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Nanofluid-based optical filter optimization for PV/T
systems

Robert A Taylor1, Todd Otanicar2 and Gary Rosengarten3

Optical filters are essential in a wide range of applications, including optical communications, electronics, lighting, optical sensors and

photography. This article presents recent work which indicates that optical filters can be created from specialized nanoparticle

suspensions. Specifically, this article describes a theoretical optimization process for designing nanofluid-based filters for hybrid solar

photovoltaic/thermal (PV/T) applications. This particular application is suitable because nanofluids can be utilized as both volumetric

solar absorbers and flowing heat transfer mediums. The nanofluid filters described in this work compare favorably with conventional

optical filters for five photovoltaic (PV) cell alternatives: InGaP, CdTe, InGaAs, Si, and Ge. This study demonstrates that nanofluids

make efficient, compact and potentially low-cost, spectrally selective optical filters.
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LIST OF SYMBOLS

A Geometric parameter

ao Bohr radius (cm)

D Diameter (nm)

E Spectral irradiance (W m22 mm21)

fv Volume fraction

n Charge carrier density (cm23)

T Transmittance

k Complex refractive index component

I Radiant flux (W m22)

L Length (mm)

Q Optical efficiency

Vf Fermi velocity (m s21)

Subscripts

c Critical density

e Electron

ext Extinction

i ith particle

p Plasmon

bulk Bulk material property

Greek

a Absorbance

eo Permittivity of free space (m23 kg21 s4 A2)

e Complex dielectric constant (F m21 or kg mmmV22 s22)

l Wavelength (mm)

s Extinction coefficient (m21)

v Frequency (s21)

t Relaxation time (s)

c Relaxation frequency (s21)

C Damping constant

g Filter efficiency

INTRODUCTION

Optical filters are traditionally made of thin films or solid materials.

These filters have been designed for amyriad of applications including

optical communications, optical sensors, electronics, lighting, pho-

tography and energy harvesting.With recent advances in nanofabrica-

tion and thin filmmanufacturing techniques, optical filters have seen a

step-change in the number of available production methods and

materials. Techniques which provide control on the nanoscale have

been successfully deployed to achieve finely tuned spectral properties

of thin films.1,2 However, fluid-based filters remain relatively under-

developed.

Hybrid photovoltaic/thermal (PV/T) solar collectors can theoret-

ically be designed to operate at near 80% in combined efficiency.3 This

represents almost double the efficiency of the best photovoltaic (PV)

only systems, for which the record test efficiency for PV cells in 2012

was 43.5%62.6% (multijunction cells).4 If designed well, PV/T sys-

tems can also provide significant financial savings for residential and

industrial applications where demands for both electrical and thermal

energy are presented.5,6 Several PV/T concepts have been proposed.3

Most commonly PV/T systems put the working fluid directly in con-

tact with the PV system, thereby removing excess heat. This type of

design necessitates a compromise between the drop in efficiency with

temperature for PV cells and the value of higher output temperatures

from the thermal system. While straightforward, an integrated system

forces operation temperatures to be moderate, in the range of 30–

100 6C.4 In concentrating PV/T (or CPV/T) solar systems, irradiance
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on the receiver is high causing the compromise in performance to be

even more pronounced.

This article suggests that nanofluids—nanoparticles suspended in

conventional base fluids—provide one possible solution to the chal-

lenges discussed above. Several studies have investigated the capacity

for nanoparticles and nanofluids to achieve tunable optical prop-

erties.7–11 Additionally, previous work of the co-authors12–20 has

shown that nanofluid mixtures can improve the performance of solar

thermal systems. Other studies have shown that pure fluids (water and

organic liquids) can be applied to solar systems as optical filters.21,22

However, the potential for nanofluids to be used as selective absorbing

fluids has not been previously explored. Therefore, this study demon-

strates that alternative liquid nanofluid optical filters can achieve the

same level of control as conventional optical filters. The advantage of

using nanofluids is that they can easily be pumped in and out of a

system or controlled bymagnetic/electric fields, making them ideal for

applications where dynamic optical switching is desired. For solar

energy harvesting applications, this is especially advantageous because

a nanofluid-based filter can also be used as the heat transfer and

thermal storage medium. Thus, with a nanofluid filter, it is possible

to de-couple the PV and thermal systems so that each can operate at

optimum temperature. The general schematic for this type of PV/T

system is shown in Figure 1.

METHODS AND ASSUMPTIONS

The aim of this study was to develop optimized nanofluid-based filters

to match with several PV cell options: InGaP, CdTe, InGaAs, Si and

Ge. These PV cells were chosen to demonstrate the versatility of nano-

fluid filters over the entire solar spectrum. The following sections

describe the process used in this study to achieve optimized filters

for these cells.

Particle material selection

To obtain nanofluids with optical properties corresponding to the

spectral response of these cells, the bulk materials were chosen care-

fully. As a starting point for modeling, this study reviewed optical

property data for many materials from the handbook edited by

Palik.23 Most pure materials have either very broad absorption or

absorption outside solar wavelengths. As such, the list of suitable

materials is relatively short, including: doped semiconductors, metals

and core/shell composite nanoparticles. Doped semiconductors pre-

sent a feasible nanoparticle material choice because they absorb and

transmit light in a similar range as PV cells. Due to their strong plas-

mon resonance over a short spectral range, somemetals are well suited

to this application. Noble metals are a particularly attractive subset

because they are resistant to oxidation and corrosion. Lastly, core/shell

nanoparticles are attractive as well because the shell to core radius ratio

can be controlled to tune optical absorption.24–28 Likewise, they can

have more pronounced absorption peaks than pure metals and use

considerably less metal material, which represents a potential cost

benefit over pure metal nanoparticles. Thus, core/shell nanoparticles

with noble metal shells were chosen as a focus of this study.

To achieve volumetric absorption—where light is absorbed over a

finite light path inside the fluid—the particle volume fraction was

assumed to be in the range of 0%–0.1% by volume. That is, for a

relatively thick volumetric absorber (100 mm), only a low volume

fraction of particles (i.e., less than 131025%) was needed to absorb

thewavelengths of interest. For a thin filter (0.1mm), volume fractions

near 0.1% by volume were required for sufficient absorption.

Nanoparticle sizes in the range of 20–50 nm in diameter were used

in this study. This size constraint assured that particles followed the

flow, did not foul and/or abrade pumps and plumbing, and were

available ‘off-the-shelf’.29–31 Table 1 summarizes the design para-

meters used in this study. It should also be noted that nanofluids

should be stabilized for long-term operation in real-world applica-

tions,32–34 but this is outside the scope of this work.

CALCULATION OF NANOFLUID OPTICAL PROPERTIES

Nanofluid optical properties were calculated in this study through the

following procedure: (i) determination of bulk material properties;

(ii) modification of bulk properties based on particle characteristics;

(iii) calculation of particle extinction efficiencies; (iv) particle mixture

selection; and (v) volume fraction optimization. Note: Steps iv and v

were iterative and were done separately for each type of PV cell.

Determination of bulk material properties

As a first step, data of the bulk materials were obtained for the materi-

als used in this study from ref. 23. For the optical filters designed in

this study, these properties were known over the majority of the solar

spectrum containing substantial energy (i.e., 0.25–2.5 mm). The pure

fluid choices for this study were based on the results of Kaluza et al.21

and Chendo et al.22 These studies indicated that water, heat transfer

oils (such as Therminol VP-1) and Brayco 888Fwere potential options

for spectrally selective fluids over the solar wavelengths. If bulk mater-

ial property data were not available, as was the case for proprietary heat

transfer oils, a ultraviolet–infrared spectrophotometer was required to

measure them. Thus, Therminol VP-1 oil optical data were measured

by the co-authors for this study.

Modification of bulk properties based on particle characteristics

The next step was to modify the bulk properties based on particle size,

addition of dopants, and whether or not the materials were incorpo-

rated into a core/shell nanoparticle. The Drude–Lorentz model was
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Figure 1 Sketch of the de-coupled PV/T system concept explored in this study.

PV/T, photovoltaic/thermal.

Table 1 Design parameters for nanofluid-based filters

Parameter Minimum Maximum

Particle size 20 nm diameter 50 nm diameter

Volume fraction (%) 0 0.1

Filter depth (mm) 0.1 100

*Material options: doped semiconductors, metals and dielectric core/metal shell.
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the starting point for each of these modifications. The model assumes

that electrons are harmonically bound to the nucleus.

Size effect modification. When the nanoparticle diameter nears the

mean free path of the bulk material, boundary effects can become

important. This effect has been demonstrated numerically,35 and con-

firmed experimentally for metallic nanoparticles.36 To account for

this, the bulk properties were modified through the damping coef-

ficient in the Drude–Lorentz model. As such, the Drude–Lorentz

model can be transformed into the following expression:37–39

e vð Þ~e vð Þexpzv2
p

1

v2zivcbulk
{v2

p

1

v2zivc leffð Þ
ð1Þ

where e(v)exp is the bulk complex dielectric constant (from handbook

data), vp is the bulk plasmon frequency, v is the variable electromag-

netic wave frequency and cbulk is the relaxation frequency of bulk

metal. The small particle modification term, c(leff), is defined as the

following:40,41

c leffð Þ~
1

to
z

AVf

D
ð2Þ

In this equation, to is the bulk metal free electron scattering time, A

is a geometric parameter assumed to be 1,35 Vf is the Fermi velocity

(where an experimental values on the order of Vf<10
6 m s21 are

used42), and D is the particle diameter which is used as the effective

mean free path. For example, copper and silver have mean free paths

around 50 nm.43 Thus, Equations (1) and (2) are used when the

particles are less than or equal to the mean free path. When this is

the case, the mean free path is assumed to be restricted to the particle

diameter.

Addition of dopants. Semiconductor materials are viable for use in a

nanofluid band-pass filter since they have complementary optical

properties to PV cells. To calculate the optical properties, the effect

of added dopants must be included. For high absorption in the

selected regions, significant dopant concentrations are necessary.

With heavy doping, it is possible to exceed the Mott critical density,

nc. The parameter ranges from ,631013 cm23 for InSb to

,331018 cm23 for Si and were calculated by the following:44

nc~
1

4ao

� �3

ð3Þ

where the Bohr orbit radius is denoted as ao. Thus, Equations (1) and

(2) also apply to semiconductor nanoparticles. In this case, however,

the bulk plasmon frequency, vp, was modified based on the carrier

density:45

v2
p~

nee
2

m�
eeo

ð4Þ

where ne is the electron density, e is the electronic charge, me is the

effective electron mass and eo is the permittivity of free space. Thus,

Equation (4) was used in Equation (1) to determine the optical prop-

erties of semiconductor nanoparticles.

Core/shell nanoparticles. Metallic shell/dielectric (silica) core particles

were chosen because their plasmon resonance is very pronounced.

That is, under specific wavelength, polarization and incident angle

conditions, free electrons (plasma) at the surface of the nanoparticle

strongly absorb incident photons. Therefore, a narrow band of

wavelengths is converted into plasmon waves which spread across

the surface. The wavelengths at which this occurs are determined by

the particle’s size, shape, shell thickness and the bulk optical properties

of the materials involved.46 As was shown in a seminal study by

Oldenburg et al.,9 controlling the ratio of the shell radius to the core

radius can allow for strong plasmon resonance tuning.

The modeling assumption used for core/shell nanoparticles was the

quasi-static approximation. This assumption is valid if particles are

much smaller than the wavelength of light and if the incident light does

not vary over the particle diameter. Both of these assumptions were

applicable to the nanofluids of this study. To find the properties of an

individual nanoparticle, the approach of Lv et al.39 was used.

Calculation of particle extinction efficiencies

For the design space of this study, the Rayleigh scattering approxi-

mation was valid. In this regime, absorption, scattering and extinction

efficiencies from the optical properties are calculated using the

approach of Bohren andHuffman.47 Figure 2 plots the spectral extinc-

tion efficiency for selecting particle options calculated using the above

approach. Note: extinction efficiency is a non-dimensional parameter

which is defined as the effective light extinction cross-section divided

by the geometric cross-section. It can be seen that particle options are

available over ultraviolet to near infrared wavelengths (0.25–2 mm).

Particle mixture selection

Depending on the PV cell, various nanoparticles were selected. Since

PV designs can be quite variable, this study optimizes based on an

‘ideal’ approximations of PV material response curves. For example,

the ‘ideal’ filter for a silicon PV cell was assumed to absorbwavelengths

shorter than 0.75 mm and those longer than 1.125 mm. Table 2 shows

the assumptions made for the various PV cells used in this study.

The base fluid will also absorb light. Water and Therminol VP-1 are

effectively transparent for wavelengths shorter than 1.5 mm, but highly

absorbing beyond 1.5mm.To keep the resulting nanofluid suspensions

and optimization somewhat straightforward, only two- and three-

particle liquid filters were modeled in this study. In general, any num-

ber of particles could be chosen to meet the specifications of the

application.
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Figure 2 A selection of the wide range of the particle options used to create

nanofluid band-pass filters in this study.

Nanofluid-based optical filters
RA Taylor et al

3

Light: Science & Applications



Volume fraction optimization

The volume fraction, fv, of the each type of nanoparticle was a key

parameter for optimization in this study. This was determined by

calculating the extinction coefficient from the following equation:47

sparticle i~
3

2

fvQext{i

D
ð5Þ

where i represents the ith particle and Qext represents the extinction

efficiency of the particle. It should be noted that this is only valid for

small particle, low volume fraction nanofluids, i.e., the constraints of

Table 1. Since the base fluid can contribute to the extinction of light

through a nanofluid, this study assumes that the total nanofluid

extinction coefficient is a simple addition of the base fluid extinction

coefficient and that of the particles, defined as the following:

stotal~sparticleszsfluid ð6Þ

Note: This approximation has been shown to be experimentally

valid.18 By varying the thickness of the base fluids, the most suitable

base fluid configuration for each type of PV cell was determined. Beer’s

law provides a good first-order spectral approximation of the amount

of light transmitted/absorbed by these fluid filters:47

T~1{a~
I

Io
~e{Lstotal ð7Þ

where T is the transmittance, a is absorbance, I is the transmitted

irradiation, Io is the incident irradiation and L is the length of the light

path in the filter. This simple calculation does not separate the effect of

scattering. For a nanofluid filter, scattering (i.e., lost solar energy)

should be much less than 10% of total extinction (note: small particles

scatter much less than large particles). In this study, low scattering was

assured by putting a constraint of 0.1 for the ratio of scattering effi-

ciency to extinction efficiency.

To determine the efficiency of a nanofluid as a band-pass filter, this

study used the following partitioned integral:

g~

Ð longl

shortl
ElTldl

Ð

longl

shortl

Eldl

{

Ð shortl

0 ElTldl

Ð

shortl

0

Eldl

{

Ð 4 mm

longl
ElTldl

Ð

4 mm

longl

Eldl

ð8Þ

where El is the amount of solar irradiance per unit wavelength—data

for El can be obtained from Gueymard.48 A perfectly transparent

(T51) filter between the short and long edges shown in Table 2 which

is also perfectly absorbing (T50) outside of that range, will achieve an

efficiency of 1. Thus, Equation (8) is the objective function for filter

optimization. This study uses a simple Monte Carlo approach to ran-

domly generate volume fraction combinations which can be sorted by

g to find the optimum filter.

RESULTS AND DISCUSSION

The results of this optimization process are shown in Figures 3–7. Each

figure corresponds to a different PV cell. The y-axes depict absorbance

(ranging from 0 to 1) as a function of wavelength (0.25–2.5 mm) on

the x-axes. In the figures, the study results are compared to ideal,

pure fluid, and conventional filters using data obtained from

Schott.49 Thus, each curve represents a fluid that can fit into

Figure 1—where heat can be pumped to a thermal system. The

figures show that in most cases the base fluids are highly absorbing

at long wavelengths. Thus, large base fluid absorbance can be seen

in the figures at wavelengths .1.5 mm. Since pure water is essen-

tially a short-pass filter, H2O makes a relatively good selective

absorber for InGaP and CdTe. A similar reasoning shows that

Brayco 888F gives the best selectivity for an InGaAs cell. For a Si

cell, conventional Valvoline motor oil (low viscosity), is the most

efficient pure fluid as it gives a reasonable spectral match. Since all

of the pure fluids tested in this study absorb some of the ideally

transmitted spectrum for a Ge cell, a thin layer of Therminol VP-1

was found to be the best pure fluid for a Ge cell.
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Figure 3 Indium gallium phosphate cell filter comparison. Absorbance is shown

for: an ideal filter (arbitrary thickness), a ‘good’ pure fluid (192 mm H2O), a

conventional thin film filter (w/200 mmH2O) and a nanofluid filter (20 mm thick-

ness).

Table 2 Estimated PV cell spectral response parameters

Cell type Short l response edge (nm) Long l response edge (nm)

InGaP 444 666

CdTe 500 750

InGaAs 589 884

Si 751 1126

Ge 1270 1906

Abbreviation: PV, photovoltaic.
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Figure 4 Cadmium telluride cell filter comparison. Absorbance is shown for: an

ideal filter (arbitrary thickness), a ‘good’ pure fluid (90 mm H2O), a conventional

thin film filter (w/200 mm H2O) and a nanofluid filter (9 mm thickness).
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The highest solar weighted efficiency achieved in this study, g, is

found to be 76.1% for CdTe using a conventional filter with H2O. As

compared with conventional filters, two- and three-particle nanofluid

filters are generally not as good in terms of solar weighted efficiency, g.

The exception is the Ge cell where the conventional filter has an

g563.9%, but a nanofluid filter can achieve g567.1%. The optimized

nanofluid filter is thinner (9–20 mm) as compared to pure fluids and

conventional filters—shown in Table 3. This indicates amore compact

CPV/T design may be possible with nanofluid-based optical filters.

Table 3 summarizes the particle volume fractions used to achieve each

filter and the associated filter efficiency values calculated from the

objective function of Equation (8). It should be pointed out that in

these optimized designs, the highest particle volume fraction, fv, is

,131024 (i.e., ,0.01% by volume). Importantly, this means that

very few particles are needed to create these filters. Overall, these

results indicate that nanofluid optical filters can potentially be

employed in any number of CPV/T systems.

CONCLUSIONS

This study presented innovative designs of nanofluid-based optical

filters for PV/T systems. Nanofluid-based filters provide superior

solar-weighted efficiency to pure fluids and comparable efficiency to

conventional optical filters over the solar wavelengths—ultraviolet to

near infrared. In addition, the resulting nanofluid filters are consid-

erably more compact than a pure fluid filter or a conventional filter

surrounded by a pure fluid. Another advantage of liquid filters is that

they can potentially be controlled—dynamically—with pumps, mag-

netic/electric fields and temperature changes. The optimization results

of this study reveal that, at most, a volume fraction of 0.0011% is

required to achieve optimum filters for CPV/T applications. A big

advantage of core/shell nanoparticles is that only a small fraction of

each particle is metal, while the majority is silica. This results in an

inexpensive nanofluid since little metal material is required to create

highly absorbing particles. This indicates excellent potential for very

low-cost liquid filters with comparable performance to conventional

filters.

FUTURE WORK

The goal of this study was to demonstrate the versatility of novel

nanofluid collectors and several potential avenues were identified

for future work. The effect of stabilization agents (surface chemistry

modification) and linker agents (such as silanes) which are necessary

in the fabrication process is unknown. The addition of many more

particles to achieve more complex filtration could help to achieve a

better filter. Experimental studies are needed to measure filter per-

formance. Lastly, for real applications, an economic optimization

based on the price of fabrication and the relative value of electricity

vs. heat (based on location) is needed.
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Figure 6 Silicon cell filter comparison. Absorbance is shown for the following

cases: an ideal filter (arbitrary thickness), a ‘good’ pure fluid (19mm Valvoline), a

conventional thin film filter (w/200 mm Therminol VP-1) and a nanofluid filter

(18.5 mm thickness).
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Figure 7 Germanium filter comparison. Absorbance is shown for: an ideal

filter (arbitrary thickness), a ‘good’ pure fluid (1 mm Therminol VP-1), a con-

ventional thin film filter (1 mm therminol VP-1) and a nanofluid filter (0.5 mm

thickness).
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Figure 5 Indium gallium arsenide cell filter comparison. Absorbance is shown

for: an ideal filter (arbitrary thickness), a ‘good’ pure fluid (81mmBrayco 888F), a

conventional thin film filter (w/200 mmH2O) and a nanofluid filter (52 mm thick-

ness).
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