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Abstract

A potentially attractive option fobuilding integrated solar is to employ hybrid
solar collectors which serve dual purposes, combining solar thermal technology with
either thin film photovoltaics or daylighting. In this study, two hybrid concepts, a hybrid
photovoltaic/thermal (PV/T) calct or and a hybrid 6sol ar wi
analyzed to evaluate technical performance. In both concepts, a wavelength selective film
is coupled with a compound parabolic concentrator (CPC) to reflect and concentrate the
infrared portion of the dar spectrum onto a tubular absorber. The visible portion of the
spectrum is transmitted through the concentrator to either a thin film Cadmium Telluride
(CdTe) solar panel for electricity generation or into the interior space for daylighting.
Special attetion is given to the design of the hybrid devices for aesthetic building
integration. An adaptive concentrator design based on asymmetrical truncation of CPCs
is presented for the hybrid solar window concept.

The energetic and spectral split between tilarghermal module and the PV or
daylighting module are functions of the optical properties of the wavelength selective
film and the concentrator geometry, and are determined using a Monte Carlo Ray
Tracing (MCRT) model. Results obtained from the MCRT banused in conjugation
with meteorological data for specific applications to study the impact of CPC design
parameters including the hatceptance angle-, absorber diamet& and truncation on
the annual thermal and PV/daylighting efficiencies.

The hybrid PV/T system is analyzed for a rooftop application in Phoenix, AZ.
Compared to a system of the same area with independent solar thermal and PV modules,

the hybrid PV/T provides 20% more energy, annually. However, the increase in total



deliveredenergy is due solely to the addition of the thermal module and is achieved at an
expense of a decrease in the annual electrical efficiency from 8.8% to 5.8% due to
shading by the absorber tubes. For this reason, the PV/T hybrid is not recommended over
other options in new installations.

The hybrid solar window is evaluated for a horizontal skylight and south and east
facing vertical windows in Minneapolis, MN. The predicted visible transmittance for the
solar window is 0.66 to 0.73 for single glazedteyss and 0.61 to 0.67 for double glazed
systems. The solar heat gain coefficient and tHadtbr for the window are comparable
to existing glazing technology. Annual thermal efficiencies of up to 24% and 26% are
predicted for the vertical window and thertzontal skylight respectively. Experimental
measurements of the solar thermal component of the window confirm the trends of the
model. In conclusion, the hybrid solar window combines the functionality of an energy
efficient fenestration system with hytbr thermal energy generation to provide a

compelling solution towards sustainable design of the built environment.
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Chapter 1

Introduction

Buildings are the primary sinks of global energy resources. Figure 1.1 shows that
out of the 19% total world energy consumption represented by the US, commercial and
residential building ectors collectively contribute to 41%. Only 9% of the energy
consumption in the building sector is obtained from sustainable sources of energy
(hydroelectric, wood, solar, wind, geothermal). Solar energy represents less than 1% of
this portion [1]. Challeges associated with solar technology include low efficiency of
solar electricity, availability of less expensive conventional fossil fuel based sources of
energy and a lack of architecturally aesthetic and functional building integrated solar
energy colleton and distribution systems. As relatively mature solar technologies such
as solar thermal systems for domestic hot water and solar photovoltaics decline in costs,
it is important to adapt the built environment to harness the solar resource. Ideally,
sugainable building design will entail the integration of these devices to exterior walls or

roofs consistent with the overall architectural intent of the building.

WORLD ENERGY U.5. ENERGY U.5. BUILDINGS
CONSUMPTION CONSUMPTION SECTOR
TRANSPOR‘I’ATION PETROLEUM ———

5%

OTHER
40%

25%
-MME RCl AL 19% cOP\L
RES'DENT[M_ 229, NATURAL GAS 349,
OECD
- 15% 20% RENEWABLES —
RUSSIA iy
6%

EUROPE  CHINA

Fig. 1.1 Overview of U.S energy consumptiii



In the present wilt, two concepts are presented for hybrid solar energy generation
with special attention to aesthetics and building integration. The concepts were conceived
to use wavelength selective films developed by the 3M Companies. Spegifloafym
of interes has a high transmission band in the visible portion of the solar spectrum, which
closely matches the quantum efficiency curve for a Cadmium Telluride (CdTe) solar cell,
and a high reflectance band in the near infrared (for wavelengths up to 1850nthe For
present study, the wavelength selective film is utilized in combination withraoking
compound parabolic concentrators to concentrate the infrared spectrum on an absorber
tube to produce sensible heat. The transmitted visible spectrum is used &ternative
applications: to generate electricity via thin film CdTe, or for daylighting an interior
space.

This thesis is organized into two papers that aresseifaining in scope and
presentation and can be read independently. The papers sharercoesign principles
and analysis techniques. Chapter 2 consists of a paper submitted at the ASME Energy
Sustainability 2013 conference. It presents and analyzes a hybrid photovoltaic/thermal
(PVIT) collector. Chapter 3 analyzes an architecturally intedratybrid solar window
design that generates useful thermal energy that can be used to heat water, in addition to
the primary function of daylighting the interior space. The paper presented in Chapter 3
has been submitted to the Solar Energy (Elseiveprofotype of the solar window was
built and tested. Preliminary results for the thermal efficiency of the built prototype are
presented in Chapter 4. Chapter 5 presents the overall conclusions of the research and

recommendations for future work. A bibli@ghy is presented at the end of each chapter.
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Chapter 2
Analysis of a Hybrid PV/T Concept based on a Wavelength

Selective Film1

Thechtnei c al per f otrrmamkciengofhyabrnan PV/ T <co

wavelength selective film is model ed. The
compound parabolic concentrator to reflect
sol ar ms pendtorua tubul ar absorber while tral

spectrum to afni lumdehdtyoawagl ttéhiion modul e. The
CPC/ selective film is obltraicnendy.t hrheeu oChP CMagre
opti mirzend xfianum t ot al enetrgy @emleraat oon.f oA
rooftop in Phoenix, Arizona USA, the hybri
to a system of the same area with indepen
i ncreasevied aad the expensd oeff fa cBedré®a dea oIl

5. 8%

2.1Introduction

Hybrid collectors incorporating solar energy conversion to both thermal energy
and electricity within a single device are popularly referred to as P\&tersg [13].
Non-tracking PV/T systems are an enticing concept for buildings where there is demand

for space heating, hot water and electrical energy, and where roof space is limited [4, 5].

This paper was cauthored by Tim Hebrinknd Jane H. Davidson

4



Concentrating PV/T collectors have been considered to extract more energy from a given
solar cell area [®], but require tracking and are thus not as attractive for residential
buildings as they are for commercial applications. Twoegal approaches have been
proposed to manage the thermal and electrical performance in such hybrid systems.

In the first and most common approach, the PV is cooled via buoyliven or
forced flow using a liquid (usually water)-[43], air [1417] ora combination [18]. Most
PVIT concepts employ glazing to achieve higher thermal efficiency, at the expense of
lowering of the electrical efficiency {92]. Zondag et al. [9] predicted the annual
performance of nine PV/T concepts using a PV laminate withrealicted annual
efficiency of 7.2%. For implementation in The Netherlands, predicted efficiencies are
7.6%/24% for unglazed and 6616%/3835% for glazed PV/T. The range reported for
glazed collectors is due to differences in position and geometryeafabling channel.
Recently, Dupeyrat et al. [13] proposed the use of fluorinated ethylene propylene (FEP)
lamination to replace PV glass covers, and alternate PV encapsulation material to

improve the optical performance of liquid PV/T systems.

Il n tbedseaepproach, the insolation is spl
each generation technology. The PV operati
the incident radi ation matches the quantun

ener gy deutt hi s band can be converted to hec

filters are classified as multilayer filt.
mirrors, prism spectrum splitterk, Buyumiaems
devel opment is | imited by cost constraints
of spectrum splitting optics to real syste

5



reduction in filter perfommamee datsiigmc iachegt

counter this i1ssue in tracking application
been used to I imit the range of incident &
number of i nnovati vbeeamnpepposedi aos b a mg
utilizing beam splitting [23], none has be

I n the present studybarmagel ictotnisntgredrcoku swagn ig
hybrid coll ector I ntended) f or Algwialvasiere@ c & p |
film is attached to a compound parabolic
infrared portion of the solar spectrum on
visible portion to a tCarn of irlany P)M ama dhegl e(. N
predicts the optical performance of the CI
energetic and spectral split bet ween 't he
incidence angle for a range of CPOhggleeoomet r
tube diameter and degree of truncati on.
conjugation with meteorological data to c
efficiendiops.coAlreaedafor for Phoenix, .AA is
parametric studyacapetpit minzes atnlged e haltfhe tub
concentration factor of the CPC for maxi ml
study is presented which compares the ann

independent system of thermal and PV modul

2.P2v/ T Design
The concentrator geometry, the type of

of the wavelength selective film are the
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Incident

radiation IR film
attached

Thin film
PV

Fig. 2.1 Desigrconcept for the hybrid PV/T collector

hybrid collector wih 2m x 1m aperture area. The height is constrained to 0fd:3m
aesthetic installation on residential or commercial rooftops. A thin film CdTe film is
selected for the PV module to match thareleteristics of the wavelength selective film
The CPC concentrator is geometrically defined by the tube diartehe
nominal halfacceptance angle- and the effective geometrical concentration factqr
or truncation (Fig. 2) [24]. Fora perfectly specular concentrator surface, all radiation
within the acceptance angle is collected at the absorber Tiime.tube diametelO
determines the size of the concentrator, and the nominalatedptance angle—

determines the maximum geetric concentration factor for the nominal CPC,
0 — (2.1)

The truncation of the top portion of a CPC is common practice to save reflector
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Fig. 2.2 CPC geometiiyNominal and truncated parameters

material and to ragte the vertical dimension of the CPC. The truncation results in lower
geometric concentration, but modifies the field of view of the concentrator to allow
diffuse radiation outside the nominal halfceptance angle to reach the absorber [25].
Figure 22 graphically shows the effect of truncatier-andO  represent the nominal
parameters of the CPC, yielding a geometric concentration factor given . HqThe

line O truncates the CPC symmetrically to yield the truncated parametersthe
truncated hatacceptance angle @rHe, the effective truncated height of the CPC. With
truncation, the effective geometric concentration factoo isdefined as the ratio of

truncated aperture area and the area of the absorber.

The wavelength sel ect i vfer afrieldn rbeeflloencgtsi vt

t hat utilize ewarvset r unt ev & e-foaupaeret e ppt incuallt i
comprising multiple | ayers of transparent
refractive index polymers and cowxtetidadti

stacks containing 100 to 1000 | ayers with
the wavelength of radi ation to be refl ect

coextrusion and orienttahii okin @y cecrsterso It hatt
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scal e. Each pol ymer | ayer pai-r contains p
works constructively with the next23l ayer
shows the spectral r e P b entotrammacle ifnocri d e orc ma

wavelength selective film considétigdnrmor t

were measured by>spgdddOnoms dchpey.cukFowres are t

selective film under develtopmewtr TWheet eht
~20% Pofnfo® Ona l i ncidence according to Fresrt
equations. Birefringendi rpeltymer s( awiotnlg madt

refractive indices are-pos$adilaeghthats timea era
incidence anegl eb-adidre shifeée ¢RO6FHI Ebhe-i vhey el
polarized |- Bghfobyi abbdeéefNiRe he ghec tsapdexn r &f
absorptance for the frndimddarsedh.egl i gible in
Thin film Cadmium Telluride (CdTe) PV cel

shown 24n, FRihgee quantum efficiency curve [ 27]

the wavelength selective fil nmhlast cnaonr nbael airnr
so that the detriment al effect of shading
solar cells can be oriented in a directior

current mi smatch can be&e awnocoiededtralcladi tef Wi

2.3 Numerical Approach
A 3-D Monte Carlo Rayfracing (MCRT) model was implemented to predict the
reflectanceof the CPC/selective film as a function of the direction and wavelerigtie

incident radiation for a rangd GPC geometries. The value of these results is that they
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Fig. 2.4 Quantum efficiency (left) for CdTe [26] and spectral reflectance (right) for the
selectivefilm at normal incidence
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can be used to determine the thermal and electrical efficiency of the collector for any
roof-top application. In the present study, we selected atopoin Phoenix, AZ to

illustrate the annual efficiency of the collector.

2.31 MCRT Model

The following parameters were calculated with the MCRT model:

1 Quk—"2, Qk— iThe fractions of incident bea:

he

i ncident direction), and i ncident di ffu

respectively

7 "Quk :Z "Q k— iThe fractions of incident be
of Il nci dent direction), and i ncident d
respectively

1 wrgpandy 1 The PV module spectral weighting
function of incident direction, and for d

The gas in the CPC was assumed to bepaoticipating and the reflector surface

was assumed to be 1.5 mm thickthwa specular reflectan¢e of 0.95. The direction of

the incident beam radiatioi, is represented by component anglesand— in thew w

and w aplanes. The ray path was computed separately in the two planes and was

superimposed to obtain al3 solution Figure2.5 depicts the MCRT for a single ray.

Each MCRT simulation consists of a stochastically large number of iayspor beam

radiation and0  for diffuse radiation, being launched from the cover. To achieve

convergence) ; and 0 ; are chosen as 1Gnd 16, respectively. Each ray has a

11



direction (— h— , an energy—, a wavelength. and an origin d hto hx . The origin

has a uniform randordistribution over the CPC coverea. For beam radiation, a series
of MCRT simulations were performed by varyirg and— from (° to 60 in intervals
of 1° and % respectively, to obtain data from the entire range of directions expected in a
roof-top collector. For diffuseadiation,— and — were chosen based on standard
MCRT distributions for the zenith and azimuth angles for diffuse emission from an
isotropic surface [29]The spectral distribution of the rays was obtained by considering
the sun to be a blkbody at 5777K [30].

The wavelength for a launched ray was selected by computing thénaigtitside
of Eq. @.2) numerically over discrete wavelength intervals of 5 nm until the value closest

to the generated random number was obtained.

Y — 0 Q_ Q (2.2)

1) End fates

0=

S T

Fig. 2.5 Monte Carlo Rayrace in the CPC cavity
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Once a ray was launched from the aperture plane, its path was traced through the
CPC cavity, accounting for randomized surface interactions within thiy eatil the ray
either (i) struck the absorber tube, (ii) was transmitted to the PV module or (iii) was lost
through the cover or ends of the CPC. The path of the ray i taedw ¢planes can be
represented by straight lines. The intersection efrty with the cover and the absorber
were calculated by simple geometrical relations. Intersection with the CPC was
calculated numerically using the equation of the CPC curve for tubular absorbers defined
in [31].

Whenever the ray intersected a surfaceandom reflectanc¥ was generated to
determine a statistically meaningful outcome over the large sample ofi raitber
reflection or transmission at the cover or the CPC/selective film, based on the surface
properties. The transmittance of the covelis basedon Snel | 6s | aw f o
Bouguer 6s l aw for absorption | osses i n
reflectance depends upon the angle of incidence at the point of interseeti@and the
wavelength_ . — is the resultanof the intersection angles in thecand thew ¢planes.

A specular erro— having a normal distribution with a standard deviatjon ¢ mrad
accounts for the irredarities in the CPC surfac&he film reflectance given by ER.8)
was calalated in terms of film spectral reflectance at normal incidence, based on the

bandedge shifts for the selective film.

(O S — (2.3)

"Q— is a fourth order polynomial ir— that has different fons for_ < 1350 nm

and_ > 1350 nm, representative of the two badgdes.
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The number and wavelength of each ray were tracked iteratively, and the fractions
of beam and diffuse radiation available for the thermal and PV modules were derived

from theresults of the rayracing.

0, —,0 L4 (2.4), 2.5)
0, — L (2.6), 2.7)

The spectral weighting factors foedm radiation and diffuse radiatia, j 5 and
® f , have a value from 0 to 1 and modify the PV module efficiency to account for
transmission losses through the wavelength selective film and shading effects due to the
absorber tubes. Fan independent PV module without the film, the spectral weighting
factors equal unity. For the present application, they are defined byZ®Rjsarid 2.9),
weighting the spectral characteristics of the wavelength selective film by the quantum

efficiency.

0 ko Bhr:—oh“’ o (28), 2.9)
2.3.2 Annual thermal and electrical efficiency

The efficiencies of the solar thermal and PV modules were -calculated
independently using the results obtained from the MCRT. A egieady state -D
energy balance was applied for the thermal module. A selective coatinackfdbirome
on nickel was assumed for the absorber tubes and weighted absorptance of 0.945 was
calculated [32]. A fixed fluid inlet temperature of 293K was assumed. To simplify the

mathematical analysis, a number of assumptions were made. The heathkialasarber

tube was assumed uniform over the circumference. Flow through the absorber tube was

14



assumed to be uniform and fully developed. Conduction losses through the low iron glass

cover were neglected. The annual thermal efficiency is given by2HQ) (32].

_ _B (2.10)

The solar radiation incident on the absorber ti¥&/as obtained by interpolating
from the MCRT results for the direction of beam radiation obtained fromhdiely
TMY2 data [34], and accounting for transmittance of the low iron glass cover and the
absorptance of the absorber tube.

Y O O f| (2.12)

The overall thermal loss coefficielt was computed from the equivalghermal

resistance network shown in FRJ6.

Y — (2.12)

Table2.1 lists the assumed heat transfer coefficients. The convective losses in the CPC
cavity were approximated by treatirtbe cavity as a horizontal annulus formed by
eccentric cylinders [35]. An effective outer diamet€ was calculated.An
experimentally derived factorQ having a value of 0.55 [36] was used in the
calculation of the convective heat loss from the absorber to the reflector and the cover
The equivalent emittances, , - and- were calculated from relations derived
in literature [24].

For CPCs with tubular absorbers, the heat removal factor is given b3.ER). (

O —p Qo — (2.13)
where

"0 (2.14)




Ambient Y

Selective

COVer v "Y f|lm

Fig. 2.6 Thermal resistive network for the thermal module

Table2.1 Heat transfer cefficients between different components of the thermal module

Convective heat transfer Radiative heat transfer

e (35, 36] Ern  ——— [24.36]
Enr £ Eq [35 Enr [24]3
~ . Eﬁ
Er & o080 [ J2
feo T B Ep  —————[24]3
(Conducti veodffaicit
N 8 ¥
Eq T s 7 7 7 | B —  [24]3¢
[ 37
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"Q is the heatransfer coefficient between the fluid and inner wall of the absorber tube.
For'Y'Q 2300,0 6was assumed to be 4.36 for constant heat flux and fully developed
flow, and for'Y'Q 2300 correlations developed for turbulent flow in a smooth pipe were
usa [38].

The empirical model used to estimate the PV efficiency is given byZEp)(
[39] wherew is the spectral weighting factor that accounts for the transmission losses

through the wavelength selective film and shading, given byZELH)(
- - o Y oy — (2.15)

12}

W W h W[ — (2.16)

¢ is the reference PV module efficiency computed at standard testing conditions, and
was assumed equal to 0.1234 for the 4ilim CdTe [40]. The factor$ andi were
chosen as 0 [39] aneD.0028C*! based on measured data [41]. Empirical relations
developed for closetack PV installations [42] were used to deterniivie . The méhod
involves calculating the back surface temperature of the PV mdodule, by Eq. 2.17),
arrived at by a steady state energy balance. The coefficients (a, b) were cheB&7@s (
-0.0471) for closed rack mounting was then alculated assuming an empirically

estimated temperature differen¥efof 3°C [42].

Y 0 Q Y (2.17)
YooY — ¥y (2.18)

The annual electrical output is

0 - 50 (2.19)
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5

is the effective PV area that is exposed to insolation based on the direction of beam

radiation. For simplicity, the same effective area is assumed for diffuse radiation.

2.4 Results

2.4.1 Monte Carlo RayTrace (MCRT)

Figure2.7 shows plots fofQ, "Q;, andw f p as a function o~ and— /4, for

one of the geometries considered: 45°,'0 0.03m,&  0.015 kg/sm?. The values

of the corresponding diffuse parametersiaset.

— and— (4%°) for the CPC geometry are both defined indheplane. Consider

the graphs at—  0° as— is varied from 0to 6(°. For radiation incident within the

acceptance angle— 45°), the fraction of mcident radiation concentrated at the

absorber tubeQy, is 0.490.57 while visible radiation is transmitted to the PV module.

‘Qp, ranges from 0.4D0.49. For— —, "Qp is zero as expected. In contra¥d,

increases to 0:0.7 as the number of average reflections in the CPC increase and make

transmission more probable. The spectral directional weighting factog, depends on

the wavelength of the transmitted radiation and hasral similar to'Q,,. It ranges from

0.65t0 0.78 fo—  45° and approach the ideal value of 1 for  45°, where® f

ranges from 0.8D.94.

As — is increased fromo 6, more radiation is lost throudioth ends of the

CPC. As a resultQ, "Qp andw f i have progressively lower values compared to the

case when— 0°. The shift to lower values as- increases fromo 67 is ~2% for

"Qpp ~15% for'Q and ~18% fow j pp.
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2.4.2 Parametric Study
A parametric study is presented to determine the sensitivity of the hybrid collector
annual performance te- (25-55°), 6 (1.2 to 2), andD (0.020.03m). Table2.2 lists the

fixed and variable parameters.

Effect of concentrator geometry

Figure 2.8 shows the annual thermal (left ordinate) and PV (right ordinate)
efficiencies of the collector as a function-effor O 0.03m andd  0.015kg/sm?.
The values 06 corresponding te— are also indicated on the abscissa. Geometries with
— 40 are truncated to comply with the height restriction of 0.13m, and Ghus
0 . As — is increased, the CPC accepts a widagular range of incident beam

radiation. Consequentlyy decreases, allowing a larger fraction of the diffuse radiation

(~—) to reach the absorber tube [24]. Thus, annual thermal efficiency increases with

increasing—. The nonlinear behavior of with respect to—for —  40°is due to the
effects of truncation.

The annual efficiency of the PV varies over a narrow range from 0.0585 to 0.053
as—is increased from 230 55’. As—is increased, the @ih of the corresponding CPC
concentrator decreases. For a fixed collector aperture area, a larger number of absorbers
can be accommodated, causing more shading. If the PV module were operated without
the CPC, the electrical efficiency would be ~8.8% (@@tutwn). The transmission losses
through the film and the loss of efficiency due to shading outweigh the benefit of reduced

operation temperature.
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Table2.2 Fixed and variable parameters for the parametric study

Fixed Parameters Value
1. General
Geographical Location Phoenix, AZ
Aperture area) 2 e
Concentrator height 0.13m
Collector orientation E-W, facing south, slope 80
2. Solar Thermal module
Heat transfer fluid Ethylene glycol 40% (v/V)
Inlet fluid temperature’Y 293K
Mass flow rateg 0.015 kg/sm?
3. PV module
PV module type Thin film CdTe
PV reference efficiencys 12.34%
Variable Parameters
Half-acceptance angles- 25°71 55°
Effectlve concentration factp 12.1.4.1.7, 2.0
Tube diameterO 0.02m, 0.025m, 0.03m
0.36 0.06
Truncated td
0.13m
0.33 \ - 0.058
< N
«w 0.3 - 0.056 &
0.27 1 - 0.054
0.24 ‘ ‘ ‘ ‘ ‘ 0.052
25 30 35 40 45 50 55

Je
Cc= 2 19 17 1614 1312

Fig. 2.8 Annual thermal (left) and PV (right) efficien&, 0.03m,&  0.015 kg/sm?
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Figures2.9(a) and (b) plot the annual thermal and PV efficiencies as a function of
— when truncation is allowed even when not mandated by the height restriction. Table

2.3 liststhe values of—andd considered along with the corresponding values-aind

——. The dashed curves iRigs. 2.9(a) and (b)show the same case as F&8 and

represent the maximum and——, or minimum truncation required to meet the height

restriction. The solid curves represent the truncated CPCs for four levels of truncation
represented by . For 6 1.2, the solid curve is terminated-at 40° because for
lower values of—, it is not possible to install glazing. As shown in 2g(a), higher
thermal efficiencies are obtained by truncation for a fixedAlong lines ofconstant |,

— decreases with increasing for — 25° as the level of truncation decreases. For
— 25° the loss ofefficiency due to the narrow acceptance angle overshadows the
favorable impact of increased truncation.

In contrast to thermal efficiency, PV efficiency decreases with increasing
truncation at fixed— as shown in Fig2.9(b). Also in contrast to the trends fer , —
increases with increasing- at fixed 0 . In summary, a 9% increa in thermal
efficiency can be obtained through truncation for the geometry-with 40° and 6

1.2, but this increase is obtained at the expense of a 1.2% reduction in the PV efficiency.

Effects of tube diameter
Diameters of 0.02m).025m and.03m were considered. Geometries that exceed
the heightrequirement were truncated 1@ = 0.13m. As the tube diameter is increased,

the size of the CPC (the height and width for a single concentrator) increases for a fixed
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Fig. 2.9 Annual termal (a) and PV (b) efficiency as a function-efand6é ,'O 0.03m,
&  0.015 kg/sm?

Table2.3 Truncated parameters for different CPC geometries used in Fig. 2.9

dc Ce dd He/Hmax
25°|1.4| 86 0.16
1.7| 68 0.25
2 | 50° 0.42
3°| 14| 81I° 0.24
1.7/59.| 041
35°11.4| 748 | 0.35
1.7| 4B 0.75
40° [ 1.2|87.2| 0.31
1.4166.2| 0.52

1.2| 8% 0.42
14| 4%° 1
50°|1.2|74.8| 0.58

55°|1.2| 5% 1

—. Figure2.10(a) shows that for 25 — 55°, — s reltively insensitive to changes in
the diameter of the absorber tube. The level of truncation is responsible for slight changes
in the slope of the curves. As shown in R2g.0(b),— is also insensitive to changes in
the tube diameter for— 40°. For — 4(°, a smaller diameter yields higher

efficiency because less truncation is required.
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Fig. 2.10 Annual thermal (a) and PV (b) efficiency as a functior-ahdO, &  0.015
kg/sm?

4.3 Case Study

The performance of & hybrid PV/T collector is compared to a system with
independent solar thermal and PV modules with the same total collector area. Based on
the results of the parametric study, a CPC geometry @itt0.02m andd as large as
possible subject to a maxim CPC height of 0.13m was selected to maximize —
was varied from 25to 55

The independent solar thermal module was assumed to be a glazed flat plate
collector with selective absorber coating. The assumed efficiency of the thermakmod

based on a representative SRCC-O8Brating [43] is

— T X WT& Yp—— TBITIT o— (2.20)

The PV module for the independent system is a thin film CdTe module with the same
reference efficiency as the PV mad in the hybrid system. Figugll is a sketch of the
dimensions of the hybrid PV/T collector and the independent system with separate

thermal and PVcollectors. Both have a total areaof 2n?. To size the independent
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Fig. 2.11A schematidor (a) the hybrid PV/T system and (b) the independent system of
PV and T collectors
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Fig. 2.12 Total annual output (kwWh) for the hybrid collector and the independent system
at(a)— 25, (b)— 4C0and(c)— 55,0 0.02m,& 0.015 kg/sm?

modules, the PV output was setual to that of the hybrid PV/T with the remaining area
allocated to lie thermal collector. The aréa of the independent PV moduis less
than2 m? due to thdoss of efficiency of the hybrid PV module resulting from shading
and transmission losses through the wavelength selective film.

Figure2.12 compares the annual energy delivered (kWh) by the hybrid module
and the correspondingdependent system. The incident radiation for Phoenix, AZ over
the collector area is 4765 kWh. At  25°, the combined output (PV + thermal) is 1343

kWh for the independent collector and 1398 kWh for the hybrid collector. The PV
25



module output in forced to be the same in both collectors and is 294 kWh. The area of the
independent PV module is 1.42nmAt —  40°, the total output of the hybrid module
increases to 1736 kWh. The increase in thermal output is obtained at the expense of a
decrease in PV output to 277 kWh. Accordingly, the area of the independent PV system
is decreased to 1.32%mThe total output of the independent system increases to 1460
kwh. As—is further increased to 35the total output increases to 1955 kWh (a further
increase of 25%) accompanied by a decrease in PV output to 255 kWh. The area of the
independent PV syem is 1.21 1 The total output of the independent system is 1624

kWh. The comparison of the hybrid systems is described by the gain ratio.

0w Q¢

(2.21)

The gain forO 0.02m andd  0.015 kg/sm? is plotted in Fig2.13 as a function of

—. The gain is 1.04 at~ 25 andrises to 1.19 at 4. For 2% — 40, the
increase in gain is due to the increase in the thermal output for the hybrid system. The PV
output decreases as is increased, accompanied by a corresponding decrease in the PV
modulearea in the independent system to achieve the same PV oAfpatresult,a

larger area is available for the independent thermal module.

1.2

25 30 35 40 45 50 55

c

Fig. 2.13 Gain (Eq. 31) as a function-ef forO 0.02m,&  0.015 kg/sm?
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2.5 Conclusion

A concept for a nottracking hybrid photovoltaic/solar thermal collector that uses
a wavelength selective film to split incident radiation between afilninCdTe PV
module and a solar thermal module is gmatl. A Monte Carlo Rayrace algorithm to
determine optical performance of the CPC/selective film is presented. To illustrate the
use of MCRT to assess annual thermal collector performance, annual thermal and
electrical simulations are performed for Phae\Z. The parametric trends are similar
for different geographical locations.

For this concept, the thermal and electrical performance of the hybrid collector
depends strongly on the halEceptance angle- and the truncation of the CPC. Higher
thermal efficiencies can be achieved by increasindgrom 25 to 55° or by truncation of
the CPC. Truncation enhances the apparent field of view of the CPC and allows a larger
fraction of the incident diffse radiation to reach the absorber tube. The electrical
efficiency is most significantly affected by direct shading by the absorber tubes. While
the electrical efficiency is not directly dependent on the concentrator geometry, the
geometric concentratiofactor 06 has a direct bearing on the number of absorber tubes
shading the PV module; a high&r corresponds to less shading. The truncation ane half
acceptance angle can be chosen for an application based on establishetisiratieng
with a suitabé diameter.

For the analyzed system, the hybrid collector provides up to 20% higher total
energy conversion efficiency (output) but lower individual electrical and thermal
efficiencies compared to independent PV and solar thermal modules. The use of an

additional glazing to reduce thermal losses plus the addition of the film reduces
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transmission of insolation to the PV. This penalty is not offset by the efficiency gain
attributed to matching the spectral content of the radiation incident at the P tedl t
guantum efficiency band of the PV cell. Thus PV efficiency drops from the nominal
value of 8.8% to 5.8% for the optimized geometry. Incident radiation on the thermal
absorber is restricted to primarily the near infrared and thus thermal outpducede
compared to a conventional thermal collector, yielding an annual thermal efficiency of
~31%.

On the positive side, the concept is unique compared to other proposed PV/T
collectors because the thermal component can be envisioned as-@m taddn ®isting
roof-top PV installation. Such a retrofit would increase the amount of usable energy per

unit installed collector aréa.

2.6 Nomenclature

o) Area, nt
0 Geometric concentration factor
& Specific heat capacity at constant pressure, J/kgK

Tube diameter, m
Blackbody spectral emissive power
Heat removal rate

Collector efficiency factor

© o o O O

Fourth order polynomial

2 Theauthors acknowledge the financial support of the University of Miriadsitiative
for Renewable Eergy and the Environment (IREE).
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o O © ©

Gain

Ol

YQ

Fraction of blackbody emissive

experimentdy derived factor that relaté®;, andQ;  [36]
Incident solar radiation, W/m

Fraction of incident solar radiation

Ratio of total outputs of the hybrid and independent systems
Grashoff number

Height, m

Heat transfer coefficient, WAK

Thermal conductivity, W/mK

Length of CPC reflector, m

Mass fbw rate, kg/am?

Number of rays

Nusselt number

number of concentrators in the collector

Prandtl number

Energy, kWh

Useful energy, W/m(3600J/m for hourly data)

Random number, uniformly distributed in (0,1)

Raylegh number

Direction of incident radiation

Equivalent resistance of the thermal networkiKiv

Reynolds number

Energy alorbed per unit absorber arealm® (3600J/m for hourly data)
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Temperature, K

Thickness of the CPC/seleve film, m
Overall loss coefficient, W/AK

Wind velocity, m/s

Spectral weighting factor

Cartesian coordinates

Greek symbols

Subscripts
&

® Qi

€

Absorptance of the absorber tube
PV cell temperature coefficierfC?

PV cellirradiance coefficient
Emittance

Efficiency

Angle, deg

Nominal halftacceptance angle, deg
Truncated halacceptance angle, deg
Wavelength

Reflectance

StefanBoltzmann constant, Jfs?K; standard deviation

Trammittance

Absorber tube, absorbed rays
Air

Beam radiation
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WO®Q  Back surface of the PV cell

@ CPC coverrollector;convection

®Q Conduction

OQAaa PV cell

Q Diffuse radiation

D Associated with tube outer diameter
Q Effective value

QMQE Fluid inlet/outlet

"QQ Between fluid and tube

"W 1 "QQ Hybrid collector

Qe Q Independent collector

Q Index, inner

a Wavelength selective film
aow Maximum value at a fixeg—
a Qe Minimum value

€ Outer

0 ® PV module

N Quantum

5} Directional

1 QQ Reference value

i Specular reflection
i Qw Sky

0 Transmitted rays
31



0Q Thermal module

o 610 & Xy, yz planes
H Ambient
_ Spectral

Superscripts

0 W PV module

Y Thermal module
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Chapter 3
Analysis of a Hybrid Solar Window for Building

Integration 2

The technicalhykddaddlrdawdkpn ofi daes heati ng i
daylighting wa&veelveanlgutahnt eslel eActi ve film 1is
parabolic (CPChe nmterfdtecrt and concentrate the
spectrum onto a tudmiltatri mmg stohdevi svihbll & p or
into the inTkbei optsepakteperfor mangree difc ttehde
usi Mpnd e CalrrlaccmdrRdpdkln adapti ve concentrator
asymmetrical truncaetdi ohorofveGRGsc al s wa malloy:
skylights. The predicted visible transmitt
and 0.61 to 0.67 for double glazed windows
factor are comparabtbnobogxi sThegamghaal ngh
doubl e glazed windows/ skyligRtd&s6%ased on u

Keywohdgbrid, solar window, wavelength sel e

3.1 Introduction
Daylighting is widely recognized as ley strategy towards an aesthetically
pleasing and energy efficient built environment. Several studies link human health and

productivity to natural light (Kim G. and Kim J., 2010; Plympton et al., 2000;Vandewalle

2This paper was c@uthored by Tim Hebrink and Jane H. Davidson
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et al., 2006). Daylight produces a true color rendering, provides visual comfort, and is
considered to be a major cue to the human circadian rhythm (Gochenour and Anderson,
2009) With appropriate lighting coml systems, daylighting can reduce electrical energy
consumption by more than 30% (Chow S. et al., 2013; Li et al., 2888)ighly glazed
commercial buildings are synonymous with modern architectural design, the
development of energy efficient commetatazing technologies is important.

Modern glazing technologies offer various approaches to regulate their thermal
and optical performance. Mullayer glazing separated by air, vacuum, inert gas or
transparent insulators such as silica aerogel (BunadtiMoretti, 2012) reduce thermal
losses. Tinted or reflective glazing technologies (Chow T. et al., 2010; Mohelnikova,
2009; Alvarez et al., 2013)pw emissivity coatings (Alvarez et al., 2013; MasBalma,

2009) and spectrally selective glazing (Alvaetzal., 2013; MartirPalma, 2009; Xu et

al., 2006) regulate the spectral response of the window. Switchable glazing technologies
such as electrochromic (Page et al., 2007; Piccolo et al., 2009; Granqvist et al., 2010),
thermochromic (Granqvist et al., 2IMlyuka et al., 2009) or photochromic glazing and

liquid crystals Gardineret al ., 2009) have been develope
systems to provide varying levels of daylighting and passive thermal control for the
interior.

An attractive aproach for glazing systems is to harness the sunlight not utilized
for daylighting to generate alternate forms of energy to supplement the overall
sustainability of the built structure. Setmansparent building integrated photovoltaic
(BIPV) glazing (ChowT. et al., 2010; Li et al., 2009) can be used to offset interior
lighting loads, but suffer from low transmittance in the visible. Chow T. et al. (2010,
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2011) analyzed watdlow doublepane window. Water is circulated through the cavity

of a double glaz#t window to reduce solar heat gains by 32% as compared to a double
glazed window with absorptive and clear glass, in addition to annual heat extraction by
water that was equal to the annual solar heat gain through the double glazed window.
Davidsson et al(2010) proposed and tested a multifunctional, window integrated PV/T
with tiltable aluminum reflectors to concentrate incident solar energy. The electrical and
thermal performance of the window was comparable to-irgefjrated PV and solar
thermal colletors of the same area. A drawback of the design is that in the active mode,
the window acts more like a wall due to the opaque concentrators.

Il n the present work, a hybrid 6ésol ar
band splitting is proposed and adyzed. The proposed device performs multiple
functions: it daylights the interior space; it generates useful thermal energy which can be
used to offset domestic hot water or spaceheating loads; and it can be used to regulate
heat gains through the windowigure 3.1 shows the design concept. A wavelength
selective film is attached to a series of compound parabolic concentrators (CPCs) made
of transparent PMMA or polycarbonate, and integrated into a window on the interior side
of a lowiron glazing. The waslength selective film divides the incident solar spectrum
into visible (transmitted) and neanfrared (reflected) bands. The low iron glazing
ensures high transmittance (~91%) over the entire visible and near infrared regions of the
spectrum. The specthaselective CPCs are connected to tubular absorbers via end plates
that can pivot about rubber bushings. A heat transfer fluid such as water or a

water/antifreeze mixture is circulated through the absorber tubes. The inlet/outlet
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manifolds to supply flud to the absorbers are incorporated into the window frame for
aesthetic architectural integration.

The window may be operated in two modes by adjusting the position of the CPCs.

I n the concentrating mode, t he Cé&nisthear e 0c
visible portion of the incident solar spectrum to the interior space for daylighting.
Because the film transmits visible radiation, it does not suffer the drawback of the
concentrated PV/T concept proposed by Davidsson et al. (2010). The infoatiedh of

the spectrum is concentrated on to the absorber tubes to generate useful thermal energy.
Blocking the infrared portion of the solar spectrum serves to passively cool the interior
space. In an alternative naoncentrating mode, the concentrat@man be opened to

allow the full solar spectrum to be transmitted into the interior space. In this case, the

solar window acts as a passive space heating device.

In this paper, we model the solar window with the objective of identifying the
effects of CIE geometry on the thermal and daylighting technical performance. A
Monte-Carlo Ray Tracing (MCRT) algorithm is formulated to model the optical behavior
of the wavelength selective film (Ulavi et al., 2013). The MCRT model determines the
spectral and energie split between the solar thermal module and the daylit space as a
function of the wavelength and direction of incident radiatiiimese resultareused to
predict the annual thermadfficiency of the system, and the daylighting and heat
insulating proprties of the window. A case study for eastl south facing vertical

windows and a horizontal skylighg presented for Minneapolis, MN.
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3.2 Wavelength Selective Film

The wavelength sekectndedi Fayer i di el eccat
cosisting of alternating | ayers of high re
pol ymers each with -ftchurctkmesfsesheqwalel @en ot
(Weber et al ., 2000) . Each pol ymelrayleary etro c
create a broad reflection band in the neal
visi ble wavelengt hs.

Figurpel adthee f | edt @aficd he noir mal fafnfdr Mal
inci degétes a(s a funoagttihoTh eo fd ataar edreen constru
sunlight <co-pel at bz e #p oélath | pZ0diee sldidghtl T @ m
are for a commercbalt aybeaeayané opbb®@Chili mes exp
for a fil m unAlte rmmaare vienl coi pdneenncte., the film h
(measur-B8d%atf -&&m 400 to 850nm and a high r
to 1835nmt6(@etnbo%)maki denlce r e feldgetst eshha e @ d
wavel engd hasv eorugganhceft emai ns-pohar isaené ¢ @omp d
of l i ght . Reoél acit 7 esd ti Inidielpre ndent ofFfobhe i n
birefringent podegfmreact iwid hi mhitcehsedal ong t h
al . ,) .20T0hCe refl-poctanceeflocompen8paiti gpf@enl i ght
—= ®than at nor mal incidencenctbdedsl| nghkt gi

The quality of the transmitted daylight depermuafsthe relative sensitivity of the
human eye to different wavelengths, indicated bypihetopic luminosity functiom _

[1] shown in Fig. 3.3. The plot shows that the humaniggensitive to light in a narrow

band from 460 _  680nm, with a peak at 550nm. Daylighting metrics such
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illuminance and visible transmittance are weighted by the photopic luminosity function.
As shown in Fig. 3.2, the film has a high transmittance (<f0r3350 _ 700nm for
— = 0° and— = 60°. Because the film is well matched to the photopic luminosity

function, it is ideal for daylighting.

3.Besign approach

In this section, a design approach that can be used to select an approptiate CP
geometry for any facade orientation and geographical location is described. To examine
the versatility of the proposed design, three cases are evaluatatical windows on
east and south facing facades and a horizontal skylight in Minneapolis, MNhig&or
analysis, the window and skylight size is fixed at 1 x 1.5m (Fig. 3.4{a&p adjacent
windowsof this sizerepresent a windowo-wall ratio (WWR) of 35% for a typical single
person ffice space having dimensions 3 xx32.75m. The concentrators areriented
such that they have a flow length of 1m, and the concentrator d€athrestricted to
0.05m based on typical vane sizes for window blinds (Fig. 3.4(b)). The tube diameter is
0.016m. Single glazed (3.2mm glass) and double glazed (3.2mm gkagmni air,
3.2mm glass) are considered to represent conventional window glazing options. The
concentrators are 1.5mm thick acrylic.

The CPC geometry, shown in Fig0Q 3.hte, [
nomi nadc chegltfanean d mtghme n a | geometri c al conc

(the ratio of the CPC aperlnOyme area to the

5 — (3)1
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For a specul ar, opaque concentrator sur f a
within the lacceaptuwsnefeularogt d e n tbrudtea ofko, rn gl oosvo |
applications such as windows. For the wini
truncated CPC has sever al advantages. The
receives maxl muadiaamt i on within the nominal
geographical | ocati on. The truncated CPC g
for t he sol ar t her mal modul e. Truncation
appealingcdaesbgnatdhpted to the fa-ade orie
l etter O6T6 in Fig. 3.5(a) represents the p
truncated geometry (Fig. 3.5(b)) dthasg an ef
anada @&nhanced field of vVview;acrceprntranert eadch gh
and (> .

Figure 3.6 depicts the wuse of asymmet |

window and a horizont al skyilndgdow .ad ta i skylo
the full range of orientations. Figures 3.
vertical window <coll-actept chraocvd Pgamgllée®dsn a f

respectivel y. TheO sOmall 4bne, 10 . 6 8BmEfeindg r a8 06 ( 4)
hi gher optical efficiency than that shown
habh¢ceptance angl e. However, a window cons
woul d have fewer absor bietr ntourbee sl iagnhdt a sntao rt
Il n Figs. 3.6(a) and (b), the CPC axis is

radiation transmitted through the window
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respective acceptance oarn @glnd %ainedif4iSmbd & p o
verti-ead4Oafnod’, 25 espectively.

Figure 3.6(c) shows a CPC design for a
inclinedtat th® vertical towards the south
thecaptance angl e. For an arbitrary fa-ade
to choose a suitable plane of truncati on.

desi gn% —f 4bwe2rbe eval uated.

3.4. Model

A -B Monte -Caiancgo (rMGRT) mod e | was | mpl em
refl ectance of the CPC/wavelength selectiyv
the sol ar t her mal modul e as a function of
radiati on. The aemdahglyda emddi fiinecrisddehor t he
Results are also wused to dtet,ergmlner theatyv
coef f YOOt act or for the hybrid solar Wi
i ndependent of geographical |l ocation and

software such as RADI ANCEd&¥yYIlightEiSnyYEs Pmwl :

3.4.1 MCRT
The MCRT model for the CPC is described in detail by the authors in Ulavi et al.
(2013). For the preserdpplication the procedure was modified for asymmetrically

truncated geometries to determine the following qtiasti
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1 Q,k—=2, " Qk— iThe froafctiiocnisdadt@d®am functi
he

of i nci depnatn dd idriefcfturseeh Ireacdtieadt itoon t he abso

1 Quk—2, Q k— i The frattiocsdent baam r a

ho

function of iPnacni dd edhit f fduisreecacntsambiintatt @ d nt ot

space
T _wsSPp O . 5 h_psp 0 . iThe spectral distribu
transmitted to the daylit space

The MCRT procedure launches a stochastically large number ofiraysom the
bottom plane of the glazing to predict the optical behavior of the system bagskd on
interactions of each ray with the optical and geometrical elements of the CPC cavity
system. The concentrator geometry, the wavelength selective film, the low iron glass
cover and the selective absorber form the elements of the CPC cavity systena.3Fgu

shows the rayracing procedure for a representative ray. Each ray has a fraction of the

incident irradiance) “Ol'_') , a wavelength_ and directionb — h— . The spectral
distribution of the rays represents a blackbody distribution at 57Z&&h ray is tracked
independently in thew cand w aplanesand the path is superimposed @btain the
intersection point with the CPC, cover or absorber tube. The ray tracing algorithm is
terminated when: (i) the ray is intercepted at the absorber tube, (ii) is transmitted through

the wavelength selective film to the daylit space, or (iiijsethe system by transmission

through the cover or the ends of the CPC.
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The interaction (reflection or transmission) with the cover and the wavelength
selective film is approached statistically by comparing a generated random nmber
with the predicted reflectance at the point of intersection. The reflectance at the cover is
predicted using a combination of Snell 6s |
2006). The refractive index and extinction coefficient for low ironglae 1.526 and
4m?! respectively.The fim reflectance is a function of the wavelengthand incident
angle— (resultant of incident angles in thecandw ¢planes) at the film, further details
for which can be found in previous work (Uiaat al, 2013). A specular reflectante
0.95 is assumed for the filndA specular erro— having a normal distribution with a
standard deviation =~ o mrad, accounts for the irrefgrities in the CPC surface.

Multiple MCRT simulations werg@erformed for each concentrator geometry by
varying— from -60° to 6> and— from (° to 6 (due to symmetry in theb ¢plane
about the CPC aXisfor the incoming beam radiation in increments 6fahd %
respectively. The number of raysquired for convergence of the numerical solution are
Og 10° and U g 10° for beam and diffuse radiation, respectively. A separate
simulation was performed for incident diffuse radiation requiting 10° rays.— and
— for diffuse radiation were chosen based on MCRT distributions for the zenith and
azimuth angles for diffuse emission from an isotropic, isothermal surface (Howell, 1998).
The fractions of incident beam radiation and diffuse radiation reflected tdosoebar
tube and transmitted to the daylit space are given by Eqs:(8%)The number of rays
required for convergence of the MCRT solution to a steady value within 1% are
U0g 10° for beam radiatiorand 0 5 1P for diffuse radiation The model was also

used to track the transmitted spectrum into the daylit space for daylighting calculations.
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QY —2,'Q — (3.2), (3.3

Q. —20  — (34), 35)

3.4.2 Annual thermal efficiency
The thermal efficiency of the solar thernmabdulewas determined from a
guasisteady state-D energy balanceThe heat flux at the absorber tuiseassumed
uniform over the circumference. Flow through the absorber tsbassumed to be
uniform and fully developed. Conduction lossesossthe low iron glasg§4] coverare
neglectedas they are insignificant compared to convective and radiative |dsdde 3.1
lists the assumptions and system properties for the solar thermal model.
The solar radiation absorbed thye absorber tubgy given in Eq. (3.6) i®btained
by interpdating "Q, and"Q obtained by the MCRT model for the direction of incident
beam radiation, and magnitudes of the incident beam and diffuse radiation from hourly
TMY2 data.
Y QO QO T (3.6
In this expressiont r epr esents the transmittance of
and Bougerd6s | aw, and is a function of i
coated (blackhrome on nickel) absorber, , is weighted for the reflected spectrum.

The annual thermal efficiency of the collector is determined by

- —B (3.7)
where ¢ represets the number of absorber tubes, divdand “Y are the fluid inlet
temperature and the hourly ambient temperature, respectively. The overall thermal loss
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coefficient 'Y is calculated from a thermal resistive network that accounts for the
convective, radiative and conductive losses from the absorber tube to the cover and the
selective film and subsequent losses to the ambient. The thermal resistive network is
provided in Ulavi et al. (2013), with minor modifications listed here. The daites|s
assumed to at a fixed temperatliye 25°C and the convective losses from the CPC to

the room are calculated using heat transfer correlations for natural convection from a

horizontal cylinder (Kaka et al., 1987). For the double glazed window/skylight, an

additional resistance— accounts for convective and radiative heat transfer in the air

gap. The natural convection in the vertical/horizontal air cavity (Wright, 1996) is
modeled as per ISO 15099, a standard for windows set by the National Fenestration
Rating Council (NFRC). Radiation in the cavity enclosed by the glazing layers is
modeled assuming a view factor of 1 (for a thin cavity compared to glazing dimensions).
The heat removal rat®© is a function of'Y, the absorber tube thickness and the heat

trarsfer coefficient from the inner absorber wall to the fl@d(Ulavi et al., 2013)

3.4.3Evaluation of fenestration

The visible transmittance ( ), the solar heat gain coefficiefiY{O"O@&nd the Y-
factor characterize the daylighyrand thermal performance of the fenestration. These
characteristics are evaluated according to standard rating procedures prescribed by the
National Fenestration Rating Council (NFRC).

The centeiof-glazing (excluding the window frame) visible transnmitta and the
solar heat gain coefficient are determined in accordance with NFRQ@@Dusing the
reference conditions listed in Table 3.2. The visible transmittance is calculated by
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weighting the transmitted spectrum for direct normal radiaion §) obtained from the
MCRT model by the photopic luminosity function in Fig.33and accounting for
transmission through the cover. In addition, a visible transmittance value for diffuse
radiation,t 5, is calculated to simulate uniforwvercast sky conditions, a common

assumption in daylighting studies (Rosa et al., 2010; Du and Sharples, 2011).

B " h i
T —— T (3.8)
h
T & —i - h Ty (3.9)
h

The transmittance through the cover for diffuse radiation is assumed equal to the cover
transmittance for beam radiation at an incidence angle Y{@ffie and Beckman,
2006).

The solar heat gain coefficient is the fraction of the incident solar energy directly
transmitted through the fenestration plus the energy reradiated or convected into the
interior space.The CPC/selective film temperatui® and the overall heatransfer
coefficient from the film to the interiofY , are calculated using the thermal model
discussed in Ulavi et al. (2013) for the standard NFRCZZ® conditions.

~

Y0086 QY Y Y (3.10)
Y Qr Qr (3.11)
The NFRC 102010 procedure is applied to calculate thdattor for the
environmental conditions listed in Table 3.2. The absorber is assumed to be in thermal
equilibrium with the air in the CPC cavity. Tlwerall heat transfer coefficient from the

selective film to the glazindY , consists of th&onvective heat transfer coefficient
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based on Nusselt number correlations for natural convection in a vertical cavity as per the
approach in 1SO 15099, dnthe conductive and radiative heat transfer coefficients

presented in Ulavi et al. (2013).

U-factor (3.12)

3.5 Results
3.5.1 MCRT

Results obtained from the MCRT model are specific to a CPC geqgrbetrare
independent of geographical location. The annual thermal and daylighting performance
of the hybrid solar window for any building integrated application can be analyzed using
the MCRT results for the CPC geometry as an input to the respectiveathand
daylighting models. To illustrate the type of data obtained from the MCRT model, Fig.
3.8 shows results for one vertical window geometry 30°, O= 0.016n, — -86.35,
—  32.25.

Figure 3.8(a) shows the fraction of incident radiation concentrated on the absorber
tube, "Qp, as a function of direction of the incident radiati@, expressed through

componera— and— as defined in Section 4.4- is varied from-45° to 45’ about the

CPC axis in thev gplane to account for expected incidence angles on the vertical facade
in the plane of the CPG- s varied from Oto 6 aboutthe CPC axis in thed ¢plane to
characterize losses through the ends of the CPC. The corresponding value for incident
diffuse radiation;Q, is inset. The information in this figure can be used to determine the
optical performance of the solarettimal module depending on the local solar angles.

Consider the results at- 0° (no end losses). Within the nominal half acceptance
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angle (30° — 30°, the CPC geometry is a perfect concentrator for reflected
radiation. In this rangeQ is ~0.520.62 (i.e. 5262% of the incident radiation reaches

the absorber tube). Outside this angular range, the geometry ceases to be a perfect

concentrator. For45° —  -3(°, the incident radiation is outside the nominal half
acceptancangle but is within the truncated halfceptance angle- ; "Q; ~0.190.2.
Beyond the truncated hadicceptance angle- 32.2%, "Q;, drops to zero. As— is
increased, radiation is lost through the ends of A€ G-or the presented ca¥e, shifts

to ~2% lower values as- is increased fromo 6. The end losses are low since the

concentrators have a high aspect ratio

Figures 3.8(b) and (c) compare the incident spectrum forcklimdy at 5777K
and the spectrum transmitted by the CPC, for direct normal beam radiation and diffuse
radiation respectively. These plots can be used to predict the visible transmittance and the
solar heat gain for the solar window employing the considéfe@ geometry. For each
wavelength_, the value of the ordinate indicates the fraction of rays transmitted though
the CPC having wavelengths within 5* m. In both graphs, a peak is observed near

520-550nm, corresponding to the peak of the photopic luminosity function.

3.5.2 Case study

Results for east and south facing vertical windows and a horizontal skylight are
presented for Minneapolis, MN to illustrate their performance in northern latitudes.
Figure 3.9 shows the monthly global radiation (beam + diffuse) transmitted through a
single low-iron glazing for the three cases. The horizontal skylight receives an annual

radiation of 1208 kWh/fm The east and south facing windows receive @& 1007
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kWh/n?, respectively. The horizontal skylight and the east facing facade receive
maximum radation in the summer (May to August), while the south facing facade
receives maximum radiation in the winter months (October to March). A combination of
a horizontal skylight and vertical windows installed with the hybrid concentrators can be
used in the @ncentrating mode in the summer for passive space cooling and heating
loads. The south facing window can be used in theaomeentrating mode in the winter

for passive space heating during daylight hours. Thecoocentrating mode can be
employed duringhe night to lower thermal losses.

In this section we consider the impact of the CPC geometry on the annual thermal
efficiency and the diffuse visible transmittance through the solar window for the
concentrating mode of operation. The nominal -aalfeptane angle— is varied from
25° to 45 and the respective concentrators are truncated as described in Section 3.3. The
resulting geometrical concentration factorranges from 2.3 at+=25"to 1.5 at—=4%
for the horizontal skylight and from &.at —=25° to 1.5 at—=45° for the vertical

window.

3.5.2.1 Horizontal skylight

The diffuse visible transmittance for the horizontal skylight is plotted in Fig. 3.10
as a function of— The corresponding number of concentrators (orvedgmtly, the
number of absorber tubes)is also indicated on the abscissa. -Asis increased, the
overall size of the concentrator decreases and consequently the number of concentrators
is increased. The solid curves represent a singlartmwglazing and the dashed curves

represent double glazing. For reference, curves 1 and 4 provide the transmittance for the
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low iron glazing only. Curves 2 and 5 provide the transmittance through the selective
film plus the low iron glazing. The transmittance tbe entire hybrid window assembly
(glazing + selective film + absorbers) is represented by curves 3 and 6 for single and
double glazed systems respectively. The transmittances of the single and double glazing
are 0.83 and 0.74 respectively (curves 1 d4hdWith the addition of the wavelength
selective film, the transmittance decreases to ~0.77 and ~0.69 respectively (curves 2 and
5) and is constant for the concentrator geometries considered. The visible transmittance
of the hybrid system varies from 0.6% 0.58 (curve 3) for a single glazed skylight and
from 0.58 to 0.51 (curve 6) for a double glazed skylight-as increased from 250
45°. Shading by the absorber tubes account feb@ of the transmission loss through
the entire system.

Figure3.11shows the annual thermal efficiendpr single(solid line)and double
(dashed lineglazed skylights as function of the halcceptance angle-. As — is
increased, the CPC accepts a wider angular range of incident beamomadiat

Consequently, the effective concentration factodecreaseand alarger fraction of the

diffuse radiation (=) reactes the absorber tube. Thus, amhuthermal efficiency

increases from 0.22 to 0.28 for single glazing and from 0.21 to 0.26 for double glazing as
—is increased from 230 45. Double glazing reduces the thermal losses and thelbvera
loss factor'Y, but also lowers the transmission of incident radiation. The net result of
using double glazing is a drop in the annual thermal efficiency by ~1.5%. Although
double glazed systems indicate a drop in visible transmittance and thedfitiahcy,

they offer better thermal insulation and are widely preferred for fenestrations.
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3.5.2.2Vertical window

Plots similar to those for the horizontal skylight are presented for the south and
east facing vertical windows in Figs. 3.12 and 3.ERjure 3.12 shows the visible
transmittance for diffuse radiation, a quantity independent of the window orientation. As
in the case of the skylight, the addition of the wavelength selective film decreases the
transmission slightly (~6% percentage poinks)t the concentrator shape has negligible
impact on the visible transmittance. The number of absorber tubes governs the
transmittance through the system. The visible transmittance of the hybrid vertical window
varies from 0.66 to 0.55 for single glazingdafrom 0.59 to 0.49 for double glazing. The
visible transmittance for the hybrid vertical window is nearly identical with the hybrid
skylight for geometries with the same number of absorber tubes. For example; with
35, t 5 0.63 for the vertical window. For a skylight with the same number of
absorber tubed, ; 0.64.

The thermal efficiency of the hybrid systems depends strongly on the concentrator
geometry and the orientation. Figui&43(a) and (b) plot the annual thermal efficiency
for the south and east facing windows, respectively, as a functies. dfthe thermal
efficiency increases from 0.21 to 0.28 for single glazing and 0.19 to 0.26 for double
glazing in case of the sdutacing window, and from 0.17 to 0.17 for single glazing and
0.16 to 0.25 for double glazing for the east facing window-ds increased from 230

45°,

3.5.3 Comparison with commercial fenestration systems

Table 3.3 lists the NFRC visible trangtancet , solar heat gain coefficient
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YO Qand Uf act or for the verti calaccéptamce angleswi n d o
25> — 45 At — 25, 1t is 0.73 for single glazing and is 0.67 for double
glazing. As—is increased to 45t decreases to 0.66 for single glazing and 0.61 for
double glazing. This trend is similar to the trend for the diffuse visible transmittance
t . The values of are higher than the corresponding valeét § due to higher
transmittance through the glazing for direct normal beam radiation (0.91 and 0.825 for
single and double glazed lewmon clear glass). Because the hybrid window concentrates
the infrared portion of the solar spectrum ottte absorber tube, the solar heat gain
coefficient for the window is lowered. Further, the additional insulating air cavity formed
by the concentrators increase the thermal resistance of the window, lowering the U
factor. "Y"O"Oand the Ufactor are relvely insensitive to changes in-. For single
glazing,"Y'O"C¢hanges from 0.48 at 25°and 0.45 at— 45°. For double glazing,
"Y'0"0é ~0.43. The Lfactor for the solar window is 3.1 Wit and 2 W/n3K for single

and double glarig respectively.

Table 3.4 lists the values of the NFRC ceittkglazingt , "Y'O"Qand Ufactor
calculated for commercial single and double glazed fenestration systems calculated using
WINDOW [5]. The visible transmittance of the singlezgd solar window is equivalent
to or higher than several options presented for single glazed fenestrations, such as grey
tinted glass (1.2), tinted glass with levcoating (1.5, 1.6) and glass with reflective
coating (1.7, 1.8). Similarly, the visible triemittance of the double glazed solar window
is comparable to comercial double glazed fenestrations, only surpassed by the double
clear glass (2.1), the combination of green tinted glass and clear glass (2.3), and the

double clear glazing with a low coaing (2.4). In fact, the double glazed solar window
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has higher visible transmittance than several single glazed fenestrations (tinted glass (1.2,
1.5, 1.6), glass with reflective coating (1.8)).

In addition to serving as daylighting devices, windows arpiired to thermally
insulate the interior space. The solar heat gain coefficient for the proposed hybrid solar
window is approximately miavay between the solar heat gains for the corresponding
single or double glazed commercial windows. Both, the siagtedouble glazed hybrid
windows have lower solar gains than corresponding single or double glazed commercial
systems employing clear glass, tinted glass or a combinatioril.@,.1..7 for single
glazed systems and 2213 for double glazed systems). Theerimal advantage of
spectrally selective glazing systems is often quantified by the light to solar(igaWi@
which is the ratio of the visible transmittance to the solar heat gain coefficient. Both the
single and double glazed hybrid windows haveYi® the range 1.48.55. This ratio is
superior to a majority of the presented commercial systems. €imje glazed lowe
coated on clear or low coated on green tinted glass (1.4, 1.6) or double glazed systems
with one or more lowe coated layer (2.4, 2.6, 2.9, 2.10) have a higher spectral
selectivity.

With regards to the 4actor, the single glazed hgid window has better or
equivalent heat insulation properties as compared to single glazed fenestrations. This
improvement is due to the presence of an additional insulation air cavity enclosed by the
concentrator. The actor for the double glazed solaindow is lower than double
glazed fenestrations that do not employ a-tmating, and is only 0.3 WAK higher than
the ones that employ a single coating {2.4). Double glazed windows with two leav

coated glass layers (2.9, 2.10) have better heatation.
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In summary, the double glazed solar window has daylighting and heat insulating
properties that are better than clear, tinted or reflective glazing, and comparable to double
glazed commercial windows with single levcoating. The solar windowedign has the
added flexibility of possible operation in a nroancentrating mode to achieve higher
solar heat gain for passive space heating, if required. In this mode, the visible
transmittance of the solar window will also beb 4oercentage points high&ue to

removal of the wavelength selective film.

3.6 Conclusion

A unique concept for a hybrid solar window that uses a wavelength selective film
to split the incident radiation into spectral bands for daylighting and heating is presented
for the firsttime. A Monte Carlo ray tracing model is used to analyze the annual thermal
and daylighting performance of the hybrid window. In the present study, vertical
windows and a horizontal skylight in Minneapolis, MN are evaluated to illustrate the
versatility ofthe concentrator design to different facade orientations and to predict the
impact of the concentrator geometry on the daylighting and thermal performance of the
window. The performance of the proposed solar window is compared to commercial
fenestration ystems.

The daylighting performance of the solar window is characterized by the visible
transmittance, calculated for diffuse radiation to emulate a uniform overcast sky, and for
direct normal radiation according to the standard set by the National faio@sRating
Council (NFRC). The visible transmittance is relatively insensitive to concentrator shape,
but depends strongly on the number of absorber tubes, which block light. As the half

acceptance angle— of the CPC is increased from 2% 4%, the diffuse visible
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transmittance of the double glazed solar window changes from 0.59 to 0.49 and the
NFRC visible transmittance changes from 0.67 to 0.61. The solar heat gain coefficient
and the Ufactor forthese geometries is relatively constant having values of@4

and 2 W/mMK respectively. For commercial double glazed fenestration systems, the

visible transmittance, the solar heat gain coefficient and tfiactdr can range from

0.190.84, 0.310.84and 12.7 W/ntK respectively. With respect to heat insulation (U
factor) and spectral selectivitJ ( ~y'oogthe hybrid solar window has performance

that is equivalent to or closely approaches double glazed systems wighcloating.

The hybrid solar window is extremely versatile in terms of its functional
adaptability and utilization ahe solar resource. The proposed hybrid window harnesses
energy not used for daylighting to generate sensible heat that can offset the hot water
loads of the daylit space. The thermal efficiency of the window is a strong function of the
CPC geometry. It reges from 2426% for a horizontal skylight and from -B8% and 15
23% for south and east facing windows for CPC geometries ranging28m — 45°.

The hybrid window can also be used in an alternative;comcentrating mode in which
it has higher solar heat gains.

The proposed hybrid solar window offers a compelling possibility for alternative,
energy efficient glazing systems. Theldtecturally integrated design, adaptability and
multi-functionality offered by the hybrid window could drive future concepts for
integration of solar energy into the built environment. Figure 3.14 shows one such

rendering of a building facade consistivfigthe proposed hybrid window and skylights.

2 The aithors acknowledge the financial support of the University of Minnesota Initiative
for Renewable Energy and the Environment (IREE).
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3.7 Tables and Figures

Table3.1. Assumptions and system properties for the annual thermal model

Property Value
Geographical location Minneapolis, MN
Aperture are@ 1m x 1.5n
Absorber tube diamet&® 0.016m
Heat transfer fluid Ethylene glycol 40% (v/V)
Mass flow rate 0.015 kg/sm?

Inlet fluid temperaturéY 293K

Absorber absorptan¢e 0.94

Absorber emittance 0.09(Duffie and Beckman
2006)

Cover enittance- 0.84

CPC enittance-

0.85 for acrylic (Duffie and
Beckman, 2006)

Table3.2. Standard NFRC environmental conditions

Y V) O
Standard (°C) °C) mis) (Wi
NFRC 2062010 24 32 2.75 783
NFRC 1002010 21 -18 55 0

Table3.3. The NFRC visible transmittance, solar heat gain coefficient afettdr the
vertical solar window application for considered CPC geometries

Single glazing Double glazing

— wrmn: | Yfactor s Yfactor

T Y'O"O( (W/mK) T Y'O"Oc (W/mZK)
25 0.73 0.48 3.1 0.67 0.44 2.0
30 0.72 0.47 3.1 0.66 0.43 2.0
35 0.70 0.47 3.1 0.64 043 2.0
40 0.67 0.46 3.1 0.61 042 2.0
45 0.66 0.45 3.1 0.61 0.42 2.0
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Table3.4. The NFRC visible transmittance, solamhgain coefficient and {actor for
commercial single and double glazed window systems

Glass Type . K,anc]g%
Single glazed units (center of glazing)
1.1 Low iron clear glass 091 0.91 5.71
1.2 Tinted glass (grey) 0.60 0.69 5.70
1.3 Tinted glass (green) 0.77 0.59 5.70
1.4 Low-e on clear 0.78 0.42 2.98
1.5 Low-e on tinted (grey) 0.54 0.36 2.99
1.6 Low-e on tinted (green) 0.69 0.40 3.03
1.7 Reflective on clear 0.36 0.50 5.76
1.8 Reflective on tinted (grey) 0.21 041 5.68
Double glazed units (center of glazing, 12.7mm air layer)
2.1 Clear + Air + Clear 0.84 0.84 2.69
2.2 Tinted (grey) + Air + Clear 0.54 0.58 2.69
2.3 Tinted (green) + Air + Clear 0.70 0.48 2.69
2.4 Low E on clear + Air + Clear 0.70 0.39 1.64

2.5 Low E ontinted (grey) + Air + Clear 049 031 1.65
2.6 Low E on tinted (green) + Air + Clear 0.63 0.35 1.67
2.7 Reflective on clear + Air + Clear 0.33 0.39 2.70
2.8 Reflective on tinted (grey) + Air + Clear 0.19 0.33 2.68
2.9 Low E on clear + Air + Low E ouglear 0.61 0.33 1.18
2.10 Low E on clear + Argon + Low Eonclei 0.61 0.33 0.99
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Fig. 3.4. (a) Hybrid window/skylight overall dimensions (b) Typical cresstion o
the hybrid system with component thicknesses

60



(b)

Fig. 3.5. (a) Asymmetrical truncation of a CPC geometry showing truncated and
untruncated parameters (b) Resultant asymmetrically truncated CPC

(b)

Fig. 3.6. Truncated CPC geometries for (a), (b)tigat window and (c) horizontal
skylight for maximum optical efficiency at the absorber tube for the respective half
acceptance angles
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Fig 3.8. (a) The fraction of incident beam radiation reaching the absorber tube as a
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Figure 3.12. Visible transmittance for diffuse radiaticas a function of— for single
(solid) and double (dashed) glazed vertical window application. Curves 1, 4 are for
glazing alone; 2, 5 are for glazing plus wavelength selectiveor; and 3, 6 are for
window assembly
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Fig. 3.13 Annual thermal efficiency for single (solid line) and double (dashed line) glazed
(a) south facing and (b) east facing vertical window as a functien of

65



O -
i ﬂtrﬂtlv”,,” v
8 "'""”""
i e
§ eSS, s

[ vy,

F

f

I

f

W

el

I

TE%

)

o

Fig. 2.14 A visual rendering of the the exterior and interior appearance of a building
facade employing hybrid solar windows and skylights. [Rendering made by Becky
Alexander, School of Architecture, University of Minnesota]
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3.8 Nomenclature

&

S

O © ¥ o o O

C:

U-factor

Y

Area, nf

Geometric concentration factor

Specific heat capacity at constant pressure, J/kgK
Tube diameter, m

Heat removal rate

Incident solar irradiangav/m?

Fraction of incident solar radiation

Heat transfer coétient, W/m?K

Depth of the CPCm

Length of CPC reflector, m

Mass flow rate, kgken?

Number of rays

Number of concentratatabsorber tubes the collector
Random number, uniformly distributed in (0, 1)
Useful energy, im? (3600J/m for hourly data)
Direction of incident radiation

Energy aBorbed per unit absorber area/m®/(3600J/m for hourly data)
Solar heat gain coefficient

Temperature, K

Net heat transfer coefficient between two suegdv/m?K
Net transmittance through the window/m?K

Overall loss coefficient, W/AK
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CIE photopic luminosity function
Wind velocity, m/s
Width of the CPC, m

Cartesian coordinates

Greek symbols

Subscripts

€ Er &

€

Absorpgance of the absorber tube
PV cell temperature coefficierfG!
PV cell irradiance coefficient
Emittance

Efficiency

Incidence angledeg

Nominal haltacceptance angle, deg
Truncated hatacceptance angle, gle
Wavelength, nm

Reflectance

StefanBoltzmann constant, 3fe’K; standard deviation
Transmittance

Visible transmittance

Absorber tubeabsorbed rays
Beam radiation
CPCglass covergconvection

Additional CPC glass cover
68



wQ Conduction

Q Diffuse radiation

Q Effective value

"OADE Fluid inlet, outlet

Q Incident rays

Q¢ Interior

a Wavelength selective film
€ Normal (to a surface)

i Radiation

[5} Directional

i Specular rilection

o] Transmitted rays
0Q Thermal module
o &0 & Xy, yz planes

H Ambient

_ Spectral

Superscripts
00 Daylit space

Y Thermal module
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Chapter 4

Experimental Validation of the Hybrid Solar Window

Due to the potential shown by the results of the numerical model of the hybrid
solar window concept, a prototype device was designed, fabricated and tested.
Experimental measurements of thermal performance for a clear day are presented and

compared with pradtions from the numerical model.

4.1 Construction of the prototype

An asymmetrically truncated CPC geometry having a nominal half acceptance
angle— of 35° was selected for a vertical facade. Based on numerical results presented in
Chapter 3, at— 35° a single glazed hybrid window is predicted to have an annual
efficiency of 22% while maintaining close to maximum visible transmittance (0.63).
Figure 4.1(a) shows the truncated CPC geometry. A total of 8 concentrators, 0.81m long,
along withend plates were thermoformed from 1.5mm thick acrylic. The thermoformed
parts incorporated a draft angle of ~18.76r the end plates in order to make the
thermoform mold. The wavelength selective film, a laminate consisting of two different
films to give the required broadband reflective properties illustrated in Fig. 2.3, was
attached on the inside of the concentrators (excluding the end plates) using transparent
adhesive strips. The draft angle reduced the effective length of the concentrators over
which the wavelength film was attached by ~0.015m on either side, as shown in Figure
4.1(b).

The hybrid solar window prototype has an effective aperture (glazing) area of

0.81m x 0.78m. Figure 4.2 show photographs of the-tmffacility, and the prototype
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with the CPCs in the concentrating and4eoncentrating modes. The concentrators were
pivot about the absorber tubes via the end plates and nylon bushings. The window
consists of an aluminum frame to house a low iron glazing and the inlet/outlet manifolds
for the heat transfer fluid. The window has inlet and outlet ports at the bottom of the fluid
flow loop through the collector. The absorber tubes and the fluid manifolds are 0.016m
diameter copper pipes. The absorbers are spray coated with SOLKOTE HI/$CRB |
commercially available spectrally selective solar paint. The manufacturer reports that the
selective coating has an absorptance of ~0.88 and an emittance of ~60249

depending on the dry film thickness, substrate and surface preparation [1].

Total lengthd  0.81m

End plate with slot for |
absorber

-

\A \
| |0.015m
Draft angle = ~15.75 (b)

Figure 41 (a) CPC geometry (b) Endplate and draft angle for the thermoformed
concentrator
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Shed containing storage
tank and mass flowneter

Radiation measurement
setup
|

Aluminum frame to house
manifolds

atrsorber tubes Non-concentrating

P — Low iron glazing mode

Fluid outlet Concentrating mode

Fluid inlet

Figure 42 The Hybrid solar window prototype
75



4.2 Experimental Apparatusand Procedure

Figure 4.3 shows the schematic of the outdoor experiinéatdity used for
measuring the thermal efficiency of the hybrid collector. It consists of a 160 liter
insulated storage tank filled with 40% by volume ethylene glycol/water. The tank and the
associated pump and flow control devices are stored in a waba on the roof of the
Mechanical Engineering Building. The solar window was mounted outdoors in the
vertical orientation and facing south.

The fluid was circulated through the system using a Teel Model 2P079B pump at
a system pressure of ~30 psi. A kMidViotion manufactured Coriolis Model D40 mass
flow meter having an accuracy 0f0.2% of the reading was used to measure the total
mass flow rate through the tubes. The mass flow rate was adjusted with a needle valve.
Fluid temperatures were measured ksening special limit ftype thermocouples having
an accuracy of 0.5°C into the fluid stream at the inlet and outlet of the collector. A third
thermocouple, shaded from direct solar radiation was used to measure the ambient
temperature. The setup consistf three devices to measure solar radiation on a
horizontal plane. These include a pyranometer to measure total irradiance, a
pyreheliometer to measure the direct normal (beam) irradiance and a pyranometer with a
shading ring to measure the diffuse iieacte. The pyranometers (Model PSP) and
pyreheliometer (Model NIR) were manufactured by the Eppley Laboratory. The shaded
and unshaded pyranometers have calibrated sensitivities of 10.06 and/8/3* and
an accuracy of 1.5% of reading. The pyreheli@ter has a sensitivity of 7.13//Wm*
and an accuracy of 1.2% of reading. The incident radiation on the collector plane is

calculated using determined values for solar zenith and azimuth angles. All instrument
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output signals were measured using an Agi@4970A data acquisition unit having an
accuracy of less than 0.005% for voltage measurements, which is negligible in
comparison with the instrument uncertainties.

The tank was pressurized with the ethylene glycol/water mixture two to three
hours beforethe beginning of the experiment. The mass flow rate was maintained at
~0.0066 via periodically adjusting the needle valve. The initial two to three hours of
operation allowed the system to reach a steady mass flow rate. The fluid inlet, outlet and
ambienttemperatures, the mass flow rate and the solar irradiance data were recorded
every one minute interval. The shading bar on the pyranometer for diffuse radiation was

adjusted periodically.

Y
Fluid outlet] L
Micromotion
") D40 (Coiolis
flow meter)
Hybrid sola X
window Teel Model
2P079B pum r 7\
Fluid inlet[_ A
V
Drain valve
Expansion
Storage tanK
tank (2 gal.) (160L) J

Figure 4.3 Experimental setup for measuring thermaktieficy of the hybrid solar
window
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4.3 Data Analysis
The incident beam and diffuse radiation on a vertical surface were calculated from
the direct normal irradiance and total and diffuse irradiance on a horizontal surface using
the solar zenith— and solar azimuth anglesfor Minneapolis, MN (44.98\, 93.27W).
The azimuth angle is assigned a negative sign if it is east of south, otherwise it is assigned
a positive sign.
AT-O ATURATIANOFOBIOET (4.1)
Al —— (4.2)
wherg Peand] are the local latitude (44.98), the solar declination angle and the hour
angle respectively.
1 ¢@& WEb onr— (4.1)
1 p LD "Y"Yp ¢ (4.5)
¢ is the day of the year (in this case, 127) an®isrthe local solar time, calculated using
the approach presented in [2]. For a south facing collector having af slop@®, the
incidence angle with the vertical surfaeejs calculated fronkq. (4.6).
AT-© AT-OAT10 OE+OET (4.6)
The beam radiation on a vertical surface is
O O AT-O (4.7
The diffuse component on the vertical surface consists of two compantmsdiffuse
sky radiaton and the ground reflected diffuse radiation. Assuming an average reflectance
" of 0.2 from the ground (for cement), the total diffuse component of radiation on the

vertical surface is given by
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Op, O—— 0y (4.8)
O, " O0O—— (4.9)
The relative uncertainties ii0; and 'Oy are p& Pand p® P The uncertainty is
calculated from the propagation of error resulting from individual measurements using
the RootSumof-Squares rathod (Appendix E).

The measured rate of useful energy transferred to the Gluid was analyzed
assuming a quasiteady process. The heat transfer was determined over one minute
intervals from measured values of mass flow rate and the temmedhfference across
the collector as

O0fp Go’Y Y (4.10)
a is the area mass flow rate per unit aperture area of the collector, and has an uncertainty

of p® bof reading. Specific heaty, was evaluated assumgi a bulk temperature of

——. The temperature difference is measured with an absolute uncertainfy €.

This measurement was the major source of experimental uncertainty. The total useful
energy0 ; can be calculated bytegratingd ; over time.

The numerical heat transfer model to predict the hourly useful energyYaaic
the useful energy is presented in Section 3.2. This model can be used to determine an
instantaneous rate of useful energy gafand useful energy . The Monte Carlo Ray
Tracing (MCRT) model presented in Section 3.1 predicts the optical efficiency of the
hybrid window as a function of the incident direction of solar radiation. The results of the
MCRT along with the beamnd diffuse radiation on the vertical surface, measured fluid

inlet and ambient temperatures, and the measured mass flow rate serve as inputs to the
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Table4.1 Inputs to the thermal model

Parameter Value
Absorber absorptan¢e 0.9
Absorber emittance 0.25
Mass flow ratex ~0.0106 kg/an? (Measured data)
Inlet temperaturéY Measured data
Ambient temperaturéy Measured data
Wind velocityv 1mls

numerical model. Absorber tube absorptance anittaame were assumed to be 0.9 and
0.3 respectively, within the range specified by the selective coating manufacturer. Table
4.1 shows the inputs to the numerical heat transfer model. Parameters not listed in the
table such as the glazing and film propestare listed in Section 3.4 of the thesis.

The incident heat flux and the useful energy generated are treated asteadgi
for each measuremen¥d 60s). Thus, the thermal efficiency over any time period can

be calculated by

- i - (4.11)

The numerical code calculates the thermal efficiency using Eq. 3.7.

4.3 Results

The presented data were cotked for a clear day on May 5, 2013 from 10:30 AM
to 3:30 PM in intervals of a minute. More than 75% of the total radiation incident on the
vertical window during the day was during these hours. The relative uncertainty in the
measurement of temperaturdfelience between the fluid inlet and outlet exceeded 40%
for measurements before 10:30 AM and after 3:30 PM. Hence, these data are not
presented. The mass flow rate through the flow meter was maintained at 0.0066 kg/s,

which for an aperture area of 0.63gives a mass flow rate of 0.0106.1% kg/sm?.
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Figure 4.4 Calculated vertical components of radiatighobal vertical irradiance, beam
vertical irradiance and diffuse vertical irradiance

Figure 4.4 shows the global 0.9% 1.5%), beam (1.2%) andtotal diffuse
( 1.5%) radiation on a vertical surface. The beam radiation is in the rangé0@50
W/n?, approximately 76% of the total radiation. Diffuse radiation (sky + reflected) is
relatively constant at around 100WAnThe sharp dips observed in thata are due to
cloud cover at certain times during the day. The average uncertainty in the quantities over
the measured time is shown in the graph.

Figure 4.5 shows measured inléY |, outlet (Y ) and ambient™Y) temperatures
( 0.5% on the left ordinate. The ambient temperature rose from 23°@ @%ing the
experiment. An average fluid temperature rise of ~P.6@°C was obtained during time
duration presented.

Figure 4.6 compares the measured instantaneous rate of usefu énergo the

instantaneous rates of useful energy §&nd useful energy predicted by the
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Figure3.5 Measured inlet, outlet and ambient temperatures
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Figure 4.6 Comparison betee the measured (green) and predicted (blue) useful energy.

Total energy on the vertical surface (black) and the predicted energy gain (red) are given
for reference
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numerical heat transfer model. For reference, the total energy incident on the vertical
suface is plotted. The relative uncertaintpis; is 21% 35%, due to the uncertainty
in the measurement of the temperature differefite average relative uncertainty of
26% is shown on the graph. The total energy incident on the window from 10:30 AM to
3:30 PM, calculated by taking thesarunder the entire curve, is 2.20.04 kWh/nt. The
numerical model predicts that 36% of this energy is absorbed at the absorbeltube (
0.8 kWh/nf). The predicted total useful energy generated is 0.56 kWit an
efficiency of 25.5%.0 is appoximately 70% of the useful heat gain. The measured
useful energy is 0.48 kWhAn 0.12 kWh/nt at an efficiency of 22% 5.7%.

The relative difference between the measured and predicted useful energy rate

h

is ~1023%. Thisdifference is attributed to the following assumptions in the

model.

1. The optical properties of the selective coating on the absorber tube depend upon the
application techniqueand uniformity of the dryfilm thickness. The manufactuters
data include a lamyrange ofibsorptance (0.88.94)and emittanc€0.2-0.49)values.
Changing these optical propertiegsen within this rangewvould affect the radiative
heat transfer characteristics within the CPC calfitthe absorptance is changed from
the assumed 01® 0.88, the thermal efficiency drops by ~2%. A change of emittance
from 0.25 to 0.49 causes a decrease in efficiency by ~6%. Changing these parameters
together decreases the efficiency by as much as ~8.5%. For the present experiment,

the predicted thernhafficiency would decrease to 23.3%.
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2. Wind velocities assumed in the numerical model are estimates. The wind velocity and
direction would affect the convective heat transfer on the glazed surface as well as
from the back of the CPCs. However, the thernfiédiency is found to be relatively
insensitive to changes withinlm/s in wind velocity. The thermal efficiency changes
by less than 1%.

3. The shape of the thermoformed concentrators was not uniform irsgotsn along
the length of the concentrators.hil¢ the total amount of radiation transmitted or
reflected would not be expected to change significantly due to the change in the
concentrator shape (Figure 3.13), the shape of the concentrator would affect
geometrical concentration on the absorber tRaelucing the optical efficiency of the
concentrator to 95% of the predicted value decreases the thermal efficiency of the
collector by ~6%, from 25.5% to 24%.

The numerical model is thus sensitive to the optical properties of the absorber
tube and the stpe of the concentrator. A combined effect of both of these factors within
the considered range can decrease the thermal efficiency to as low as 21.8%. Further,
better measurement techniques for the temperature difference would decrease the
uncertainty inthe measured efficiency significantly. A thermopile consisting of 8
thermocouples used for measuring temperature difference has an uncertainty of as low as

0.5%.

4.4 Conclusions
A prototype hybrid solar window (0.81m high x 0.78m long) was developed and

tested for its thermal efficiency over a clear day in Minneapolis, MN. The CPC geometry
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used for the prototype has a hatfceptance angle of 3&nd was developed for a vertical
window application in Chapter 3. The prototype was tested on aopdésing facility

at the Department of Mechanical Engineering, University of Minnesota. A 40% ethylene
glycol/water mixture was circulated through the collector at a mass flow rate of 0.011
kg/sm? and the rise in the fluid temperature across the window wessured. The
prototype had a thermal efficiency of 22% 6%. The large uncertainty is due to
uncertainty in the measurement of temperature difference using thermocouples. This
uncertainty can be reduced t®.5% by using a thermopile.

Measured data was c@ared to the numerical thermal model discussed in
Sections 2.3 and 3.4. The numerical model used measured data for the fluid inlet
temperature, the ambient temperature, the mass flow rate, and the incident radiation as
inputs. The numerical model predids efficiency of 25.5%. The deviation from the
measured data can be explained by certain assumptions in the numerical model. The
numerical model is sensitive to the optical properties of the absorber tube and the
geometrical shape of the concentrator. phedicted efficiency can be as low as 21.8%
within the considered range of uncertainties in both of these properties.

The daylighting parameters such as the visible transmittance, the solar heat gain
coefficient and the Wactor have not been tested. Thdeguantities for commercial
systems are typically calculated through the numerical approach used in this thesis.
Measurable daylighting parameters such as the illuminance and daylight factor
distributions require the integration of the prototype window ent appropriately sized

room. Alternatively the entire window assembly can be scaled down and tested in an
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artificial sky facility. A separate daylighting experiment, coupled with the demonstrated

thermal testing is essential to validate the hybrid windegign as a whole.

4.5 Nomenclature

&

S

VY

C:

0

0

Area, nt

Specific heat capacity at constant pressure, J/kgK
Tube diameter, m

Incident solar radiation, W/fm

Length of CPC reflector, m

Local solar time

Mass flow rate, kgken?

Day of the year

Total uséul energy, kWh/m

Instantaneous useful energy rate per unit aperture areg, W/m
Instantaneous energy gain per unit aperture aréam?W
Temperature, K

Time

Wind velocity, m/s

Greek symbols

Absorptance of the absorhiebe
Slope of the collector, deg
Solar azimuth angle

Latitude, deg
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%0

1

Subscripts

%!

Ho
Superscripts
PV

T

Emittance

Efficiency

Incidence angle, deg
Solar zenith angle, deg
Ground reflectance
Declination angle, deg

Hour angle, deg

Absorber tube
Beam radiation
Diffuse radiation
Fluid inlet

Fluid outlet
Horizontal
Measured quantity
Normal

Thermal

Vertical

Ambient

PV module

Thermal module
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Chapter 5

Conclusions

5.1 Summary and Conclusions

Two building integrated solar energy deviceshydrid PV/T collector and a
hybrid solar window, have been presented and analyzed. Both devices share two key
elements: a wavelength selective film tuned to transmit in the visible spectrum and reflect
in the infrared; and adaptable, nwacking reflectos based on compound parabolic
concentrators (CPCs).

A 3-D Monte Carlo RayTracing (MCRT) model is implemented to predict the
optical performance of the wavelength selective film and the compound parabolic
concentrators. The model provides energetic arettsgd information regarding the
fractions of incident radiation intercepted at the absorber tube, and transmitted through
the wavelength selective film to the PV module or daylit space, as a function of the
direction of incident beam radiation, and foffuse radiation. A detailed-D quast
steady state thermal model predicts the annual thermal efficiency of the hybrid collector,
coupling meteorological data with the general results from the MCRT. This analysis is

common to both hybrid devices presented.

5.1.1 Hybrid PV/T

The hybrid PV/T concept employs compound parabolic concentrators to
concentrate the energy reflected by the wavelength selective film onto absorber tubes to
heat a fluid. The transmitted spectrum through the selective film is matchea to

quantum efficiency curve of the thin film Cadmium Telluride module. This spectral
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matching is quantified by a weighting factor obtained from the MCRT by comparing
the transmitted spectrum to the quantum efficiency of the CdTe module. The application
of the proposed hybrid concept to PV/T has some inherent disadvantages. For the
evaluated geometries, the PV efficiency deseelafrom 8.8% without the selective film
to ~5.46.2% for the hybrid assembly. Two factors are responsible for this deerease
1. The wavelength selective films are spectrally matched to the PV module at

normal incidence. At ofhormal incidence the reflectem band of the film shifts

to shorter wavelengths, effectively reducing the transmitted energy in the PV

matched band.

2. The absorber tubes shade the PV modules directly. Using a thin film PV CdTe

module prevents current mismatch due to shading but thetiedun efficiency

is substantial,
A comparison with an independent system of PV and thermal collectors having the same
total aperture area and a size of the PV module that would yield the same electrical output
as the hybrid system shows that the hylsydtem produces 20% more total energy per
unit area. In general, the PV/T device is not recommended for commercial production.
However, it is possible to install the hybrid concentrators over existing PV arrays in order
to obtain supplemental thermal engeg the cost of a reduction in the PV output.

The numerical MCRT and thermal model developed to characterize the hybrid
PV/T are of value. This part of the work features an important parametric analysis to
study the effect of the CPC geometry (acceptaanugle, diameter, truncation) on the
optical performance of the hybrid device. These results provided useful design insight

while choosing CPC geometries for the hybrid solar window.
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5.1.2 Hybrid Solar Window

The hybrid solar window concept is based oe s#ame underlying goal as the
hybrid PV/T, better utilization of the solar spectrum. The wavelength selective film is
used in conjugation with the compound parabolic concentrators to transmit visible light
for daylighting, while utilizing the near infrareéd supplement thermal loads of the daylit
space. Using the hybrid concept for daylighting proves much more promising than for
PVIT. Since the ideal spectral band for daylighting (400 nm) is much narrower than
that for the thin film PV, the wavelengsielective film is just as effective at the full range
of incidence angles accepted by the CPC.

The hybrid solar window is intended to interface with one of the most key
components of the building envelope. With attention to the aesthetic and functional
pefformance of fenestration systems, a novel design for an architecturally integrated solar
window has been developed. A modified CPC design based on asymmetric truncation is
proposed. The modified design allows the collector to be designed so as to fiigctiona
and aesthetically adapt to vertical windows, or skylights of any orientation. The fluid
distribution system is integrated within the window frame and other elements of the
building architecture (such as walls). The concentrators are designed to rfuastio
window blinds and can be operated at two different positions for passive thermal control
of the daylit space.

The hybrid solar window was compared to commercial double glazed systems
based on the visible transmittance, the solar heat gain coeffaridnthe Ufactor. The
hybrid solar window is as effective as most commercial glazing systems, with respect to
effective daylighting (visible transmittance) and passive thermal control (solar heat gain
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and Ufactor). An exception to this is a double l@xoated glazing system, which has
better heat insulation than the proposed window. Because the hybrid window can also be
operated in a nenoncentrating mode, it has the added flexibility of passive space
heating/cooling depending on the weather or thego@lscomfort of the inhabitant. A
prototype for the hybrid solar window was built and tested for thermal efficiency on a
representative clear day. The measured data show good agreement with the numerical
model.

The hybrid solar window has some drawbackke absorber tubes obstruct a
clear view of the outside. This drawback can be easily mitigated by using the hybrid
window for clerestories or skylights. A more important consideration is the integration
and cost of the concomitant fluid distribution syste¥n integrated design effort during
the architectural planning or design of a building would be required to make the

commercialization of the hybrid solar window feasible.

5.2 Recommendations for future work

Extensive testing and validation of the prgp® hybrid solar window to
determine both the thermal and daylighting performance of the window is important.
Presently, only the thermal efficiency of the prototype has been measured for a clear day
with sizeable measurement uncertainty. The measuremecertainty can be
significantly reduced, from 26% to 5% or less by employing a thermopile for
measuring the difference in temperatures at the fluid inlet and outlet. Further, the
daylighting and passive thermal control characteristics proposed for Ibiniel myindow

need to be validated by ite testing in a residential or commercial space.
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A cost analysis of the hybrid window system is important to assess the market
potential of the concept. Integration of the fluid distribution system and its irtiphaan

architectural design of the building needs to be studied.
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Appendix A

CPC Geometry

The compound parabolic concentrator wit
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Fig. A.1 CPC coordinates in terms of parameté¥s
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Appendix B

Additional notes on the MCRT

B.1 Convergence Criteria

For the Monte Carlo simulations, separate cases are run for beam arse diff
radiation. For beam radiation, the direction of incident radiation is fixed for a particular
simulated case. For diffuse radiation, the direction is randomly assigned based on derived
relations for diffuse emission from an isotropic, isothermal surfBise accuracy of the
numerical results depesdn the number of rays required stochasticallycapture the
geometrical and optical interactions within the cavity.

Since the launched rays are uniformly distributed over the CPC aperture, the
minimum numbe of rays for convergence for beam and diffuse radiation should be based
on the geometry with the maximum aperture atea, 0. From among the considered
geometriesthe geometry with— 25°,'0 0.03mand0 2m has the largest width
@ 0.2m considered for the hybrid PV/T application is the lardégt.B.1 (a) shows
simulationsvarying 0 ; for the CPC geomgt for beam radiation normal to the CPC
cover. The abscissa denotes the number of rays used in the Monte Carlo simulation and
the ordinate represents the fractions of incident radiation reaching the absorber tube (red)
and transmitted through the concetdra(blue). For0 j 10°, the quantities are
constant up to 3 decimal points. FI§.1 (b) shows the case for diffuse radiation. The
fractions of energy reaching the absorber tube and transmitted through the concentrators
take longer for convergence up to 3 decipaihts.( ; and( ; are thus selected as®10

and 1Grespectively.
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It is also important that the transmitted spectrum achieves convergence as well.
Consider Fig. B.2vhich plots the visible transmittance for a diffuse sky for the same
corcentrator geometry as a function of the number of tays Convergence up to two
decimal points is obtained fér;  10°. Hence, the number of rays chosen for beam and

diffuse radiation are enough for convergence, both energetically artdadigec
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Fig. B.1 Convergence of numerical results for (a) beam radiatammal to CPC axis)
and (b) diffuse radiatioas a function of launched rafgg — 25°,'0 0.03m
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Fig. B.2 Convergence of numerical results for diffuse visilaladmittance as a function
of number of launched rayjer — 25°,'0 0.03m
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B.2 Raytracing algorithm

Ray-tracing module
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B.3 Implementation of the Specular Error

On account of the surface roughness of the manufactured CPC, the reflection
from the CPC surface will not be perfectly specular. A specular error was defined in the
model to account for the surface roughness. Literature suggests tlatgthlar errors
due to surface roughness have a normal distribution [1, 2].

In the present case, the specular error is defined as the standard deviation of a
distribution of angular errors- between the normal of a perfectly smooth surfacend
the normal of a real surface, (Fig. B.5. — is thus a normally distributed variable
having a meah mand a standard deviatign specified as the specular erref.can
be find by using the inverse cumulative distribution function (or quantile function) for a
normally distributed variable having a mean of 0 and a standard deviation of 1.

— , Qi QcY | p (B.1)

where Qi "Q is the inverse error function and  is a generated random number
uniformly distributed in (0,1). It should be noted thatis normalized to ensure values

between 0 and c only. To define the deviation from the surface normal, théaser

azimuth is required which can take any value from §‘to

o ¢'Y R (B.2)

Fig. B.5 Modified surfacenormal to account for specular error
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B.4 Component anglesP, .and P, ,of a three dimensional ray
The ray tracig procedure is carried out separately in theand w aplanes.
However, incident ray direction from the sun, or from a diffuse isotropic surface (in case
of diffuse radiation) is specified by the polar and azimuth angles. Further, the incidence
angle athe film interface to calculate the film reflectance or to account for the specular
error is also required in 3 dimensions. Once a position is associated with the origin or
destination of the ray, the polar and azimuth angles can be converted intofieneats
in thew candw ¢planes by considering a local coordinate system (Féy Bhe y axis is
along the surface normal at the point and z is along the length of the concentrator.
— OAITOAIOEI] (B.3)
— OATOAHATIO (B.4)
A reverse procedure is used to convert the component angles to the polar and

zenith angles according to a global coordinate system.

W

Fig. B.6The polar and azimuth angles for a ray in the looaldinate system
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Appendix C

Results from MCRT

C.1 Hybrid PV/T

Figs. C.2C.7 © Figs. 2.8 and 2.10
Figs. C.8C.21° Fig. 2.10
Figs. C22C.30° Fig. 2.9

Fig. C.LMCRT results for hybrid PV/T-— 25°,'0=0.03m
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Fig. C.2MCRT results for hybrid PV/T-— 30°, 0= 0.03m

Fig. C.3MCRT results for hybrid PV/T-— 35°,0=0.03m
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Fig. C.16 MCRT results for hybrid PV/ 30°, 0= 0.025n
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