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Infrared Regulating Smart Window Based on

Organic Materials

Hitesh Khandelwal, Albertus P. H. J. Schenning,* and Michael G. Debije*

Windows are vital elements in the built environment that have a large impact
on the energy consumption in indoor spaces, affecting heating and cooling
and artificial lighting requirements. Moreover, they play an important role

in sustaining human health and well-being. In this review, we discuss the
next generation of smart windows based on organic materials which can
change their properties by reflecting or transmitting excess solar energy
(infrared radiation) in such a way that comfortable indoor temperatures

can be maintained throughout the year. Moreover, we place emphasis on
windows that maintain transparency in the visible region so that additional
energy is not required to retain natural illumination. We discuss a number of
ways to fabricate windows which remain as permanent infrared control ele-
ments throughout the year as well as windows which can alter transmission
properties in presence of external stimuli like electric fields, temperature and
incident light intensity. We also show the potential impact of these windows

(IR), here defined as light with wavelengths
between 700 nm and 2500 nm, accounts
for around 50% of the total energy emitted
by the sun reaching Earth (Figure 1Db),4
and this light produces interior heating but
is invisible to the unaided eye.

The absorption of sunlight by building
materials and passage of IR through trans-
parent surfaces such as windows is respon-
sible for much of the interior overheating
of office rooms, automobile interiors,
greenhouses, and other similar spaces. The
use of artificial cooling and heating systems
will only increase with the continued influ-
ence of global climate change, with energy
used for cooling systems surpassing energy
used for heating around the year 2070, and
a 40 fold increase in air cooling energy use

on energy saving in different climate conditions.

1. Introduction

More than 50% of the total energy used in the building envelope
in the Western world is spent on cooling, heating and lighting the
interior places (Figure 1a).'? A significant fraction of this energy
use is related to our inability to control the ingress and egress of
infrared light from the sun through windows. Near infrared light
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is expected by 2100.°! By controlling the
influx of radiant heat transfer, calculations
show that more than 50% of the energy
used in lighting, heating and cooling could be saved by deploying
better control systems over only 18% of available window stock.[°!

In areas with human inhabitants employing windows,
more aspects must be considered than simply reducing the
use of energy in the room: any switchable window used in, for
example, a commercial office space has several other require-
ments that must be met before it may be installed. Among
these requirement are reasonably fast switching speedsl’!
(although for IR control, relatively longer times compared to
visible light switching should be acceptable), good optical trans-
parency with minimum haze, an acceptable device lifetime,®!
and functionality over a range of exterior temperatures. Con-
trolling the excess of solar energy without compromising the
visible transparency of the window is an important considera-
tion for human health: maintaining inside/outside contact and
daylighting are vital in retaining well-being and productivity, as
well as providing economic and aesthetic gain by reducing the
need for artificial lighting systems.[>!% These are challenging
goals for a window to realize.

A number of materials have been developed over the past
few decades to maintain indoor temperatures. Many of these
focus on the opaque structural building elements like walls and
roofing.1%131 Other solutions target the transparent window,
employing external mechanical shutters and blinds,'* phase
change materials (PCMs),["") thermochromic materials,['®! aero-
gels,'”] trapped gas in fluid membranes,!'! and even phononic
materials,’ among other options. Indeed, controlling heat
passage through the window in response to changing climate
conditions is a great challenge; ideally, one would accomplish
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this without compromising the influx of visible light and the
integrity of the view beyond the window.2"!

The focus of this review is on infrared regulating windows
based on organic materials which can adjust the transmittance of
IR radiations depending on environmental conditions (Figure 2).
There are advantages to employing organic rather than inor-
ganic materials in IR window control systems: for instance, since
they are non-metallic, they do not corrode or interfere with elec-
tromagnetic waves (signals from/to radios, cell phones, GPS,
or garage door openers, for example)?'~23 and often are much
easier to process at lower temperatures than inorganic materials.

Cholesteric (or ‘Chiral nematic’) liquid crystalline (Ch-LC)
materials have attracted much attention for development of
infrared regulating windows. They are formed when nematic
liquid crystals are doped with chiral molecules. The chiral dopants
generate a LC organization wherein successive layers of nematic
LC are displaced by a small rotation in molecular director with
respect to their neighboring layers. The ‘twist’ generated may
be either right- or left-handed, depending on the nature of the
chiral dopant molecule. The central reflection band of Ch-LC is
determined by the pitch (P), average refractive index (n,y,) of the
material and incident angle of light (Equation (1)). Pitch (P) of
the Ch-LC depends on the concentration (C) and helical twisting
power (HTP) of the chiral dopants (Equation (2)). Ch-LC selective
mirrors demonstrate a distinct advantage over, say, an inorganic
Bragg reflector in that the LC self-organizes into a helical struc-
ture and can be easily processed from solution. Moreover, Ch-LCs
can be made responsive to external stimuli, including tempera-
ture, electric/magnetic fields, light, pH, humidity and gasses
that makes them interesting for a variety of applications.?*%! It
is important to note that since a cholesteric-based reflector has a
degree of angular dependence with respect to the incident light
(Equation (1)), a blue shift in reflection band will be observed on
deviating from the normal incident angle.?5%”] The bandwidth of
the light reflected by the Ch-LC is determined by the difference
between the extraordinary (n.) and ordinary (n,) refractive indices
and the pitch of the host LC (Equation (3)).

Ao =P X 1y, X cOSO (1)
CxHTP @)
AL =(n, —ny)x P 3)

The maximum reflection by the cholesteric reflector layer is
limited to 50% of the incident sunlight, matching the polari-
zation of the helix: that is, a right-handed cholesteric will
reflect only right circularly-polarized light. Both left-circularly
polarized light and light outside of the cholesteric reflection
bandwidth are unaffected by the liquid crystal matrix and are
transmitted normally (Figure 3).12]

LC molecules can be oriented in number of ways between
two glass plates (Figure 4). The arrangements of the LC mole-
cules determine their collective optical properties. For example,
when the molecules are arranged in a helical fashion and par-
allel to the substrate, known as planar alignment, the layer
reflects light of specific wavelengths depending on the pitch and
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Figure 1. a) U.S. Buildings Energy End-Use in 2008. b) Solar spectrum on Earth (Data taken from National Renewable Energy Laboratory).

transparent for the rest of the wavelengths as described above.
In a focal conic alignment, which consists of aligned molecules
where the helical structure is preserved but tilted with respect
to the substrate, results in more scattering of the incident light
as the refractive index changes continuously from the top to the
bottom of cell. In the homeotropic alignment, where molecules
extend perpendicular to the substrate, the layer is transparent to
all the wavelengths of light.

Apart from LCs, we also briefly discuss other organic mate-
rials originally intended for control of visible light that could be
adapted to IR control elements. Furthermore, we also discuss
the influence of these IR managing windows on temperature
control and energy savings in the built environment. Inorganic-
based window solutions, including metallic based reflective
layers,28311 photochromic,?32331 electrochromic,?#3+3 and
thermochromicl340-43] systems, plasmonic nanoparticles,364446]
aerogel glazing, ! privacy windows,*¥! thin film photo-
voltaics,*) and even microfluidic®® based windows have not
been discussed in this review, as they have already received con-
siderable attention and discussion. Additionally, organic based
window devices and materials primarily intended to absorb and
control visible light passage, including electro-,P=>3 photo-,
and thermochromicl® windows, are also beyond the scope of
this review of infrared control materials: they have already been
detailed in a number of excellent review articles.

This review is separated into three parts. The first two will
describe efforts in the areas of static systems and dynamic

(adjustable) IR regulating elements. The final section will spec-
ulate as to some possible future research areas that are ripe for
exploitation.

2. Static IR Regulating Window

We define a static IR regulating window as a window whose
properties do not change with external stimuli. In other words,
the infrared control is a permanent feature of the window,
regardless of exterior conditions.

2.1. Absorption Based Technologies

The simplest IR control solution is to use a dye which is trans-
parent in the visible region and absorbs only infrared radia-
tion.’ The shortcoming of absorbing based systems is the
majority of absorbed energy is eventually re-released as heat,
with approximately half the heat being radiated into the room
space. A more advanced absorption-based concept is the lumi-
nescent solar concentrator (or LSC),>® illustrated in Figure 5.
The LSC uses dyes embedded in the polymer or glass plate
which functions as the window. The dyes absorb the near IR
sunlight and subsequently fluoresce at a longer wavelength. A
fraction of this re-emitted light is trapped in the higher refrac-
tive index polymer or glass panel which acts as a lightguide.

Figure 2. Schematic diagram of an ideal smart window reflecting infrared radiations in warm days (left) and allowing it to enter in cold days (right),

while remaining transparent in visible region in both climate conditions.
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of the LC itself (Equation (3)), which would
have limited impact on controlling interior
temperatures.

The range of IR wavelengths reflected may
be increased by creating a broadband cho-

lesteric reflector. There are a variety of ways
in which this may be achieved. The simplest
is to simply layer narrow band cholesterics
of different pitches on top of one another.[%
The drawback of this is that the layers need to
be laminated together in an extra processing
step, and the number of layers necessary for
effective IR control grow rapidly: to cover
the spectrum from 750-1100 nm requires a
minimum of three cholesterics layers. How-
ever, as mentioned earlier, even this will
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Figure 3. a) Schematic diagram showing the reflection of light by Ch-LCs: reflecting circular
polarized light of same handedness. b) Typical transmission spectrum of Ch-LC.

The trapped emission light is transported by total internal
reflection and only exits at the edges of the window, where it
may be converted to electricity via the use of attached photovol-
taic cells.P® A significant fraction of absorbed light energy in
LSCs is still lost through the top and bottom surfaces,””! and
thus still would contribute towards interior heating. In addi-
tion, the absorption ranges of the dyes in such devices are still
quite limited, often with significant absorption in the visible
wavelength region and thus only process a small fraction of the
total incident light.®]

2.2. Reflection Based Technologies

There is an enormous literature of Ch-LCs being employed
to reflect visible light for a wide variety of (display) applica-
tions.”? What has not been as widely exploited are cholesterics
as IR control elements in transparent windows in buildings and
automobiles. One of the key challenges to employ Ch-LCs as
IR reflectors are their limited bandwidths when directly pro-
cessed from solution. For regular cholesterics, bandwidth is
restricted to around 100 nm in the IR due to the limited An

a)

allow a maximum of 50% reflection (one
handedness of the incident light), so a full six
layers will be minimally required for effec-
tive IR control. The lamination of additional
layers has an added potential disadvantage of
introducing additional haze into the system,
something that an IR reflector to be employed in a window
should seek to avoid as much as possible.

A second option to obtain a broadband reflector is to create
a pitch gradient in a single layer; in other words, for the Ch-LC
to display a number of different pitches within the same film.
A number of methods have been developed to fabricate pitch
gradient broadband reflectors in the visible region,” some of
these methods have produced reflection bands in the infrared
region appropriate for window applications. The most common
method for creating broadband Ch-LC reflectors was developed
by Broer et al.®l and employed a liquid crystal mixture con-
sisting of a nematic monoacrylate and chiral diacrylate which
acts as the dopant. Exposing the acrylate mixture to a low-
intensity UV light induces polymerization in a non-uniform
manner.[®Z The differing reaction rates of the monoacrylate and
diacrylate to the UV light results in diffusion of more reactive
(diacrylate) materials towards the illuminated side, generating
a variation of the chiral dopant concentration between the top
and bottom of the film (Figure 6a), resulting in a pitch gra-
dient. In this way, a broadband Ch-LC reflecting from 750 to
1050 nm was fabricated.®”l By combining two broadband reflec-
tors, either stacking a right- and left-handed film on top of one

Planar orientation
(reflective state)

Focal conic orientation
(scattering state)

Homeotropic orientation
(transparent state)

Figure 4. Different orientation of Ch-LC molecules in the cell and their optical behaviors. a) Planar orientation: reflecting a certain wavelength of light
depending on the pitch, b) focal conic orientation: scattering the incident light, c) homeotropic orientation: transparent for all the wavelengths of light.
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Figure 5. Schematic of the visible transparent luminescent solar concen-
trator. Infrared radiations from the sun is absorbed by the fluorescent
IR dye and re-emitted at the longer wavelength which undergoes total
internal reflection and reaches to the edge where an attached solar cell
converts it to electricity.

another or by stacking two identical like-handed films separated
by half-wave plate which converts right-circular to left-circular
polarized light (and vice versa), a full IR reflector for sunlight
(reflecting both the polarization of light) with a bandwidth of
300 nm has been produced (Figure 6b).) The amount of the
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infrared light that is reflected by this broadband Ch-LC is close
to 60% of the total infrared energy while remaining transparent
in the visible region (inset Figure 6b).

Using the transmission spectra of the fully-reflecting broad-
band cholesterics, the effects of using such films on windows
in various locations across the globe were simulated, and it
was determined that such reflectors could result in differ-
ences between exterior and interior temperatures of up to 6 °C
compared to standard double glazing window (Figure 6¢) in
a Chicago environment, as an example. However, since the
reflectors are permanent (static), in temperate climates the
net effect of using a permanent reflector was actually nega-
tive in wintertime, when entry of IR light might be consid-
ered a benefit.®?l At steeper incident angles of light, there is
a pronounced blue shift in the reflection band, approaching
some 140 nm or more at incident angles around 60 degrees.
Thus, care must be taken that the short band edge of the broad
reflector does not shift into visible wavelength reflection range,
else a pink reflection color will be evident at greater incidence
angles.

uv

c)

Max. temperature difference (AT ), °C

0 T
0 50

T T T T T
150 200 250 300 350

Day of year

T
100

Figure 6. a) Schematic diagram showing the diffusion direction of different monomers in the film during polymerization in the cell. b) Cell transmis-
sion spectrum of right- and left- handed films superimposed on each other (inset: photograph of the sample demonstrating the transparency in the
visible region). c) Predicted decrease in interior maximum temperature as a function of the day of the year for superimposed right-and left-handed
cholesterics compared to standard double glazing window for an office room in Chicago, USA. Reproduced with permission.l®d Copyright 2014, The

Royal Society of Chemistry.
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Another method to fabricate the broadband reflector is
developed by Zhang et al. They fabricated an ultra-broadband
reflector using the properties of so-called layered smectic A
(SmA)-like short-range ordering (SSO) structures. SSO struc-
tures are formed just above the SmA to cholesteric transition
temperature where the layers start to twist and consist of very
large pitches. The LC mixture was photo-polymerized just
above the SmA-Ch transition temperature to induce diffusion
of the nematic (diacrylate) molecules toward the illuminated
side (Figure 7a), resulting in a gradient from cholesteric to
SmA-like short-range ordering structures (Figure 7b), forming
the ultra-broad reflector which reflects light from 780 to
14000 nm (Figure 7¢).[%3] Using two layers of opposite handed-
ness (reflecting 100% of total infrared energy), such an ultra-
broadband reflector could have a significant impact on energy
savings in the built environment.

Chen et al. made a broadband infrared reflector reflecting
light from 1000 nm to 2400 nm by polymerizing LC crosslinker
in the presence of a chiral photoisomer, which was an
azobenzene derivative displaying different HTPs in the cis and

b)

www.advancedsciencenews.com

trans forms (Figure 8a).° Upon illuminating the monomer
mixture with UV light, the trans- azobenzene isomerizes into
cis. Due to absorption of UV by the azobenzene, a UV light
gradient was formed through the thickness of the film. This
causes the crosslinker to polymerize faster at the illuminated
side compared to the bottom of the cell, resulting in diffusion
of the crosslinker from the bottom to the top of the cell.°®
Upon subsequent exposure of the film to visible light, the cis-
azobenzene isomerizes back to the trans- form, but only in the
lightly crosslinked region at the bottom of the cell, whereas the
higher crosslinked areas at the top of the cell remain in the cis-
form as there is less network flexibility to allow the embedded
azobenzene to isomerize (Figure 8b). Due to the presence of
both cis (low HTP) and trans (high HTP) state azobenzenes
throughout the thickness of the film, there is a gradient of the
pitch from top to bottom, and hence there is formation of a
broadband (A4 = 1400 nm) reflector (Figure 8c). However, due
to absorption of the azobenzene at shorter wavelengths, such
reflectors are colored and thus, are not completely transparent
in the visible region.
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Figure 7. a) Schematic diagram of diffusion of the monomers. b) Schematic presentation of the procedure of film preparation: (I) formation of a
homogenous Ch-LC thin film from a mixture of nematic monoacrylate (NM), nematic diacrylate (ND), smectic monoacrylate (SM), dye and photoini-
tiator; (I) UV radiation creates a ND concentration gradient inducing the intensity gradient of the SSO, and (l11) a film with a pitch gradient is prepared
after polymerization. c) Transmission spectra of different Ch-LC polymer films showing that the bandwidth of the reflection band can be tuned by varying
the composition and polymerization conditions. Adapted with permission.[®3l Copyright 2016, Taylor & Francis Ltd.
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Figure 8. a) Molecular structure of the crosslinker C6M and chiral trans-azobenzene. b) Schematic diagram showing the principle of fabrication of
broadband reflector using chiral azobenzene in polymer-stabilized Ch-LC. c) Transmission spectrum Ch-LC film before (blue) and after illuminating
the UV-light (red). Adapted with permission.[®4l Copyright 2013, The Royal Society of Chemistry.

Gao et al. fabricated IR reflecting films by blending cholesteric
side chain liquid crystal polymers (ChSCLCPs) with the glass
laminating transparent material ethylene-vinyl acetate (EVA)
copolymer.[%¢] ChSCLCPs were used for window application due
to their thermal stability and easy processability. ChSCLCPs
of different pitches with reflection bands centered at 1000 nm
(PI), 1400 nm (PII) and 1800 nm (PIII) were blended with EVA
and stacked together (Figure 9). The film was then heated and
compressed to thermally diffuse the different pitches into each
other so that a continual infrared-broadband reflector could be
achieved. An energy conservation efficiency of 40.4% was deter-
mined by calculating the change in the absorbed energy of the
model house with and without the IR reflector. A temperature
difference of 3 to 4 °C was observed using these materials com-
pared to window consisting of only two layers of a polyethylene
terephthalate film laminated with EVA. Peeling strength of the
EVA/ChSCLCPs film was measured to be the same as pure
EVA laminated film, which makes the mix suitable for practical
application. Unfortunately, the scattering of visible light was
relatively high, impairing vision of objects through the window.

Apart from LC materials, distributed Bragg reflectors using
purely organic materials can also be made,[”! but in general
the difference in refractive indexes of the organic materials are
too low to make effective reflectors without a great number of
layers. Hybrid organic/inorganic distributed Bragg reflectors
are also an option, for example using three alternating pairs of
sputtered CF,/TiO,,l®® or CF,/CF,(Au) resulting in reflection
bands 400-500 nm broad.[*’]

Adv. Energy Mater. 2017, 7, 1602209
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Organometallics display reflective properties in the IR,
including copper phthlocyanines’” and chlorophyll,”!
although the cause of reflection of IR by the latter has not been
confirmed; it may well be a supramolecular or other structure
in the leaf that is actually responsible for the reflection.l’? More
exotic structures are found in nature, such as fractal superla-
ttices that can reflect a broadband of IR light, although they
often reflect components of visible light as well.”3!

3. Dynamic IR Regulating Window

In areas of the world under constant heat stress, such as the
Middle East, continual rejection of IR light could be quite
desirable. However, in more temperate zones, such as the
Midwestern United States, it may be more appropriate to
employ materials capable of reflecting unwanted IR light
in periods of high environmental temperatures in summer
months, but allowing passage of IR light in periods when
warming from external sunlight would be desirable, such as
spring, autumn, and winter (Figure 2). This section describes
several responsive systems that regulate their properties to
reflect/transmit the IR light to balance the indoor tempera-
ture conditions throughout the year. The trigger for this switch
could be a variety of stimuli: electrical field, temperature, or
perhaps even the intensity of incident light. However, electric
fields, used to regulate window properties manually, and tem-
perature, used to regulate window properties autonomously

wileyonlinelibrary.com

(7 of 18) 1602209



1602209 (8 of 18)

ADVANCED
ENERGY
MATERIALS

ADVANCED
SCIENCE NEWS

www.advenergymat.de

a) P1 P2 DN

P3 & EVA x,
——— 1 \$A
I B
.’ % / “4!
————
Heating

Compression p,

(]
~

321 ==

[S) lz m

< 30

4

S

i

g 28}

£

()

= —o—ISF
261 —=—CTRL

0 4 8 12 16

Exposure Time / min

20

o,
~

www.advancedsciencenews.com

Transmittance / %

—a—P| —0—B. —e—PIl B-Il —A—P-ll

00 1100 1400 1700 2000

Wavelength / nm

W
[e1d)}

N
4

N
o
T

-
(S}
T

-
o
T

Peel Strength / N mm”

o ISF
o CTRL

o
8]
© 9 om0

6 9 12

Elongation / cm

o

(=]
o
wh

Figure 9. a) Schematic showing the fabrication of IR shielding film with different pitch length shown as PI, PIl and PIIl. b) Transmission spectra of
the film in different regions. c) Change in temperature of the model house under exposure of sunlight. Here, ISF: the house with the IR shielding film
attached to its window, CTRL: the house with two layers of Polyethylene terephthalate film laminated with EVA attached to its window as a control
experiment (inset picture is the photo of the model houses). d) Peeling strength results of the samples (ISF) and control film (CTRL). Reproduced with

permission.l®l Copyright 2016, The Royal Society of Chemistry.

with environment changes, are the most common triggers for
the window application. We will discuss these different aspects
under separate headings, with the last approach (intensity of
light as trigger) delayed until part 3, future options.

3.1. Electrically Responsive Window

Before we discuss infrared regulators based on LC materials, it
is important to understand the anisotropy of the LC molecules.
In simple terms, a positive dielectric (+Ag) anisotropic rod-
like LC molecule exhibits dipole moment along the molecular
axis, whereas negative dielectric (-Ag) anisotropic molecules
display dipole moments perpendicular to the main molecular
axis. Therefore, on application of an electric field between two
glass plates of a planar aligned LC cell, LC molecules with +Ae
undergo homeotropic orientation, in contrast to —Ae LCs, which
remain undisturbed in their initial planar state under the same
electric field. In this review, the anisotropy of the molecule
should be considered as positive, if not mentioned specifically.

3.1.1. Scattering and Absorption Based Technologies

A number of switchable privacy windows based on polymer
dispersed liquid crystals (PDLC) and polymer stabilized liquid

wileyonlinelibrary.com © 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

crystals (PSLC) have been designed to control visible light. In
PDLC based windows, micrometer sized LC droplets are dis-
persed in a polymer matrix, whereas PSLC windows employ
composites of non-polymerizable LC mesogens and a polymer
network. (Figure 10). Two modes are generally available in these
privacy based windows: a normal mode, where the window is in
a scattering/privacy mode in the ‘off” state, and a reverse mode,
where the window is transparent in the ‘off’ state.’* Generally,
the reverse mode is preferred, since in case of ‘power failure’,
the window remains in a transparent state rather than in a scat-
tering state. These privacy windows which are focused on vis-
ible light control have been reviewed, and beyond the scope of
this work.”>-8 PDLC based windows are already commercially
availablel”®! but mostly used for indoor purpose. Privacy based
windows have also been developed using smectic/cholesteric
liquid crystal phases where the window can be switched revers-
ibly between transparent (planar and homeotropic) and scat-
tering (focal conic) states.[8183]

A recent nanoparticle/polymer construct using indium tin
oxide (ITO) nanoparticles and polythiophenes showed electro-
chromic behavior and demonstrated promising characteristics
in being able to reversibly control IR ingress above 800 nm
by applying just 1.25 V (Figure 11).B4 However, there is evi-
dence of considerable absorption in the visible light range. A
similar situation is seen in Co(Il)-based metallo-supramo-
lecular polymer systems.[®5] Other options, such as organic

Adv. Energy Mater. 2017, 7, 1602209
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Figure 10. Schematic diagram of normal mode a) PDLC and b) PSLC based window showing
scattering of light in ‘off’ state (left) and transparent in presence of electric field (right).

electrochromics, appear confined to visible wavelengths.[86-88]

An electrically responsive system which functions by redox
reaction of the organic based ionic liquid crystals to control vis-
ible light passage has also been studied,®! but to our knowl-
edge no subsequent efforts in the IR region have been reported.

3.1.2. Reflection Based Technologies
Using uniform pitch Ch-LCs, a number of narrowband reflec-

tors with bandwidths of 100-200 nm have been fabricated. Upon
exposure to an electric field, they could be switched between
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Figure 11. Transmission spectrum of the poly (3,3-dimethyl-

2,2-bithiophenyl)-ITO film showing that different fraction of IR and vis-
ible light can be control by applying different voltage. Reproduced with
permission.® Copyright 2016, American Chemical Society.
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planar (reflective state) to homeotropic
(transparent state) orientations (Figure 4).
A number of Ch-LC based narrowband reflec-
tors, both in visible and infrared regions,
have also been developed which can tune the
I position of reflection notch within a limited
wavelength region in presence of an electric

\ field.P*U Such narrow bandwidth reflec-
Voltage tors can influence only a minor fraction of
) supply  infrared light, and would have only limited
impact on interior temperatures.

Binet et al. have fabricated broadband
infrared reflectors by inter-diffusing two
layers of different pitch lengths, consisting of

polymer stabilized siloxane and non-reactive
l LC mesogens."? Interestingly, the reflection
l band obtained is not simply the sum of the

reflection band of the individual layers and
l can be controlled by UV curing conditions
(Figure 12a). These siloxane-based layers
can be further switched between planar
l and homeotropic states by application of an
electric field, and therefore can be used to
make switchable IR reflectors (Figure 12b).
The bandwidth of the broadband, centered
around 1810 nm, is 310 nm. However, this
can further be tuned to an onset wavelength 700 nm to have
greater impact on the energy savings.

Recently, we have fabricated an electrically switchable IR
reflector using a low molar mass non-reactive LC mesogens in
a polymer stabilized network.”>* By using a mixture of reac-
tive chiral mesogens and non-reactive materials in the pres-
ence of a UV-absorbing dye, the reactive fraction in the LC
mix begins to polymerize at the side being illuminated. This
causes a diffusion of chiral reactive mesogens to the polymer-
ized region, which in turn leads to formation of the pitch gra-
dient throughout the thickness of the film. This results in a cell
containing a skeletal network of polymerized materials to act
as a ‘memory’ state for the unpolymerized materials, which at
rest will assume the order instilled by the polymerized network.
Upon exposure to an electric field, the non-polymerized mol-
ecules can reorient to the homeotropic state (Figure 13a). Since
there is not enough polymerized network to form a reflection
state by itself, the reflective state is lost and the system becomes
purely transmissive. Upon removal of the field, the LCs relax
and are directed by the polymerized skeleton to resume their
original orientation and reflective state.l”>%! Using this tech-
nique, we have fabricated a broadband infrared reflector
which reflects light from 700 to 1400 nm that remains trans-
parent in the visible region.”®! On application of 8.6 V um,
the LC molecule arranges themselves homeotropically, which
results in transparency in the visible as well as infrared region
(Figure 13b).

To better understand the relation between global climate
conditions and potential energy savings using these particular
switchable IR control windows, simulations were carried out
assuming three different climates: (1) Abu Dhabi, United Arab
Emirates (a warm climate) (2) Amsterdam, the Netherlands
(a cold climate) and (3) Madrid, Spain (a moderate climate). For
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Figure 12. a) Transmission spectra of films PSCLC1, PSCLC2 and UV-
cured sandwich cell of PSCLCT and PSCLC2. b) Transmission spectra of
sandwich cell upon application of different voltage showed that polymer
stabilized Ch-LC can be switched from reflection (0.86 V) to scattering
(47 V) to transparent state (169 V). Adapted with permission.’2 Copy-
right 2001, AIP Publishing.

each climate condition, we calculated the energy consumption
of a standard office building equipped with double glazing win-
dows, and compared its performance to a building using either
a broadband static or dynamic IR reflector; the latter window
was to switch to the transparent state whenever the external
temperature dropped below 22 °C. As shown in Figure 13c,
it was found that static IR reflectors performed best in warm
climates like Abu Dhabi, as IR needs to be reflected almost
constantly throughout the year. Double glazing was found to
be optimum in cold regions like Amsterdam where IR radia-
tions were desirable throughout the year. The performance
of the switchable IR reflector was most favorable in the mod-
erate climate of Madrid. It was predicted that the switchable IR
reflectors could save more than 12% on the building’s energy
consumption, whereas static IR reflectors could save only
3% on energy compared to standard double glazing window.
It is important to note that the energy required to switch the
window from reflective to transparent states was not included
in this initial simulation study; the power/voltages needed to
switch the window were relatively high. In addition, switchable
IR reflectors were revealed not to be user friendly in moderate
climate condition, as it is difficult to decide whether to keep
window in the reflection or transmission state.

1602209 (10 of 18) wileyonlinelibrary.com © 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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To reduce the switching voltage/power and fabricate a more
user-friendly window, we employed a negative dielectric aniso-
tropic (—Ag) LC and the technique of designing an ion-accepting
linker molecule suggested by the work of White et al.’® The
(poly)ethylene glycol (PEG) based linker molecule (Figure 14a)
enhanced the collection of positive charges and increased the
distortion of the partially polymerized LC network under an elec-
tric field, resulting in compression of pitches at negative elec-
trode whereas at positive electrode, it expanded (Figure 14b).[%’]
In a cell of sufficient thickness so that the number of pitches is
relatively high, there are pitches in the middle of the cell which
remain undisturbed by an applied field. So, the combination of
expanded, compressed and unchanged pitches results in forma-
tion of a 1100 nm broad reflection band spanning from 700 to
1800 nm with minimum impact on visible light transmission,
while simultaneously reducing the voltage required to switch
the system to around 1.2 V um™ (Figure 14c,d).””] By applying
0to 1.2 V um™, a bandwidth from 120 nm to 1100 nm can be
tuned, corresponding to rejection of 8 to 45% of the total inci-
dent infrared energy. Using this system, one could select the
fraction of infrared to be reflected depending on the external
climate conditions so that a comfortable indoor temperature
can be maintained throughout the year. Calculation shows that
more than 12% (including the energy to switch the window)
of the total energy used in the built environment can be saved
in the Madrid climate using the fabricated bandwidth tunable
reflector compared to a standard double glazing window.">%’]

Hu et al. demonstrated a broadband reflector in the infrared
region by using a charged chiral ionic liquid in a Ch-LC mix-
ture (Figure 15a).°%% Due to diffusion of the charged chiral
dopant in a negative dielectric anisotropic (-Ag) Ch-LC mixture
in the presence of DC electric field, a pitch gradient is created
throughout the thickness of the cell, leading to formation of the
broadband (Figure 15b). At the same time, DC electric fields
also introduce disorder in alignment of the LC molecules,
resulting in light scattering. To reduce scattering, an AC electric
field was applied and turned off quickly just after application
of a DC field to obtain the planar orientation of the Ch-LC mix-
ture. On further applying the reverse DC bias with a suitable
field, broadband was switched to narrowband as a result of uni-
form distribution of the chiral dopant throughout the thickness
of the film (Figure 15c). Similar mechanisms using chiral ionic
polymer networks in —Ae Ch-LC has also been used to generate
tunable broad-to-narrow bandwidth reflectors upon application
of electric fields.’% These systems can be further optimized for
real applications by tuning the broadband to the near infrared
region and improving the transparency in the visible region.

Xiang et al. have designed narrowband tunable reflectors
which can modify their reflection positions over a wide range
by utilizing the properties of the heliconical Ch-LC state.[1!] By
systematically increasing the electric field, a blue shift in the
reflection band with changes in the positon of reflection notch
from 1100 to 300 nm was observed. The limitation of these
systems is that they reflect only a fraction of infrared energy
because of their inherent narrowband nature, which results in
limited impact on indoor temperature. However, this system
can be improved by stacking multiple switchable cholesteric
windows for full spectral coverage, but this would be a consid-
erable design and manufacturing challenge.

Adv. Energy Mater. 2017, 7, 1602209
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3.2. Temperature Responsive Windows
3.2.1. Scattering and Absorption Based Technologies

Hydrogels based on poly(N-isopropylacrylmide) have been
used to control visible light at elevated temperatures.'°2 The
hydrogel film of a specific thickness is transparent at room
temperature but as the temperature rises above the lower crit-
ical solution temperature (LCST), the film starts scattering,
resulting in less light entering the interior spaces (Figure 16).
Similar behavior has also been demonstrated using hydroxy-
propylcellulose based hydrogel.l'® Photo-thermotropic hydro-
gels can alter their transparency and reflective properties when
illuminated by sunlight.'% In these systems, a material such
as graphene is dispersed in a hydrogel network. The graphene
enhances uptake of energy which is stored in the water while
maintaining transparency. Upon an increase in the water tem-
perature to a specified level, the network breaks apart, resulting
in a semi-reflective scattering state and loss of transparency.
Phase change materials (PCMs) have most often been
applied to opaque elements but there are examples of applica-
tion in window systems.'®! The PCM takes advantage of the
latent heat storage potential in the phase transition between
the liquid and solid states. This transition can be used for heat
storage and by increasing the thermal inertia of the window,
which both aid in maintaining interior temperatures. The
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transmission of light through the window for both the solid
and liquid states have, however, often proven to be only modest
using commercially available materials!'® and often resulted
in scattering, and thus completely disrupt the exterior view.'?”]
While the commercial materials tend to be inorganic based,
there are organic PCMs that could conceivably fill this role, ]
but it remains to be seen if they could be considered for use in
window applications.

The phase transition from SmA to cholesteric at elevated
temperature has been used to fabricate a scattering-based vis-
ible light controlling window. Homeotropic orientation of SmA
LC at lower temperatures results in the transparent state of the
window whereas at elevated temperature, LC changes to cho-
lesteric phase, leading to change in the orientation of the mole-
cules to a focal conic state, resulting in scattering of light.[1%’]
A particularly interesting system employed a printed organic-
based photovoltaic with embedded inorganic VO, nanoparticles
that would change transmission upon exposure to increased
temperature.''” While the device interfered with visible light,
the authors were clear in their desire to target the NIR spectrum
for purposes of interior temperature control while simultane-
ously generating electricity from visible light. If this could be
accomplished by using embedded organic materials absorbing
outside the visible range, this could be a very attractive device.

An exotic example of a dynamic heat control element using
organics are holographic polymer dispersed liquid crystals.!'!]

wileyonlinelibrary.com (11 of 18) 1602209
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Figure 14. a) Molecular structure of the twin molecule used to fabricate the smart tunable window. b) Schematic diagram showing the working prin-
ciple. c) Transmission spectra of Ch-LC mixture in 50 um cell on application of 0-60 V. d) Bandwidth of the Ch-LC with respect to the applied voltage
per micron thickness of the cell (inset: photograph of the IR reflector showing the transparency for the visible light at 0 V). Reproduced with permis-

sion.l’’] Copyright 2016,The Royal Society of Chemistry.

These films are quite angularly dependent, and while can be
efficient on excluding IR light at specific incident angles, they
are generally transparent at other incident angles, which makes
control of diffuse light difficult. The report demonstrated a
change of 15% in transmission through a sample cell as the
temperature approached 30 °C.

3.2.2. Reflection Based Technologies

Yang et al. developed a method which would be quite effective if
used as a temperature responsive window.''?l The device used
a chiral dopant which increases its helical twisting power in a
polymer stabilized Ch-LC upon increasing the temperature
(Figure 17a). At higher temperatures, the LC molecules will
not be able to twist as much in areas of high polymer network
density due to the anchoring effect from the polymer network,
whereas in the low polymer network density region, the LC
molecule will be able to twist to accommodate the increased
HTP of the chiral dopant.[''3-115] Therefore, via the combination
of lower (larger wavelength reflection band) and higher (smaller
wavelength reflection band) twisting in a single sample, a
broadband infrared reflector was formed at higher tempera-
ture (Figure 17b). At lower temperatures (around 5 °C), the
device reflected light from 2050-2400 nm. As the temperature
increased to 40 °C and 50 °C, this polymer stabilized system

reflected light from 950-2400 nm and 800-2400 nm, respec-
tively (Figure 17c). This configuration allows the maximum
amount of infrared energy to enter in winter while reflecting
a large amount of solar infrared energy in summer, so that it
would save on both heating and cooling energy demands in the
built environment.

Natarajan et al. have demonstrated a remarkable blue shift
of a narrow band reflector from 2300 to 500 nm on increasing
the ambient temperature, as shown in Figure 18.°1 This
thermal tuning was attributed to the pre-transitional effect of
smectic-to-cholesteric phase transition. As the infrared energy
from the sun increases continuously from far to near infrared
region, with this method a lesser-to-greater amount of infrared
energy can be reflected on continual increase in temperature.
However, the tuning temperature is not ideal for window appli-
cations (from 30-60 °C), but could be further optimized. The
total amount of energy reflected is limited as only a small band-
width of IR light is reflected, but by optimizing the LC mixture
it could be useful where the change in the temperature is not
extreme.

4. Outlook and Future Challenges

So far, we have discussed different kinds of infrared regu-
lating devices using primarily organic materials. Many of these
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Figure 15. a) Molecular structure of the ionic chiral dopant used. b) Transmission spectra of the cell upon application of different DC voltages.

¢) Schematic drawing showing the mechanism of fabrication of broadband from narrowband reflector and vice versa. Adapted with permission.*”
Copyright 2010, John Wiley & Sons.
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systems were designed for visible region and targeted for some
other applications. However, the potential use of the mate-
rials as infrared control elements for buildings or automobiles
were not considered in the original work. As more attention is
directed towards solving the increasing energy problem, more
materials can be adapted for this application. In this section we
discuss some potential future options.

An interesting trigger to switch the properties of the window
could be intensity of light. In the past decade, a number of light
responsive chiral dopants which can change their HTP either
upon isomerization or helical inversion have been used to
tune the position of a cholesteric reflection notch over a wide

range.'1118] A light responsive system which can change its
reflection bandwidth based on the intensities of light would
be very attractive. First steps for such a responsive system
in the visible and infrared regions have been taken by White
et al. using a chiral azobenzene photoisomer doped in a Ch-LC
cell.'¥ The reflection bandwidth was increased to 1700 nm
with a specific sample thickness and intensity of light. This
system would be even more interesting if the effective reflec-
tion bandwidth is stable for longer duration of time and could
be accomplished using a light responsive dye which does not
absorb visible light. Other potential approach is to design sys-
tems responsive to multiple triggers simultaneously. As an
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Figure 18. a) Temperature dependent transmission spectra of Ch-LC containing S811 (chiral dopant, 28 wt%) in nematic LC host. b) Change in the
position of reflection notch of the cell containing 26 wt% S811 in nematic LC host. Reproduced with permission.’l Copyright 2008, AIP Publishing.
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example of a multi-trigger system, an IR reflective matrix that
may be manually tuned by exposure to an electric potential, or
automatically in response to temperature increases has been
produced which relies on a polymer stabilization network very
finely tuned as to its crosslink density.l'?l Such a system archi-
tecture would be interesting if this can be produced without
scattering light in the visible region.

Responsive liquid crystal blue phases reflecting in the
infrared region could also be employed for window appli-
cations. Most research carried out to date using blue phases
has concentrated on controlling visible light.?!] A red shift in
reflection band has been demonstrated in the presence of an
electric field.'??l Recently, broadening of the reflecting band-
width upon application of electric fields has been shown in
polymer stabilized blue phase LCs in the visible region.'?}l The
broadening was attributed to the inhomogeneously distributed
polymer network throughout the thickness of the cell, which
causes non-uniform displacement of the polymer in pres-
ence of a DC electric field. Temperature-dependent blue shifts
in the reflection band due to lattice distortion have also been
reported.[124-126] Red shifts in the reflection band upon illumi-
nating azobenzene doped blue phases with light have also been
demonstrated in the visible region.l'?”128] Furthermore, there
are also number of other organic based 2D and 3D photonic
materials which reflect narrow bandwidths of light, mostly in
the visible region.213% These materials could be adjusted to
interact in the infrared region. If multilayers of these photonic
materials reflecting in different wavelengths could be produced,
this would allow for broad reflection bands, and could find
application as a smart window.

As discussed in the previous sections, there are several
advantages of using Ch-LCs for the window application but
one of the main limitations of existing Ch-LC based technolo-
gies is that they reflect only one polarization of light, which
leads to maximum 50% reflection of unpolarized light. Reflec-
tion can be improved to 100% by using two films of opposite
handedness or inserting a halfwave plate between same-handed
films.13U Few methods have also been developed to enhance
the reflection past 50% in a single film. One example is using
thermal helicity inversion of the chiral dopant;32133 in this
system, a chiral dopant is used that changes its handedness
upon heating. A second example is using a wash-out proce-
dure where non-polymerizable LC is removed from a lightly-
crosslinked LC cholesteric polymer network, and the resulting
empty space is refilled with cholesteric forming LCs with oppo-
site handedness.'3*13¢] However, a scalable method which
can reflect a broad wavelength region and both polarization of
infrared light is yet to be realized.

Reflection properties of Ch-LCs, similar to all other standard
Bragg reflectors, are incident angle dependent. To reduce the
angular dependency of Bragg reflection based smart windows,
polymer stabilized Ch-LC particles could be a good alterna-
tive.'¥”] Other advantages of using the polymer stabilized
Ch-LC particles are that they do not require an alignment layer
on the substrate used to fabricate the device. Moreover, they
can be scaled up in large quantities for effective commercial
application, unlike the polymer stabilized cholesteric films.[3]
These particles could be dispersed in a polymer matrix and
applied as a coating for existing windows. Other polymer based
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systems, such as using dispersed cholesteric flakes reflecting IR
light, and siloxane based responsive broadband reflectors which
can directly be coated on the existing windows should also be
researched.l'*] Other responsive polymer-based photonic mate-
rials could also be developed in the infrared region for coating
purposes.[140]

To reduce the power consumption of the various electrically
switchable cholesteric-based LC windows, some form of bistable
system could be envisioned.'*!l Bistable systems consume
energy only to switch from one state to another and no energy
is required to remain in any one state. Earlier reports have
provided some examples, such as the switchable scattering-to-
clear state system using the cholesteric/SmA phase.[8%141-14] Of
course, these mixtures often rely on polymer stabilization, with
its concomitant challenges in reducing scattering in the visible
spectrum.

Another future application could combine the function of
the cholesteric-based switchable broadband reflective window
with an energy generating window.'#¢147] Most of the reported
organic and inorganic materials based energy generating
window absorb in the visible region.'*-151] These energy gen-
erating windows relied on luminescent dye absorbing incident
light and re-emitting it at a longer wavelength, based on the
principle of LCS. In this modified device, rather than deploying
fluorescent dyes in the nematic LC host, the fluorophores are
instead introduced into a polymer stabilized broadband IR
reflecting Ch-LCs.®3l It was demonstrated that the visible-light
control aspects of the dye are preserved (and thus the potential
to generate an electrical current), as is the ability to control IR
light. To make this device commercially viable the level of vis-
ible light control need to be improved.>21>3] It is also impor-
tant to show significant potential for electricity generation (at
least enough to switch the window) by using IR dyes which are
completely transparent in the visible region.>%l

As mentioned in the introduction, one of the key features
required for deployment of organic IR control elements will be
their stability. While to our knowledge no in-depth study has
yet probed this question, other liquid crystal based devices have
solved these problems to a large extent: for example, large area
LCD screens designed for outdoor use are in the marketplace.
This gives some confidence that stability challenges to be faced
in the emerging smart IR window industry could be similarly
addressed. Another important factor for commercial acceptance
of the windows is their eventual cost. Since the windows will
offer a type of ‘pay back’ via the reduction of building energy
use (and financial outlay for) electricity for lighting, heating,
and cooling, this could offset a somewhat higher price.

We also envisage these responsive windows to be employed
as a single glazing layer in a standard double or triple glazing
window unit. This would allow retrofitting of existing win-
dows while maintaining similar insulation and sound control
qualities.

Currently, a number of industries are working for the devel-
opment of both privacy and infrared reflection based smart
windows for energy savings. BASF has developed a static IR
reflecting coating which is transparent to visible light and
reflecting near infrared light. SABIC Specialty Film and Sheet,
FUJIFIM and 3M have also developed a film/sheet which
can block infrared radiations. Merck chemical company has
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developed dye doped nematic LC based smart windows that can
tune their absorption or transparency on application of an elec-
tric field. These examples demonstrate the intense commercial
interest in these visibly transparent heat control systems.

5. Conclusions

Windows have a significant influence on energy consumption
in the built environment and human health of the occupants
of the buildings. Several methods, starting from blinds and
shutters to advanced liquid crystals-based technologies have
been developed to control indoor temperatures. Recent require-
ments for windows demand that they should simultaneously
regulate indoor temperatures by controlling passage of excess
of solar energy while also maintaining high transparency in the
visible region to reduce dependence on artificial lighting. In
this direction, a static infrared reflector which can completely
block IR radiation from the sun without interfering with the
visible transparency has been developed. Static systems are
very useful in hot climates like Abu Dhabi, where continuous
rejection of heat is required, but have limited usefulness in the
moderate climate conditions. Manually controlled, electrically
responsive and autonomous temperature responsive technolo-
gies which can change reflection properties depending on the
external environmental conditions have also been developed.
Various experimental and simulation studies have shown that
significant amount of energy can be saved by responsive IR
reflectors compared to the standard double glazing windows.
Developing new technologies like bistable or energy generating
windows could lead to significant improvement in energy sav-
ings and healthier, happier room occupants. It is also important
to mention that most of the IR regulating based window tech-
nologies are still in the research and development phase and
limited to the sample size. One of the biggest challenge while
scaling-up is to achieve minimum haze in the visible region
with good thermal and UV stability. The advantages of using
smart windows is not only limited to the built environment: the
interior temperature of automobiles could be better maintained
by using such windows, leading to additional savings in fuel
energy that is spent on running air-conditioners. Finally, such
smart windows could also be very helpful in improving the
growing conditions within greenhouses where control of tem-
perature is seasonal and vital for the health of the plant.
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ARTICLE INFO ABSTRACT

Keywords: The National Solar Radiation Data Base (NSRDB), consisting of solar radiation and meteorological data over the United
Solar Radiation States and regions of the surrounding countries, is a publicly open dataset that has been created and disseminated
Satellite during the last 23 years. This paper briefly reviews the complete package of surface observations, models, and satellite

data used for the latest version of the NSRDB as well as improvements in the measurement and modeling technologies
deployed in the NSRDB over the years. The current NSRDB provides solar irradiance at a 4-km horizontal resolution for
each 30-min interval from 1998 to 2016 computed by the National Renewable Energy Laboratory's (NREL's) Physical
Solar Model (PSM) and products from the National Oceanic and Atmospheric Administration's (NOAA's) Geostationary
Operational Environmental Satellite (GOES), the National Ice Center's (NIC's) Interactive Multisensor Snow and Ice
Mapping System (IMS), and the National Aeronautics and Space Administration's (NASA's) Moderate Resolution
Imaging Spectroradiometer (MODIS) and Modern Era Retrospective analysis for Research and Applications, version 2
(MERRA-2). The NSRDB irradiance data have been validated and shown to agree with surface observations with mean
percentage biases within 5% and 10% for global horizontal irradiance (GHI) and direct normal irradiance (DNI),
respectively. The data can be freely accessed via https://nsrdb.nrel.gov or through an application programming in-
terface (API). During the last 23 years, the NSRDB has been widely used by an ever-growing group of researchers and
industry both directly and through tools such as NREL's System Advisor Model.

1. Introduction uncertainty in investments [1-4]. Historical solar resource data for
those purposes can be provided by ground-based in situ measurements

Understanding long-term spatial and temporal variability of the or satellite remote sensing [3].
solar resource is fundamental for energy policy decisions, the optimal Pyranometers and pyrheliometers, which use either thermoelectric
design of solar energy conversion systems, transmission interconnection or photoelectric detectors, are the most common ground-based radio-
planning, power systems integration, market operations, and reducing meters to measure global horizontal irradiance (GHI) and direct normal

Abbreviations: %RMSE, Percentage RMSE; ACS, American Cancer Society; AERONET, Aerosol Robotic Network; AOD, Aerosol Optical Depth; API, Application
Programming Interface; ARM, Atmospheric Radiation Measurement; ASHRAE, American Society of Heating Refrigerating and Air-Conditioning Engineers; AVHRR,
Advanced Very High Resolution Radiometer; BND, Bondville, Illinois; CPR, Clean Power Research; DHI, Diffuse Horizontal Irradiance; DISC, Direct Insolation
Simulation Code; DISORT, Discrete Ordinates Radiative Transfer; DNI, Direct Normal Irradiance; DOE, Department of Energy; DRA, Desert Rock, Nevada; FARMS,
Fast All-sky Radiation Model for Satellite applications; FPK, Fort Peck, Montana; GCM, Goodwin Creek, Mississippi; GEOS-4, Goddard Earth Observing System
Version 4; GHI, Global Horizontal Irradiance; GIS, Geographic Information System; GOES, Geostationary Operational Environmental Satellite; GUM, Guide to the
Expression of Uncertainty in Measurement; HDF5, Hierarchical Data Format; HPC, High-Performance Computing; IMS, Interactive Multisensor Snow and Ice
Mapping System; ISCCP, International Satellite Cloud Climatology Project; ISD, Integrated Surface Database; MAE, Mean Absolute Error; MBE, Mean Bias Error;
MERRA-2, Modern Era Retrospective analysis for Research and Applications, version 2; METSTAT, Meteorological Statistical; MODIS, Moderate Resolution Imaging
Spectroradiometer; MPE, Mean Percentage Error; NASA, National Aeronautics and Space Administration; NCEI, National Center for Environmental Information; NIC,
National Ice Center; NOAA, National Oceanic and Atmospheric Administration; NREL, National Renewable Energy Laboratory; NSRDB, National Solar Radiation Data
Base; NWS, National Weather Service; PATMOS-x, Pathfinder Atmospheres-Extended; PSM, Physical Solar Model; PSU, Pennsylvania State University, Pennsylvania;
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irradiance (DNI), respectively [5,6]. The accuracy of measurements by
these instruments is highly dependent on instrument design, hardware
installation schemes, data acquisition methods, and calibration method
and frequency [7-9]. Measurements by accurately calibrated and well-
maintained pyrheliometers and pyranometers can provide reliable long-
term solar radiation data at specific locations [10-13] that are fre-
quently used for cloud and radiation studies and validation of satellite-
derived solar radiation [14-17].

The high cost of operating quality ground stations has resulted in
existing surface radiation networks being sparsely distributed and in-
sufficient to meet the needs of the rapidly growing solar energy in-
dustry. The other reliable and practical option is to use information
from geostationary weather satellites that provides continuous solar
radiation estimates covering a wide spectrum of temporal and spatial
scales. To retrieve solar radiation from satellite data, solar irradiance
models are essential to compute surface GHI and DNI from observations
of radiances at the top of the atmosphere (TOA). During the last few
decades, numerous solar irradiance models have been developed using
empirical, semi-empirical or physical models [18-21]. Empirical
models develop regression functions relating long-term GHI measure-
ments at selected local stations to the simultaneous data recorded by
satellites’ visible channels [22-25] which are then used to simulate GHI
from global satellite observations. The GHI is combined with empirical
relationships developed using modeled or observed solar radiation to
retrieve DNI [26,27]. A well-known solar radiation dataset developed
by an empirical model is HelioClim based on the observations of Me-
teosat geostationary satellites covering Europe, Africa, the Mediterra-
nean Basin, the Atlantic Ocean, and part of the Indian Ocean
[22,28,29]. Compared to empirical models, semi-empirical models use
a hybrid approach to derive solar radiation in which clear-sky back-
ground irradiance is solved from simple radiative transfer schemes
[25,30,31]. A cloud index representing the proportion of radiation re-
flecting back to the satellite is converted to a clearness index that re-
presents the proportion of incident radiation reaching the surface. The
clearness index scales the clear sky radiation to estimate the GHI and
then partitioned to estimate the DNI, which is similar to the empirical
models. This semi-empirical approach has been widely implemented in
global solar radiation datasets, including SolarGIS [30,31] and Solar-
AnyWhere [25].

Physical models are conventionally categorized by single-step and
two-step models according to the procedures to determine solar ra-
diation [3]. Single-step models directly solve for GHI using satellite
observations and radiative transfer theory [32-34]. Two-step models
intend to understand the complete physics affecting the transmission of
solar radiation from the TOA to land surface. They retrieve aerosol,
cloud and other atmospheric properties from various satellite channels
or modeling efforts and use the information to precisely simulate GHI
by solving the radiative transfer equation [18-21]. A typical product of
a two-step model is the National Aeronautics and Space Adminis-
tration's (NASA's) global Surface Radiation Budget (SRB) in which In-
ternational Satellite Cloud Climatology Project (ISCCP) pixel-level data
and Goddard Earth Observing System Version 4 (GEOS-4) reanalysis
products are used to infer atmospheric properties at a 250-km resolu-
tion every 3 h. The solar radiation is then derived using the atmospheric
properties and a model developed by Pinker and Laszlo [35].

Compared to empirical, semi-empirical and single-step physical
models, most two-step physical models require significant computa-
tional capability because extensive information from satellite observa-
tions and other ancillary inputs need to be processed to estimate solar
radiation. The multiple processes in the production chain require suf-
ficient quality inputs to make full use of the advanced models to reduce
uncertainties of GHI and DNI. During the years, the rapid development
of satellite technologies and modeling capabilities (e.g. the availability
of Moderate Resolution Imaging Spectroradiometer (MODIS) spectral
channels and multi-channel geostationary satellites) have effectively
increased the reliability and accuracy of the two-step physical models
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[3,36-39]. More recently the expansion of spectral channels with better
temporal and spatial resolutions on the third-generation Geostationary
Operational Environmental Satellite-16 (GOES-16; previously GOES-R)
is expected to lead to remarkable improvements in aerosol and cloud
products [40] which the two-step physical models are capable of ex-
ploiting. The improvements in reanalysis data, such as NASA's Modern
Era Retrospective analysis for Research and Applications, version 2
(MERRA-2), bring observations and numerical models together in a
unified standardized framework, resulting in high-quality ancillary in-
formation that significantly enhances the quality of the two-step phy-
sical models [41]. In contrast, empirical, semi-empirical and single-step
physical models are not expected to reap equivalent benefits from ad-
vances in satellite technology and reanalysis datasets because of in-
herent limitations in the underlying methods.

The National Renewable Energy Laboratory (NREL) has an ex-
tensive history of developing solar resource data over the United States
using various sources of observations and modeling tools. This paper
reviews the evolution of NREL's National Solar Radiation Data Base
(NSRDB) and the recent efforts on developing the Physical Solar Model
(PSM) and satellite-based solar radiation to enhance the resolution and
accuracy of the NSRDB. The remainder of this paper is structured as
follows. Section 2 provides a historical review of the NREL's NSRDB.
Section 3 introduces the technical details of the PSM and data valida-
tion using surface-based solar radiation measurements. Section 4 de-
scribes the users and applications of the NSRDB, and the last section
concludes and explores future work to further improve the NSRDB.

2. A historical review of the NSRDB

The NSRDB is one of the most accessed public datasets providing a
serially complete collection of solar energy and meteorological data,
including the three most common measurements of solar radiation:
GHI, DNI, and diffuse horizontal irradiance (DHI), which have been
collected over the United States and a growing list of international lo-
cations with high temporal (30 min) and spatial (4 km) resolutions to
accurately represent the global and regional solar radiation climates. It
supports the U.S. Department of Energy's (DOE's) SunShot goals of re-
ducing barriers to high-penetration levels of solar energy technologies
by providing easy access to high-quality, foundational data that are
essential for innovative product development and downstream mod-
eling. There have been substantial improvements in data collection and
modeling technologies throughout the NSRDB's more than 20 years of
existence. Therefore, NREL implemented major updates to the original
database three times in 2007, 2012, and 2017. The NSRDB versions are
briefly reviewed below.

The first version of the NSRDB, covering 1961-1991, originated in
1994 to replace the SOLMET/ERSATZ dataset developed by the National
Oceanic and Atmospheric Administration (NOAA) and DOE [47]. This
version contains hourly solar irradiance data for locations over 239 ground
stations across the United States with a combination of measurements
(approximately 7% of the total data) and simulations using NREL's Me-
teorological-Statistical (METSTAT) model [42]. Cloud observations from
NOAA's National Center for Environmental Information (NCEI) Integrated
Surface Database (ISD) were used as inputs to the METSTAT, and mea-
sured solar irradiances were directly obtained from the National Weather
Service (NWS) solar radiation network (SOLRAD).

The first version of the NSRDB was updated in 2007 to cover
1991-2005. The major updates include 10 x 10 km solar irradiances
from hourly GOES data and the use of an empirical model developed by
the State University of New York at Albany (SUNY) [43]. The satellite-
based products covered the contiguous 48 states of the United States
from 1998 to 2005 while the solar irradiance data in Alaska were
computed by the METSTAT model. This version of the NSRDB also
provides measured (less than 1%) and modeled solar irradiances as well
as other meteorological data from 1454 ground stations during
1991-2005 [43].
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Fig. 1. Daily average of (a) GHI and (b) DNI during 1998-2016.

In 2012, NREL, in collaboration with Clean Power Research (CPR),
updated the NSRDB to cover the years from 1991 to 2010. This version
of the NSRDB was developed using an improved SUNY model in an
hourly interval with a spatial resolution of 10 x 10km. The data
package also includes measurements from 1454 ground stations
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(1991-1997), including meteorological data from the NCEI ISD sta-
tions. The gridded NSRDB (1998-2010) was released through NREL's
Solar Prospector web portal which was decommissioned at the end of
September 2016.

The latest version of the NSRDB was released in 2017 containing
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gridded data from 1998 to 2016 in half-hourly temporal and 4 x 4 km
spatial resolutions. This dataset was developed using the GOES data
that cover the entire Western Hemisphere from 60° North to 20° South
latitude including the contiguous United States and Central America.
The average values of the daily GHIs and DNIs from 1998 to 2016 are
illustrated in Fig. 1. This version used the two-step physical model,
PSM, which opened the door to the use of next-generation satellite
datasets for solar resource assessment and forecasting. Details about the
development of this latest NSRDB are introduced below.

3. Development, validation, and delivery of the latest NSRDB
(1998-2016)

With the advancement of satellite technology, information available
from accurately retrieved atmospheric properties is continuously
growing. This coupled with the fast advancement in computing tech-
nology has resulted in significant improvements in solar radiation si-
mulations. One such approach is the use of two-step physical models
where cloud and aerosol properties derived in the first step are fed into
a radiative transfer model in the subsequent step. This approach pro-
vides the opportunity to directly calculate DNI with better accuracy
from improved retrievals of water vapor, aerosol, and cloud properties
[33,44,45]. NREL employed this technology to produce the latest
NSRDB, which contains long-term high-resolution solar radiation from
geostationary satellites.

3.1. The PSM for developing the latest NSRDB

Fig. 2 displays a flowchart of the PSM, a two-step physical model to
compute solar radiation from satellite data, which was developed
through collaboration among NREL, the University of Wisconsin, and
NOAA. As shown in the figure, aerosol, water vapor and other me-
teorological properties are combined with satellite-derived cloud
properties and used in the Fast All-sky Radiation Model for Solar ap-
plications (FARMS) [17] to compute GHI. For clear scenes, FARMS is
also used to compute DNI, whereas the Direct Insolation Simulation
Code (DISC) [27] decomposition model is used for cloudy scenes.

3.1.1. Cloud properties

NOAA developed an Advanced Very High Resolution Radiometer
(AVHRR) Pathfinder Atmospheres-Extended (PATMOS-x) system to ef-
ficiently retrieve cloud physical and optical properties from the syner-
getic use of satellite measurements in visible, near-infrared, and in-
frared channels [46]. The system has been implemented with data from
GOES for continuous weather monitoring and forecasting. Cloud pro-
ducts—including cloud height, thermodynamic phase, optical thickness
and effective particle size—are retrieved from PATMOS-x and GOES-
West and GOES-East satellites at 4 X 4 km over the continental United
States for each 30 min during day time. These products are employed by
the PSM to produce cloudy-sky solar radiation from 1998 to 2016.

MERRA2

{

Cloud
Properties

Snow
Albedo

Aerosol
Properties

Atmospheric
Profile

Fig. 2. A flowchart of the PSM.
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3.1.2. Aerosol properties

The aerosol optical depth (AOD) used by the PSM is based on
monthly MODIS data in combination with the MERRA-2 aerosol da-
taset. The monthly data are first scaled to a 0.5 X 0.5° resolution using
an elevation weighting scheme and evaluated by surface-based Aerosol
Robotic Network (AERONET) data. According to the evaluation, North
America is divided into two regions. Over the southern and western
United States, and northern Mexico, dominated by arid areas, the AOD
is given by an optimal linear combination of MERRA-2 and MODIS data
when the latter are available. Only MERRA-2 data are employed when
MODIS observations are missing due to high surface albedo, cloudiness,
large solar zenith angles, etc. Over the eastern and northern United
States, Canada, southern Mexico and central America that are domi-
nated by vegetation or urban areas, only MERRA-2 data are used be-
cause they are found to have similar accuracy as MODIS which suffers
from a large fraction of missing data, especially in the high-latitude
areas during winter. The monthly AOD data are then interpolated at
4 X 4km on the basis of a daily average to match the NSRDB grids and
improve the accuracy of surface solar radiation [47].

3.1.3. Other atmospheric and land surface data

The MODIS instruments onboard the Terra and Aqua satellites
provide high-quality measurements of surface albedo at 30 arc-seconds
for each 8-day interval [48]. Maclaurin et al. [49] matched the white-
sky albedos from the MODIS MCD43GF product to the NSRDB grids. A
point-in-polygon approach was employed to assemble MODIS pixels
and compute the effective values of surface albedo within the NSRDB
grids. This new product was integrated with National Ice Center's
(NIC's) Interactive Multisensor Snow and Ice Mapping System (IMS) to
coordinate the influence of snow and ice on surface albedo.

The other atmospheric and land properties used or provided by the
NSRDB—e.g. the atmospheric profile, wind direction and speed, snow
depth, surface temperature and pressure, etc. —are based on data from
NASA's MERRA-2.

3.1.4. The all-sky radiative transfer model

The PSM applies satellite-derived atmospheric and land surface
properties to radiative transfer models to numerically solve for solar
radiation through the Earth's atmosphere. When clouds are absent, the
extinction of solar radiation is associated with the light scattering by
aerosols and air molecules and absorption by the trace gases in the
atmosphere such as water vapor, carbon dioxide, ozone, oxygen, and
methane. Although high-spectral-resolution radiative transfer mod-
els—e.g. the Line-By-Line radiative transfer model [50]—provide rig-
orous expression of radiation in narrow bands of wavelength, they are
less efficient when solving for broadband solar radiation. Thus, many
clear-sky radiative transfer models parameterize the extinction of
broadband solar radiation from surface-based meteorological data or
simulations in numerous spectral bands [51-57].

Badescu et al. [54] evaluated 54 clear-sky radiative transfer models
using surface observations of GHI and DHI from Kipp and Zonen
radiometers in Cluj-Napoca and Bucharest-Afumati. Although the best
model for all scenarios was not found, REST2 [51] was ranked among
the first-tier, along with three other models, in terms of the accuracy for
both GHI and DHI. Because of the concise equations and parameters
and the consequent efficiency in computing, REST2 is used in the de-
velopment of the NSRDB [51].

The radiative transfer problem under a cloudy sky is much more
complicated because of the combination of absorption and multiple
scattering within the cloud. Thus, solving the radiative transfer equa-
tion for clouds is the only rigorous approach to compute cloudy-sky
radiation [58,59]. Despite numerous approximations—e.g. the two-
stream approach and delta-M truncation scheme [60]—conventional
radiative transfer models are still time consuming in numerically sol-
ving the radiative transfer equation.

To meet the needs of developing the NSRDB and other solar energy
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applications, Xie et al. [17] proposed FARMS to efficiently simulate all-
sky solar radiation at land surfaces. In contrast to solving the radiative
transfer equation, FARMS uses pre-computed cloud transmittances and
reflectances of irradiances by the Rapid Radiative Transfer Model
(RRTM) [61,62] with a 16-stream Discrete Ordinates Radiative Transfer
(DISORT) model [63]. To further reduce the computing burden, the
cloud transmittances and reflectances were parameterized as functions
of solar zenith angle, as well as cloud thermodynamic phase, optical
thickness, and particle size. The parameterization is coupled with sur-
face albedo and REST2 accounting for clear-sky transmittances and
reflectances to compute all-sky downwelling solar irradiances. The
evaluation using 16-stream RRTM and DOE's Atmospheric Radiation
Measurement (ARM) Southern Great Plains (SGP) site indicates that
FARMS is as accurate as the two-stream approach; however, FARMS is
approximately 1000 times faster than the two-stream approach, which
has substantially accelerated the computation of the NSRDB. More
detailed algorithm and performance evaluation can be found in [17]. It
is also worth noting that the algorithm to compute clear-sky radiation is
consistent in both clear-sky and cloudy-sky conditions because FARMS
is coupled with REST2.

3.2. Data processing

Despite the progressive efficiency provided by the FARMS, devel-
oping the NSRDB is still a computationally intense process because of
its advanced temporal and spatial resolutions and a large volume of
input data including approximately 50 terabytes of GOES and 1.5
terabytes of the other data. Therefore, the NSRDB data are produced by
the NREL's flagship high-performance computing (HPC) system that is
capable of 2.26 PetaFLOPS with a total of 58,752 Intel Xeon processor
cores, including 6912 E5-2670 SandyBridge, 24192 E5-2695v2
IvyBridge, and 27648 E5-2670v3 Haswell processor cores. To ensure
timely production, allowing for rapid computation and quality check,
we use Hierarchical Data Format (HDF5) for storage and a highly
parallel and vectorized framework based on Python with the funda-
mental packages of NumPy and MPI4Py.

In the PSM shown in Fig. 2, the development of a serially complete
NSRDB with consistent spatial and temporal mapping requires four
additional steps prior to the computation by FARMS: regridding, tem-
poral interpolation, time shifting, and gap filling.

The regridding step organizes all input data and reprocesses them
into the NSRDB grids with a resolution of 4 X 4 km. The cloud prop-
erties are regridded using a nearest-neighbor approach because the
GOES data have grids that are very similar to the NSRDB. Different
regridding procedures based on physics laws are employed in the
MERRA-2 and AOD data when their spatial resolutions are significantly
lower than the NSRDB. For example, data with land-surface pressure
and temperature with a 0.5° spatial resolution are regridded using an
elevation scaling by considering the hydrostatic equation and a tem-
perature lapse rate of 6 °C/km, respectively. The 0.5° resolution AOD
data are first reduced to sea-level using an exponential scale height of
2950m and then regridded to the NSRDB resolution by applying the
same scale height to the pixel elevation. However, the specific hu-
midity, wind speed, and direction are converted to the NSRDB resolu-
tion using a nearest-neighbor approach.

The temporal-interpolation step assigns the regridded data to the
NSRDB intervals every 30min. Specifically, the wind directions are
determined from the nearest values of the hourly MERRA-2 data, and
other properties are interpolated to the NSRDB resolution using a
simple linear relationship. With a mean-conserving algorithm, the
monthly-mean AOD data are interpolated to daily intervals.

Data from the GOES-West are given at each integral hour and
30 min past, whereas those for the GOES-East are available at 15 and
45 min past the integral hours. To develop the NSRDB with a consistent
time stamp matching the GOES-West, the time-shifting step projects the
15-min delayed cloud properties from the GOES-East data to the NSRDB
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time stamps.

The gap-filling step supplements the NSRDB because data gaps in
cloud properties routinely exist in long-term satellite-based observa-
tions. Times with missing cloud properties, caused by various reasons,
are represented by the clear-sky GHI and the ratio of GHI to clear sky
GHI available in the nearest previous time point.

3.3. Validation

A comprehensive evaluation of the NSRDB is essential when dis-
cussing “bankable data” for all phases of solar energy conversion pro-
jects, from the conceptual phase to routine solar power plant operation.
Solar radiation data with known uncertainties help reduce the expense
associated with mitigating performance and financing risk for solar
energy conversion systems.

The performance of the latest NSRDB was recently investigated by
Habte et al. [64] using surface observations from NREL's SRRL; ARM
SGP; and Surface Radiation Budget Network (SURFRAD) sites at
Bondville, Illinois (BND); Desert Rock, Nevada (DRA); Fort Peck,
Montana (FPK); Goodwin Creek, Mississippi (GCM); Pennsylvania State
University, Pennsylvania (PSU); Sioux Falls, South Dakota (SXF); and
Boulder, Colorado (TBL). Various statistics, such as mean bias error
(MBE), mean absolute error (MAE), mean percentage error (MPE), root
mean square error (RMSE), and percentage RMSE (%RMSE) were cal-
culated for various locations and time scales. Fig. 3 demonstrates the
spatial distribution of the surface sites that represent diverse geo-
graphical and climatic features at locations throughout the continental
United States.

Fig. 4 shows the MPEs of the GHI and DNI that are defined as:

Z?:l (N — xs)
E?:l Xs

where xy denotes hourly-, daily-, monthly- or annually-averaged
NSRDB data during 1998-2016; xs represents the corresponding surface
observations in the same timescales; and n is the number of data points
for each averaging timescale. The biases of the NSRDB do not sig-
nificantly vary with the averaging timescales, which indicates that its
performance is consistent when used for different phases of solar energy
deployment projects. The GHIs from the NSRDB are generally over- and
underestimated, respectively, in the eastern and western United States;
whereas the overall percentage biases are within 5%. The MPEs of the
DNIs are within 10% on average, whereas those over the eastern United
States are significantly higher than the western area, because of the
presence of more clouds. However, challenges exist in accurately
quantifying irradiances in the western areas that are susceptible to high
occurrences of clouds, snow, and bright surfaces, such as FPK and TBL.
The uncertainty and bias of DNI is generally greater than GHI because
DNI is directly related to extinction in the atmosphere including clouds
and aerosols whereas GHI includes radiation that is scattered to the
surface [57]. Thus, advanced technology in satellite remote sensing of
clouds and improvements in radiative transfer models are needed to
improve the accuracy in the DNI simulation. Sub-pixel variability and
the parallax effect in clouds contribute to increased uncertainty and
biases for both GHI and DNI, which will be investigated in future up-
dates of the NSRDB.

It was also reported by Habte et al. [64] that the %RMSEs of the
hourly-averaged GHI and DNI can reach up to 20% and 40%, respec-
tively, when compared to the surface-based measurements. An inter-
annual variability of the GHI and DNI was found to be less than 5% for
both the NSRDB and surface observations.

It is known that uncertainties in ground-based measurements might
affect the evaluation of biases from satellite data. For a more compre-
hensive analysis, we evaluated the NSRDB using a quantification
method based on the Guide to the Expression of Uncertainty in
Measurement (GUM) [65], which implements the effect of statistical

MPE = X 100%
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in Fig. 5. A Us of 5% is assumed for all the sites because most well-
maintained surface-based pyranometers report uncertainties ranging
from 3% to 5% [8,66]. The stability of Us and its impact on the Ugg
might require further studies, as discussed by [64]. Fig. 5 shows that the

Fig. 5. The magnitudes of Ugs for the hourly-, daily-, monthly-, and annually-
averaged GHIs. The percentage bias of the surface measurements is assumed to
be 5% for all the sites.
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magnitude of Ugs dramatically decreases when the averaging timescale
varies from hourly to annually. Therefore, %RMSE plays a dominant
role in understanding the uncertainty of hourly-averaged GHI whereas
the bias from surface observations becomes important in the monthly-
and annually-averaged solar radiation. More details in the validation of
the NSRDB can be found in [64].

3.4. Dissemination

Geographic Information System (GIS) layers are the core mechanism
for developers, transmission planners, or conservationists to display
geographic datasets in multiple geospatial processing programs. The
GIS layers present in the NSRDB data include annual and multi-year
mean GHI and DNI and multi-year mean capacity factors modeled for
single-axis tracking photovoltaic (PV) panels and those with a fixed tilt
angle of 20°. All the GIS layers are downloadable in several formats
including the commonly used shapefile.

The NSRDB Viewer (https://nsrdb.nrel.gov/nsrdb-viewer), demon-
strated in Fig. 6, is the major data delivery tool. Built on the NREL's
OpenCarto, a web-based GIS framework, the NSRDB Viewer provides
an intuitive, map-based interface for accessing raw time-series data or
summarized GIS layers. Detailed instructions for downloading data
from the NSRDB Viewer can be found on the website.

The NSRDB also provides an Application Programming Interface
(APD) (http://developer.nrel.gov/docs/solar/nsrdb) giving researchers,
analysts, and developers an alternative way to efficiently download
data using modern scripting languages, e.g., Python, MATLAB, or R. In
addition, the API enables web developers to build their own applica-
tions without storing the approximately 50 terabytes of the NSRDB
data.
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4. NSRDB users and applications

Because of the improved accuracy and availability, the latest NSRDB
has become a heavily and increasingly used dataset since its deploy-
ment. According to the web-based counter, the monthly data visit from
the NSRDB viewer has doubled to more than 10,000 in 12 months,
whereas more than 40% of the visit was from unique users. The NSRDB
users include universities, local and federal governments, research in-
stitutes, public utilities, and numerous energy and high-technology
companies across the world. Major use of the NSRDB can be categorized
by energy-related and other applications.

The energy-related applications of the NSRDB include, but are not
limited to, site and building design, facility integration, transmission
and distribution planning, and strategic analysis. The serially com-
pleted, spatially continuous solar radiation from the NSRDB naturally
meets the demands in developing solar radiation time-series [67] and
Typical Meteorological Year (TMY) data for building analysis and the
forecast and comparison of solar system performance [68-71]. In ad-
dition, capacity expansion and integrated assessment models rely on the
spatially continuous NSRDB data to quantify the supply and quality of
solar power and assess costs and feasibilities at a national scale. Pro-
duction cost models used in grid integration studies to evaluate and
optimize power plant dispatch require the high temporal-resolution
NSRDB data from thousands of locations. Models that are intrinsically
coupled with capacity expansion and production cost models—known
as Geodesign models—are used to characterize and quantify solar
supply. Those models use continuous or climatological data based on
the NSRDB to evaluate land-use impacts, barriers, and scenarios of
development futures. Solar energy facility developers use PVSyst or
System Advisor Model (SAM) with long-term NSRDB data to estimate
power output and assess specific cost and feasibility. A brief summary

niladelphia
Ny

Neminican
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<erto Rico

Fig. 6. A screenshot of the NSRDB Viewer.
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Table 1
Models developed using the NSRDB.

Model Description NSRDB data References

EnergyPlus A whole building energy simulation program to model energy consumption and water use in TMY or historical solar radiation [73]
buildings

HAIKU A simulation model of regional electricity markets and interregional electricity trade in the TMY or historical solar radiation [74]
continental United States

IPM A multi-regional, dynamic, deterministic linear programming model of the U.S. electric power Historical solar radiation [75]
sector

MARKAL A generic model to represent the evolution during a period of 40-50 years of a specific energy TMY or historical solar radiation [76]
system at a national, regional, state/province, or community level

NEMS An integrated model of the U.S. energy system linked to a macroeconomic model TMY or historical solar radiation [77]

PLEXOS A commercial production cost model Historical solar radiation [78,79]

PVSyst A performance model for architecture, engineering, and education TMY or historical solar radiation [80]

PVWatts For estimating the energy production of a grid-connected PV system TMY or historical solar radiation [81]

ReEDS An optimization model of U.S. electricity sector with special focus on issues relating to renewable ~ TMY or historical solar radiation [82]
energy technologies

RPM A capacity expansion model with high spatial and temporal resolution that can be used for mid-  Historical solar radiation [83]
and long-term scenario planning of regional power systems

SAM A performance and financial model designed to facilitate decision making for people involved in ~ TMY or historical solar radiation [84]
the renewable energy industry

SIND Toolkit  For regional solar generation integration studies by providing modeled, coherent sub-hourly solar ~ 1-min solar radiation from a statistical up [85]
power data, information, and tools sampling of the 30-min NSRDB.

SolarDS A distributed solar capacity expansion model to evaluate scenarios in the U.S. Historical solar radiation [86]

and description of the abovementioned models is provided in Table 1.
The NSRDB has also been used in bioenergy to evaluate algal biomass
productivity potential in a variety of climatic zones [72].

In addition to the energy-related applications, the NSRDB has been
employed in many other research areas. For example, the American
Society of Heating Refrigerating and Air-Conditioning Engineers
(ASHRAE) uses the NSRDB for climate research. The NSRDB has also
been used by the American Cancer Society (ACS) to conduct cancer
research because solar exposure is the primary vitamin D source that is
associated with survival in multiple cancers. The residence-based ul-
traviolet radiation data from the NSRDB is used to examine its re-
lationship to cancer outcomes and help understand the geographic
disparities in cancer prognosis.

5. Conclusions and future plans

The NSRDB is a widely used public solar resource dataset that has
been developed and updated during more than 20 years to reflect ad-
vances in solar radiation measurement and modeling. The most recent
version of the NSRDB uses 30-min satellite products at a 4 X 4 km re-
solution that cover the period 1998-2016. The NREL-developed PSM
was the underlying model for developing this recent update, which used
this two-step physical model and took advantage of the progressive
computing capabilities and high-quality meteorological datasets from
NOAA's GOES; NIC's IMS; and NASA's MODIS and MERRA-2 products.
The percentage biases in the latest NSRDB are approximately 5% for
GHI and approximately 10% for DNI when compared to the long-term
solar radiation observed by the ARM, NREL, and SURFARD stations
across the United States.

Future updates of the NSRDB are expected annually. Advanced in-
formation in the planned dataset will involve new satellite retrievals
and improved AOD data. However, future advancements in the
PSM—e.g. identifying low clouds and fog in coastal areas, improving
the discrimination of clouds from snow, providing specular reflection
on bright surface, and reducing uncertainties of parallax especially
under high-resolution conditions—are desired to further increase the
accuracy of the NSRDB. Further, the Lambert-Bouguer Law [59] is al-
most non-exclusively utilized by physics-based radiative transfer
models, including FARMS, that assume DNI is constituted of an infinite
narrow beam. This assumption is interpreted differently in surface-
based observations by pyrheliometers where direct solar radiation is
defined as the “radiation received from a small solid angle centered on
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the sun's disc” [87]. To reduce this disagreement in principle, we em-
ployed an empirical model, DISC [27], to decompose DNI from the GHI
in cloudy situations. Further efforts are underway in developing a new
DNI model to bridge the gap between model simulation and surface
observation. Additionally, the launch of GOES-16 is also expected to
provide improved cloud products; however, this requires better cap-
abilities to process larger volumes of data. Finally, while the PSM has
been applied to the GOES satellites the methods and models are equally
applicable to any other geostationary satellites. Therefore, future work
will involve developing global capabilities in collaboration with various
national and international partners.
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