler is covered with a 25-µm low-density
polyethylene film and there is a 25-mm air space in
between (Raman et al. 2014).

 solar

Polyethylene film
25-mm air space
Photonic radiative cooler
19-mm water pipe
Aluminum plate
Roof construction

Figure 1: Roof-integrated photonic radiator design
Consider a unit area of the photonic radiative cooler at
temperature 𝑇𝑐𝑜𝑜𝑙𝑒𝑟 . In steady state, the performance of
the radiator is described by an energy balance that
consists of the following heat transfer processes:
 Absorbed solar radiation (qsolar, W/m2);
 Conduction (qcond, W/m2) heat transfer between the
underside of the radiator and the underlying
building roof;
 Convection (qconv, W/m2) heat transfer between the
upper radiator surface and the ambient air; and
 Net longwave radiation (qrad, W/m2) heat transfer
between the upper radiator surface and the sky,
which combines the outgoing longwave radiation
emitted from the radiator minus the downward
radiation from the sky absorbed by the radiator.
Thus, the radiator’s net cooling power is expressed as:
𝑞𝑐𝑜𝑜𝑙 = 𝑞𝑟𝑎𝑑 − 𝑞𝑠𝑜𝑙𝑎𝑟 − 𝑞𝑐𝑜𝑛𝑑 − 𝑞𝑐𝑜𝑛𝑣

(1)

Absorbed solar radiation is calculated according to Eq.
2:
q solar  I solar  solar  cov

er

(2)

 cov

er

is the incident solar radiation (W/m2);

I solar

is the radiator surface solar absorptivity; and
is the solar transmissivity of the cover plate.

Although  solar and  cov er vary as a function of solar
angle, these relationships are unknown and the constant
values are used (  solar  2 . 5 % ,  cov er  92 % ), as
suggested by the original developers of the photonic
radiative cooler.
The calculation of 𝑞𝑐𝑜𝑛𝑑 is based on the following
equation:
q cond  k roof

T zone

 T cooler



(3)

where, T zone is the mean air temperature (°C) in the
zone directly below the roof, and k roof is the
conductive heat transfer coefficient (W/m2-°C) of the
roof.
To calculate the heat transfer from the radiator surface
to the ambient air (qconv), an assumption was made that
the 25-mm-thick air layer was too narrow to establish
convective air currents. This assumption is bolstered by
the fact that the photonic radiator is capable of
maintaining a surface temperature below ambient
temperature, even when exposed to direct sunlight.
Thus, at virtually all times, the air is “stable” inside the
cover plate because the lower surface is colder than the
upper surface. Buoyant forces will keep the air from
moving because the coldest, densest air will settle on
the bottom surface. Therefore, heat transfer through the
air gap can be treated as conductive heat transfer, using
the conductivity of dry air. This assumption allows for
the formulation of a thermal resistance equation (Eq. 4)
to calculate the sequential heat flows of conduction
through the air gap, conduction through the cover plate,
and convection to the ambient air.
q conv 

T amb  T cooler
1
h



t gap
k air



t cov

(4)
er

k polyethyle

ne

where, T amb is the ambient air temperature (°C); h is the
convection coefficient (W/m2-°C) of air from the top of
the cover plate; t gap is the air gap thickness (m); t cov er
is the polyethylene cover thickness (m); k air is the
thermal conductivity of air (0.0257 W/m-k); and
k polyethyle ne is the thermal conductivity of polyethylene
(0.33 W/m-k).
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𝑞𝑟𝑎𝑑 = 𝑞𝑜𝑢𝑡𝑅𝑎𝑑 − 𝑞𝑖𝑛𝑅𝑎𝑑
𝜋/2

= 2𝜋 ∫
0
𝜋/2

− 2𝜋 ∫
0

𝑐𝑜𝑠 𝜃 𝑠𝑖𝑛 𝜃𝑑𝜃 ∫ 𝜀(𝜆, 𝜃)𝐼𝑏 (𝜆, 𝑇𝑐𝑜𝑜𝑙𝑒𝑟 )𝑑𝜆
𝑐𝑜𝑠 𝜃 𝑠𝑖𝑛 𝜃𝑑𝜃 ∫ 𝜀(𝜆, 𝜃)𝜀𝑎𝑡𝑚 (𝜆, 𝜃)𝐼𝑏 (𝜆, 𝑇𝑎𝑚𝑏 )𝑑𝜆
0

.

To simplify the work in implementing the model in
building simulation programs, we performed a
multivariable regression based on the results from the
MATLAB program run. The regression is of the form:
q rad  a  b  T rad  c  T rad
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where, 𝑞𝑜𝑢𝑡𝑅𝑎𝑑 is the emissive power (W/m2) from the
photonic cooler; 𝑞𝑖𝑛𝑅𝑎𝑑 is the part of atmospheric
thermal radiation absorbed by the photonic cooler; 𝜀 is
the emissivity, 𝜆 is the wavelength, 𝜃 is the zenith angle
of the radiatior surface in radians.
The photonic radiator developers at Stanford University
performed a discretized integration by summing
    ,  across an array of measured emissivity at
discrete wavelengths and directions. They developed a
MATLAB program that performs the integration and
also calculates downward absorbed radiation, as a
function of T amb and the dew point of ambient air T d .
The MATLAB program allows for a final calculation of
net longwave radiation as a function of T cooler , T amb ,
Td

No Error

Figure 2: Error analysis for net radiative heat flux for
the Stanford photonic radiator

∞

(5)

and

MATLAB Data

120

Predicted Net Radiation Heat Flux
(W/m2) by Regression

Because of the large surface area that may be subject to
turbulent boundary conditions under typical wind
conditions, the empirical equations from Clear et al.
(2001) were employed to calculate the convective heat
transfer coefficient in Eq. 4.
Theoretically, the calculation of net longwave heat
transfer (qrad) requires integration over three
dimensions of space and over all wavelengths of
emitted and absorbed electromagnetic radiation, as
indicated by the following equation:

2

 dT amb  eT amb

2

 fT d  gT d

2



h  T rad T amb  iT amb T d

(6)
where, ∆𝑇𝑟𝑎𝑑 is the temperature difference between the
ambient air and the radiator surface, i.e.,
 T rad  T amb  T cooler .
The regression coefficients of Eq. 6 were determined
as: a=50.93, b= -2.4506, c=0.01359, d= 0.9139, e=
0.005619, f= -0.8513, g= -0.01768, h= -0.0271, i= 0.02216. The R2 value of the regression is 0.9987.
Figure 2 shows an error analysis for this regression.
95% of the data points used in the regression deviate
from the Stanford calculations by less than 2.24 W/m2.

RADIATIVE COOLING SYSTEM
DESCRIPTION
This radiative cooler must be considered as part of an
overall building, and the heating, ventilation and air–
conditioning (HVAC) system must be designed
properly to permit its use and maximize its benefits. To
this end, a typical medium-sized office building was
used for the simulation analysis.
The building model originated from the building energy
codes program, which maintains a series of EnergyPlus
models in compliance with different versions of
commercial codes. The building has three floors and a
total floor area of 5,000 m2. The building has a
rectangular shape with an aspect ratio of 1.5. Windows
are distributed evenly in continuous ribbons around the
perimeter of the building. The window fraction of the
overall façade area is 33%. The medium office building
has steel-framed walls, a flat roof with insulation above
the deck, and a slab-on-grade concrete floor. The
performance values of the exterior envelope meet the
minimum requirement of ASHRAE Standard 90.1-2013
(2013). More detailed description about the building
model including thermal zoning and internal loads can
be found in Thornton et al. (2011).
The radiative cooling system consists of two hydronic
loops: a radiative cooling loop and a space cooling
loop. These two loops are coupled via a cold water
storage tank, as shown in Figure 3.
The radiative cooling loop circulates water through a
roof-mounted radiator via a constant-speed pump
(Pump 1), which draws water from the storage tank and
delivers cold water back to the tank. The pump is
controlled to run whenever the temperature at the outlet
of the radiator (𝑇𝑆𝑟𝑐𝐼𝑛 ) is lower than the temperature of
water at the outlet node of the tank (𝑇𝑆𝑟𝑐𝑂𝑢𝑡 ), subject to
the constraint that the loop will not run when the
radiator temperature falls below 1°C.
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The space cooling loop uses the water storage tank and
a supplementary chiller to provide cooling. A variablespeed pump (Pump 2) serves the space cooling loop and
adjusts the flow as necessary to provide sufficient
cooling water to all active slabs. If the outlet tank water
temperature for the space cooling loop (𝑇𝐿𝑑𝑂𝑢𝑡 ) is
colder than the chilled water temperature set point
(𝑇𝑐ℎ𝑤,𝑠𝑝 ), i.e., 𝑇𝐿𝑑𝑂𝑢𝑡 < 𝑇𝑐ℎ𝑤,𝑠𝑝 , both valves V2 and V3
modulate open, mixing bypassed return water with cold
water from the storage tank such that the desired water
temperature set point is achieved. Under this scenario,
the chiller is not used. If 𝑇𝐿𝑑𝑂𝑢𝑡 is higher than the
chilled water return temperature (𝑇𝑟𝑡𝑛 ), valve V2 closes;
the water tank is bypassed; and only the chiller operates
to address the cooling load. If 𝑇𝑐ℎ𝑤,𝑠𝑝 < 𝑇𝐿𝑑𝑂𝑢𝑡 < 𝑇𝑟𝑡𝑛 ,
valve V3 closes and the chiller operates to address the
remaining cooling load unmet by the tank. The low-lift
chiller described in Katipamula et al. (2010) was used
here because it had been designed for superior
performance at part load and “low lift” conditions
(reduced difference between the entering condenser air
temperature and the leaving chilled water temperature).
These low-lift conditions are characteristics of radiant
systems, which use much warmer chilled water
temperatures than conventional hydronic cooling
systems.
The chiller has a rated coefficient of
performance (COP) of 3.48.
Considering that mechanical equipment, ventilation and
roof access infrastructure usually occupy some roof
area, it is not realistic to cover the entire roof with the
radiative cooler. Therefore, in this work, the radiative
cooler was integrated with the roof corresponding to the
core thermal zone only, which represents about 60% of
the total roof area. The cold water storage tank was
sized to have a volume of about 31 m3. This size was
determined from our rough economic analysis based on
the storage tank cost (product data from web search)
and the benefits of energy savings (simulation results).
When the radiative cooling loop pump (Pump 1 in
Figure 3) runs, it has a flow rate of 6.0 L/s, which is
based on the design recommendation by Eicker and
Dalibard (2011).
To maximize the contribution of radiative cooling, the
system should be controlled to run at the highest
possible chilled water temperature while meeting
thermal comfort in occupied spaces. For this purpose, a
chilled water temperature reset strategy was modeled.
The strategy simulates a typical chilled water reset trimand-respond logic. If the average temperature deviation
from the cooling set point for all zones is greater than
0.27°C, the chilled water temperature set point is
decreased at a rate of 2°C per hour, but is limited to a
minimum value of 12.8°C. On the other hand, if the

average deviation from the cooling set point is less than
0.13°C, the chilled water temperature set point is
increased at a rate of 2°C per hour, up to a maximum
value of 18.3°C.
Hydronic radiant floors were used to address the space
sensible loads. The water tubes are spaced at 150 mm
and are separated from the concrete thermal mass by a
25-mm-thick insulation layer. A dedicated outdoor air
system (DOAS) was specified to provide ventilation air
to the building in the absence of conventional airhandlers. A hydronic heating coil and a direct
expansion cooling coil condition the supply air from the
DOAS system. In Las Vegas, the location used in our
simulation analysis, the DOAS supply air temperature
was reset based on outdoor air temperature as follows:
it varies linearly from 12.8°C at 18°C outdoor air
temperature up to 16°C at 10°C outdoor air
temperature.

ENERGYPLUS SIMULATION
EnergyPlus is the software used in this work for wholebuilding simulations. There is no existing object in
EnergyPlus for roof-integrated radiator, let alone the
novel photonic radiator. The energy management
system (EMS) module in EnergyPlus was used to create
a user-defined model of the radiator that is directly
interfaced with the rest of the hydronic system specified
in EnergyPlus. The EMS supports a simple
programming language through which the user can
construct new models and customize control sequences.
To calculate the expected outlet temperature from the
rooftop radiator and the average temperature of the
radiator, the rooftop radiator was modeled in the EMS
as a discretized heat exchanger by dividing the radiator
into a discrete number of segments. All heat transfer
processes including the regression equation used for the
net radiative heat flux (as discussed in the section of
photonic radiator modeling) are progrmmed in EMS.
Each segment assumes a constant water temperature,
which allows for tractable calculations of heat flows.
The calculation of water temperature in each segment
depends on whether water flows through the heat
exchanger or not. When the pump (Pump 1 in in Figure
3) is active, water flows through the heat exchanger and
is cooled as it moves sequentially though each segment.
The water temperature in each segment is governed by
Eq. 7:
T X ,t  T X  1 ,t 

where,

TX

,t

and

q cool  A
m  c p
TX

 1 ,t

(7)

are, respectively, the outlet and

inlet water temperature of segment 𝑋 at timestep 𝑡;
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is the net heat transfer rate in W/m2 (positive for
cooling, calculated from Eq. 1) of segment 𝑋;  t is the
length of timestep (s); 𝐴 is the surface area (m2) of each
segment; m is the mass flow rate (kg/s) of water, and
c p is the specific heat capacity (J/kg-°C) of water.
q cool

However, if the pump (Pump 1 in Figure 3) is off, water
is stagnant in the heat exchanger and the water
temperature is governed by Eq. 8:
TX

,t

 TX

where,

TX

q cool  A   t

(8)

,t  1



,t  1

is the node temperature at the previous

c p   w V

timestep,  w is the density of water, and 𝑉 is the
volume of the water in each segment, calculated based
on the pipe spacing and diameter, and the radiator
segment area.
In our simulation, the radiator was discretized into five
segments. The five segment model was chosen for
simplicity after a 10-segment model was shown to have
no significant differences in output temperatures.
Because the photonic radiator was modeled through
EMS code, it works in some sense like a brand new
object in EnergyPlus. A strategy was needed to link the
EMS code and other authentic EnergyPlus objects used
in the simulation. For this purpose, we introduced a
dummy chiller (Chiller 1 in Figure 4) into the model.
To emulate the photonic radiator, this dummy chiller
was modeled as follows: 1) the COP was set at an
arbitrary high value (say, 1000) to minimize the chiller
energy consumption; and 2) the chiller outlet water
temperature set point was assigned to the outlet water
temperature from the photonic radiator. As seen in
Figure 4, a heat exchanger was used in the simulation
model to realize the desired controls specified in the
previous section on system description. Note that using
the heat exchanger is just a workaround approach
because the temperature-controlled diversion valve (i.e.,
TemperingValve) object in EnergyPlus works for hot
water only. To eliminate any energy losses caused by
the heat exchange, the effectiveness of the heat
exchanger was set to 1.0 and the pump head for Pump 3
in Figure 4 was set to a very small number.

RESULTS AND DISCUSSION
Figure 5 shows a graph of key system node
temperatures and energy flows during a 2-day period
during the shoulder season (April 24-25) in Las Vegas.
These 2 days are in the middle of the work week. The
outdoor air temperature (the blue solid line) varies from
a morning low of 17.5°C at 4:00 a.m. to a high of

26.4°C at 3:00 p.m. on April 24, and varies from a
morning low of 15.6°C at 6:00 a.m. to a high of 26.7°C
on April 25. Because the radiator outlet temperature
(the green dashed line) remains below the cold water
tank’s charge outlet node temperature (the purple dotted
line), water flows through the radiator (charges the
tank) the entire period. The green bars (right axis)
show the magnitude of cooling energy being charged
over this period. The peak charging occurs in the late
evenings, following periods of rapid decline in outdoor
air temperatures. At this time of day, the tank water is
relatively warm and thus has a greater potential to be
cooled. The chilled water temperature set point
remains in the warmer end of the reset range (15 to
18.3°C; dark blue line), because of moderate demands
for chilled water from the radiant panels. This makes
free cooling easy to achieve at most hours using only
tank water. The cold water tank’s use side outlet node
temperature (𝑇𝐿𝑑𝑂𝑢𝑡 in Figure 3) is well below the
chilled water temperature set point during morning
start-up on the first day (dropping to as low as between
5 and 6°C at 6:00 a.m. on April 24) and provides all of
the cooling for the building (the orange bars). The tank
water gradually warms as it is drawn off for space
cooling during the day. By 2:00 p.m. on April 24, the
tank water temperature has risen above the chilled
water temperature set point, and the chiller comes on to
supplement the tank water (the blue bars), which at that
time is still providing a significant fraction of the
cooling. By 4:00 p.m. on April 24, the use side outlet
temperature (the orange solid line) is at about the same
temperature as the return water from the building (the
red solid line), and thus provides no additional cooling
benefit. Until the building becomes unoccupied at 6:00
p.m., the chiller meets the entire cooling load. The
same general pattern occurs the following day.
Figure 6 shows a graph of key system node
temperatures and energy flows during a 2-day period
during peak summer conditions (July 13-14) in Las
Vegas. Low temperatures during this period are around
29°C, while high temperatures are between 40 and
43°C. The radiator surface temperature remains well
below the ambient temperature the entire period,
averaging 15.3°C below the ambient temperature. This
is a much improved temperature drop compared to the
shoulder season, yet because of the extreme heat, there
are only limited periods where tank charging is
possible. These periods are limited to nighttime hours
with peaks in the early mornings. The reason for the
reduced charging of the tank is that the radiator surface
temperature remains above the tank water temperature
at the charge outlet node whenever outdoor air
temperatures are above roughly 35°C. Because of high
demands for chilled water in the building, the chilled
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water temperature set point remains at the low end of
the reset range (generally between 12.8 and 14°C),
except during the early morning hours. This low
temperature set point makes it even more challenging
for the radiative cooler to contribute towards cooling of
the building’s chilled water loop. On both mornings,
there is a 3-hour period from 5:00 a.m. to 7:00 a.m.
where the building is being cooled from tank water
alone. By 9:00 a.m. both mornings, the chiller is
providing 100% of the cooling.
Figure 7 shows monthly results on thermal analysis of
the hydronic loop in Las Vegas. The radiative cooler
was sufficient to meet the cooling load in 5 months
(i.e., Jan., Feb., Mar., Nov., and Dec.) and addressed at
least 17% of the total hydronic loop load in the peak
summer months (i.e., Jul. and Aug.). Daytime charging
accounted for between 25% to 58% of the overall
energy charged to the tank. As expected, the
predominant portion (>80%) of energy discharged from
the tank occurred during the daytime when the cooling
load was high.
100%
80%
60%
40%

radiative heat transfer with the sky. Dr. Michael Witte
from Gard Analytics helped on the EnergyPlus
modeling.
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Figure 7: Monthly hydronic loop load analysis

CONCLUSION
Detailed thermal modeling of the photonic radiative
cooler was described in the paper. The strategy of using
EMS in EnergyPlus to simulate a photonic radiative
cooling system, which consists of two hydronic loops
coupled via a cold water storage tank, was discussed.
Simulation results showed that the radiator surface
temperature remains well below the ambient air
temperature even during summer in Las Vegas. The
radiative cooler was sufficient to meet the entire
cooling load during five months and at least 17% of the
total hydronic loop load in the peak summer months.
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Figure 3: Schematic diagram of the radiative cooling systems
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Figure 5: Shoulder season operation of the radiative cooler, storage tank and chiller in Las Vegas, NV
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Figure 6: Peak summer operation of the radiative cooler, storage tank and chiller in Las Vegas, NV
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