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A novel hybrid solar concentrated photovoltaic thermal (PV/T) collector is designed, simulated, and
tested. The PV/T system uses a parabolic trough to focus sunlight towards a nonimaging compound
parabolic concentrator (CPC) that is formed of single junction Gallium Arsenide (GaAs) solar cells to
simultaneously generate electricity and high temperature thermal power. The GaAs cells generate
electricity from high energy photons and reflect low energy photons towards the high temperature
absorber, thus maximizing the exergy output of the system. The two-stage design also allows the thermal
absorber to reach a geometric concentration ratio of ~60x, which is significantly higher than other PV/T
systems and enables the absorber to reach high temperatures even under partial utilization of the solar
spectrum. The modelled exergy efficiency with a thermal absorber operating at 500 °C is 37%. In the
experimental setup, the maximum outlet temperature reached was 365 °C with a thermal efficiency of
around 37%. The direct solar to electric efficiency from the GaAs cells was 8%. This design is capable of
producing electricity directly along with high temperature thermal energy that can be stored for dis-
patchable electricity production and has the potential to significantly improve the exergy efficiency of

parabolic troughs plants.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

High utilization of solar energy, renewable, clean, and abundant
source, is an important component for future energy needs that
will ensure energy independence and low environmental impact
[1]. Solar energy is available at no cost, but efficient collection,
storage, and use of this energy in an economical way remains a
challenge. Hybrid photovoltaic/thermal (PV/T) systems increase
system efficiency by using a combination of PV devices and solar
thermal collectors to produce both heat and electricity. Incident
photon energy on a PV device that does not produce electricity
builds up as heat. Instead of wasting this energy, hybrid systems
collect it using a heat transfer fluid (HTF). The concept of PV/T was
developed in the 1970s [2] and since then a significant amount of
research and development work on PV/T technology has been done
as extensively reviewed in Refs. [3—13]. PV/T systems differ in fluid
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temperature, HTF type, concentration ratio, PV cell type, thermal
efficiency, and electrical efficiency. The most common HTFs used in
PV/T technologies are air [3,10,14] or water [12,15,16]. While air
systems are generally simpler, water based PV/T systems are more
efficient due to the higher heat capacity of water. Both of these
designs are limited to relatively low temperatures applications. The
performance of a PV/T system depends on the PV device as well,
with most systems using mono-crystalline (Mono-Si), multi-
crystalline (Multi-Si), or thin film amorphous silicon (a-Si) [17,18].
Crystalline silicon solar cell types are more efficient, but are
affected much more negatively at higher working temperatures
compared to the thin film PVs [19—21]. Most studies of PV/T col-
lectors deal with flat plate collectors [7,12], or low concentration
nonimaging systems [22,23]. In Ref. [22] the authors reported on a
water-cooled PV/T system with a 4x concentration ratio using
compound parabolic concentrators (CPC) with a maximum fluid
temperature of 65 °C. In Ref. [23], the concentrator was designed
using a Fresnel lens and flat mirrors to get a uniformly concentrated
irradiation on the solar cells. To date there has been little to no work
in the field of medium to high concentration PV|T collectors
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Nomenclature

C final concentration ratio of the system

Cyse primary concentrator ratio

Cond secondary concentrator ratio

[ half rim angle [°]

0 acceptance Angle [°]

A; primary concentrator aperture area [m?]

A secondary concentrator aperture area [m?]

As absorber area [m?]

r radius [m], Which is focal length

Gabs amount of radiation absorbed by the high temperature
absorber

Geet_inc  the amount of radiation incident upon the GaAs cells

Tin inlet temperature of fluid stream [°C]

Tout outlet temperature of fluid stream [°C]

Teold environmental temperature (=310 K)

Thor hot stream temperature [K]

Ts absorber outer surface node [°C]

Ty fluid node temperature [°C]

Trour outlet temperature [°C]
heat transfer coefficient [W/m?-K]

dx node length [m]

k thermal conductivity [W/m K]

e emissivity

Geell_abs the amount of radiation absorbed by the GaAs cells

m mass flow rate of fluid [kg/s]

Cp heat capacity of fluid [k]/kg-K]

QHigh temperature stream thermal power generatEd by high
temperature stream [kKW]

NGaAs efficiency of GaAs cells at operating temperature

Teenl cell temperature [°C]

Qiow temperature stream thermal power generated by low
temperature stream [KW]

Qcans electrical power generated by GaAs cells [kW]

Qpuik_toss bulk thermal loss from low temperature fluid stream

[kw]

G incoming system irradiance [kW]

Texergy, system total system exergy efficiency

Nenergy, high temp €nergy efficiency of the high temperature stream
Tenergy, low temp €nergy efficiency of the low temperature stream
Nelectrical €lectrical efficiency

Nenergy ~ €nergy efficiency from the high and low temperature
streams

T; absorber inner surface node [°C]

Tfin inlet fluid temperature [°C]

Q thermal Power [kW]

A surface area [m?]

Do outer diameter [m]

D; inner diameter [m]

7 stefan-Boltzmann constant [W m~2 K~4]

operating at high temperature due to increased system complexity
added by cooling mechanisms, trackers, and solar cell performance
at elevated temperatures. The combined heat and power solar
system (CHAPS) [17] consists of glass-on-metal mirrors that focus
light onto Mono-Si solar cells with a geometric concentration ratio
of 37x. It is water cooled and reaches an outlet temperature of
80 °C. The use of high efficiency thin films solar cells such as Gal-
lium Arsenide (GaAs) in PV/T systems is rarely investigated in the
literature, despite the fact that GaAs cells have better efficiencies
and temperature coefficients than silicon solar cells [24].

The purpose of this study is to design, simulate, and test a novel
parabolic trough hybrid PV/T solar collector capable of producing
electricity directly and high temperature thermal energy to be
stored for on-demand electricity production. Using nonimaging
optics the receiver is transformed into a spectrum-splitting device.
The proposed system uses world record single-junction GaAs solar
cells, which have a very sharp band gap cutoff, allowing them to
produce electricity from high energy photons while reflecting
lower energy photons to a thermal absorber. This unique double
stage concentrator design achieves a concentration ratio ~60x,
which is significantly higher than conventional PV/T systems. This
helps achieve high temperatures under partial utilization of the
solar spectrum and maximizes the exergy efficiency output of the
system.

2. Design of two-stage concentrator of hybrid PV/T system

The proposed optical system uses a two-stage concentrator as
shown in Fig. 1. Optimization of the primary and secondary con-
centrators is based on the half rim angle (¢) of the system (Egs.
(1)—(5))[25]. The closer ¢ is to 0°, the closer the concentration ratio
is to theoretical maximum. A 0° ¢, however, results in an infinitely
long focus length with a flat surface as the primary reflector. The
secondary concentrator in this case will also be infinitely long. Due

to practical considerations we chose ¢ = 45°, which reaches about
70% of the ideal concentration.

Crge = A—; (1)
Ay

Copg = -2 2

2na = 2 (2)
2rsin. .

Cist < 555" = (singcosy) /6 3)
cosg

Absorber Ay=83 88 mm*

Secondary
Concentrator

7. Ay = 111 mm?

Primary
Concentrator

Fig. 1. Double stage concentrator of the proposed optic design.
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Gong < 1/sin(e) (4)

C = Cis¢,Cona = cos(g) /0 (5)

where, C: final concentration ratio of the system, Cis: primary
concentrator ratio, Czpg: Secondary concentrator ratio, f: accep-
tance Angle [°], A;: primary concentrator aperture area [m?], A:
secondary concentrator aperture area [m?], Az: absorber area [m?],
and r: radius [m].

For this design, # was chosen to be 0.6° to accommodate the sun
disk angle (0.27°) with a margin for error introduced by optical and
mechanical inaccuracies.

The main components of the proposed system are shown in
Fig. 2. The hybrid PV/T receiver includes a nonimaging compound
parabolic concentrator (CPC) which provides secondary concen-
tration to the high temperature thermal absorber. The receiver is
made of several sub-components including (a) aluminum mini-
channel struts, which roughly approximate the “wings” of the CPC
and serve as fluid channels to provide active cooling of the cells, (b)
thin film GaAs cells which are applied directly to the aluminum
minichannels, (c) curved mirrors to form the involute portion of the
CPC where flat minichannels cannot, (d) selectively coated absorber
which receives concentrated light from the CPC and serves as the
high temperature fluid channel, (e) outer glass tube which allows
the entire receiver to be evacuated for heat loss reduction.

The parabolic mirror (primary concentrator) reflects and focuses
incoming direct beam solar irradiance toward the hybrid PV/T
receiver and as this light passes through the glass tube enclosure it
strikes either (a) the GaAs covered minichannels, (b) the curved
involute mirror portion of the CPC, or (c) the high temperature
absorber directly. Light that strikes the GaAs cells is spectrally split
based on the 870 nm bandgap cutoff, with about 90% of photons
with energy higher than the bandgap being absorbed and con-
verted to electricity or heat, and about 92% of photons with energy
lower than the bandgap being reflected towards the high temper-
ature absorber. Thus the system produces electricity directly from
the PV cells and low grade heat by actively cooling the cells via the
minichannel substrate. The high temperature absorber receives the
spectrally split light reflected from the GaAs cells as well as light
reflected from the curved mirror involute portion of the CPC and
light that strikes the absorber from the primary parabolic mirror
directly.

/ Direct Normal Irradiance (DNI)

Evacuated
Tube
Receiver

Parabolic Mirror
(Primary Reflector)

High Temperature
(HT) Absorber
(counter flow)

Gads Cells Curved Reflector

over Minichannel CPC

T
Hybrid PV/T Receiver

Fig. 2. Two-stage concentrator of hybrid PV/T system schematic.

The primary parabolic mirror and support structures are shown
in Fig. 3 (a). The primary parabolic mirror (A;) is 5 m? and made of
ReflecTech [26]. The receiver is located at the focus (distance
r = 3.02 m from the mirror surface, See Fig. 1). Standard parabolic
mirrors generally use a half rim angle (¢) of 90° to maximize illu-
mination of the absorber surface. Since we are using a secondary
concentrator which evenly illuminates the entire absorber surface
area (As), however, we employ ¢ = 45° so that the secondary
concentrator is still able to provide additional concentration.

The design of the hybrid PV/T receiver, as illustrated in Figs. 3e
and 4, is based on nonimaging optics and previous work on inser-
ted internal CPC reflectors [27]. Standard parabolic troughs gener-
ally use a 70 mm diameter absorber [28], however, the angular
potential of the surface is not fully utilized. This problem is solved
by using a secondary concentrator that illuminates the entire sur-
face of the absorber.

A system acceptance angle of 0.6° creates a light beam 100 mm
width at the focus of the parabolic mirror. With a 10% safety factor,
we designed the CPC to have an aperture width of around 110 mm.
To fit within the 120 mm inner diameter glass tube, the CPC was
truncated to 94% of the original aperture width and 66% of the
original height. Truncation as well as the approximation of the CPC
shape with flat minichannels resulted in a reduced optical effi-
ciency of 91% compared to an ideal CPC.

The final system concentration (C) is calculated based on the
design specifications (Egs. (6)—(8)). Cis is the ratio between the
primary parabolic mirror and the CPC aperture, Copq is the ratio
between the aperture of the CPC to the absorber surface. A; is the
aperture area of the parabolic mirror, A, is CPC aperture area, and A3
is the absorber area.

Aq 5000 mm

Cls‘:E:nmzmm:‘lSX 6)
Ay 11112mm

Cona T A; m267mm 1.324X 2

C = Cist-Copg = 59.6X (8)

As explained, the proposed design achieves a geometric con-
centration ratio of approximately 60x on the thermal absorber
which allows it to operate at similar or higher temperatures
compared to conventional parabolic trough systems even under
partial utilization of the solar spectrum. The high temperature
absorber (see Fig. 3d) was constructed of 3/4” Schedule 5 stainless
steel with an outer diameter of 26.7 mm. It was selectively coated
by Himin Solar Co. and has a solar weighted absorption greater than
95% and an emissivity of 0.08 at 300 °C [29].

The emissivity of the coating at different temperatures was
estimated by comparing blackbody emission at with the spectral
emissivity data provided by Himin Solar Co. As an example, the red
line in Fig. 5 depicts the spectral emissivity of the coating while the
blue line represents the emission curve of a blackbody at 500 °C.
Multiplication of the two produces a spectral emission curve for the
coating at 500 °C, represented by the green line. The area under the
green curve divided by the total area under the blue curve gives an
estimate of the emissivity at this new temperature. The total
emissivity of this coating at 500 °C is estimated to be 0.14.

The solar cells used are state-of-the-art single junction GaAs
cells manufactured by Alta Devices (see Fig. 3b). Because of their
sharp bandgap cutoff at 870 nm with 90% absorption at sub-
bandgap wavelengths and 92% reflectance at wavelengths above
the bandgap as shown in Fig. 6, they are also very efficient spec-
trally selective reflectors. The solar to electric efficiency of these
cells is 28.8% at room temperature with a temperature coefficient of
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(a)Primary reflector (parabolic mirror) and (b) GaAs solar cell manufactured

support structure by Alta Devices
+.0030
oi3a? 308 -
'
= T s

I +.0039 ki +.0034
023! g —-I o138l oo

TREEE0E8E80
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Note: All units in inches
(c) Minichannel design

(d) High temperature (HT) absorber (¢) Hybrid PV/T receiver

Fig. 3. System components.

Selectively coated
Selectively coated thermal absorber
thermal absorber 900 :
o B 800 0%
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Fig. 4. (a) Hybrid PV/T receiver (b) Standard receiver.

Fig. 5. Emissivity of Himin Solar Co. coating at 500 °C.

Emissivity
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Fig. 6. Spectral reflectance of Alta Devices’ GaAs cell.
Source: Alta Devices Co.

—0.08%/°C [30]. In the proposed design the GaAs cells occupy only
2.4% of Ay, allowing the system to be more affordable, while still
receiving 41.6% of the incoming direct beam irradiance incident on
the trough.

The wings of the CPC are approximated by three 20 mm (~0.79
inch) long segments of minichannels (see Fig. 3c). The involute
portion of the CPC is formed from Alanod Miro-Sun which has a
total solar reflectance of approximately 89% [31]. The GaAs cells
were glued to the minichannels with a thermally conducting and
electrically isolating thermal paste (Omega-Therm). Photons that
are absorbed but do not generate electricity become heat, which is
removed by conduction through the thermal past and mini-
channels and convection into the cooling fluid stream. Overall the
cells serve three purposes: (1) spectral splitter/concentrators, (2)
selective low temperature thermal absorbers, and (3) electricity
generators.

3. Performance models
3.1. Optical performance model

An optical model of the system was developed and analysis was
performed using LightTools illumination design software [32]. The
optical model includes spectral surface properties of all compo-
nents. Reflectance of the GaAs cell in the infrared region was
assumed constant by extrapolation of the reflectance of the longest
wavelength measured, and assumed constant in the UV region by
extrapolation of the lowest reflectivity measured (see Fig. 7). The

—

g4/ Asvening
ek Unied Blackbody [mitsion
dppeepin ——Gaks Gl Refleciivity
O3orms

— Himin Coating Refecivity
— Uniied AM 1.5

Wievelength [o)

Fig. 7. GaAs cell and Himin coating reflectivity versus blackbody emission and AM 1.5.

Table 1
Optical simulation results.

Percent of incoming light

Light incident on solar cells 42%
Light incident on involute mirror 15%
Light incident on absorber 50%
Light absorbed by cells (electricity + heat) 26%
Light absorbed by involute mirror 1%

Light absorbed by absorber 47%

0.9 1
0.8
0.7 4
0.6
0.5 4
0.4 1
03
0.2 4
0.1 4

Optical Efficiency

0 T T T T T T T

&
0 01 02 03 04 05 06 07 08 09 1
Off-axis angle (%)

Fig. 8. System optical performance for off-axis angles.

AM 1.5 and 500 °C blackbody emission curves presented in Fig. 7
are unified, meaning values at all wavelengths are divided by the
maximum value to adjust the data to be between 0 and 1.

Optical modelling of the complete system was performed using
uniformly distributed rays within a 0.8° cone. The uniform angular
spread within a 0.8° cone was chosen to simulate the effects of sun
disk angle, tracking error, and optical misalignment of the system
[33]. Of the total incoming irradiance to the system, 82% of the light
is incident on the aperture of the 2nd concentrator (losses from

Qﬁd.in Qrad,luss

o

. Qconduf:tion
Ti

annuectinn

Tf,in . .Tf,out

Q]nternal

- dx >

Fig. 9. Finite element analysis of absorber tube.



Table 2
Thermal model calculations.

Parameter Diagram Equations used for analysis
Absorber outer surface node (Ts) Qradin Q-
A ad,loss
Qin = Qour (9)
T //j
O Queonduc Qrad.in = Qradoss + Qonduction (10)
T
G
Quadin = 3" 11
2
G ooane = AseoTd + 2B, 1) (12)
In 2
G = DN, Agperture (13)
. dx .
Absorber inner surface node (T;) Ts
O Qeonduction = Qeomection (14)
@ gegndu:ﬂnn
Ti 2 g O
: 2O ) T T (15)
Q : In g
convection g
Tf,ln O
- dx -
Fluid node (Ty)
s Qeonvection = Qheat capacity (16)
T,
I
[ |
Q:Dnvectinn hA; Ty =Ty in =1y Tyoue — Trin 17)

T!.in O . Tf,out
Q_imernal

- dx >

Qis heat; h is heat transfer coefficients; A is surface area; dx node length; ¢, is heat capacity; m is mass flow rate; k thermal conductivity; Dy is outer diameter; D; is inner diameter; e emissivity; ¢ Stefan-Boltzmann constant;
Aaperture 1S aperture area of parabolic trough; n is number of nodes.
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Table 3

Thermal performance model parameters.
Thermal Model Parameters Value
Emissivity of selective coating at 300 °C 0.08
Emissivity of selective coating at 500 °C 0.14
GaAs cell efficiency (76aas) at 200 °C 14.8%
Emissivity of GaAs cell 0.10
Emissivity of aluminum minichannels 0.08
Thermal conductivity of stainless steel 20 W/m-K
Absorptivity of glass in infrared region 100%

reflection and glass transmittance). Of the incoming DNI, 47% is
captured at the absorber and 26% is captured by the solar cells and
converted into electricity or low grade heat (see Table 1).

Optical performance of the system for off-axis angles was
simulated and the results are presented in Fig. 8. Beyond 0.6°, the
optical efficiency drops significantly.

The optical model generates three key performance parameters
which are used to calculate the thermal performance of the system:
radiation absorbed by the absorber (Ggps), radiation incident on the
GaAs cells (Geeyp_inc), and the amount of radiation absorbed by the
GaAs cells (Geeyr_gps)-

3.2. Thermal performance model

Heat transfer through the high temperature counter-flow
absorber tube is determined using a finite element analysis (FEA)
model constructed in MatLab [34] using the absorbed radiation
input from the optical model. Fig. 9 shows the radiation balance
between the hot absorber surface and the inside of the absorber
tube for single node length (dx), while Table 2 summarizes the FEA
calculations in each node of absorber outer surface node (Ts),
absorber inner surface node (T;), and fluid node (Ty), inlet fluid
temperature (Tf;) and outlet temperature (Tfoy). The simulation is
performed for a meter-long absorber containing 50 nodes. For
simplicity, it was assumed the GaAs cells would not absorb any of
the emitted radiation from the absorber because they are highly
reflective in the infrared region. Table 3 shows the thermal per-
formance model parameters used.

The model determines the outlet temperature of the high
temperature fluid stream based on a set input temperature, flow
rate, and direct beam solar irradiance to the system and the thermal
output (thgh temperature stream) iS calculated using Eq. (18).

thgh temperature stream = mCP(TOut - Tm) (18)
Where;

m: Mass flow rate of fluid [kg/s]

(a) (b)

Fig. 10. (a) Radiative heat loss from interior stainless steel end cap, (b) Heat loss
through 50.8 mm (2") Fiberglass Insulation.

=

Hybrid PV/T
Receiver

Parabolic Mirror

Coriolis Mass
Flow Meter

Storage Tank

Fig. 12. High temperature loop setup.

¢p: Heat capacity of fluid [k]/kg-K]
Tour: Outlet temperature of fluid stream [°C]
Tin: Inlet temperature of fluid stream [°C]

The temperature coefficient of the GaAs cells is well docu-
mented [30] and their solar to electric efficiency is calculated based
on cell operating temperature (Tcey) in °C using Eq. (19).

Nans = 0.308 — 0.0008*T (19)

Total electric output of the system (Qgqas) is calculated based on
the amount of radiation incident upon the cells as determined by

0.47 1
0.46 4
50.45 )

2044 -
=

0.4 T
100 150

200 250 300 350 400 450 3500
Inlet Temperature (°C)

Fig. 13. High temperature thermal efficiency versus inlet temperature.
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Fig. 14. System exergy efficiency breakdown by components.

Fig. 15. Hybrid PV/T prototype during testing.

the optical model using Eq. (20).

QcGaas = Ncaas*Geell_inc (20)

Thermal gain by the low temperature stream (Qiow temperature
stream) 1S calculated with the assumption that all light absorbed by
the GaAs cells that is not converted to electricity is captured as heat.
Bulk radiative losses (Qpyk_joss) from the low temperature thermal
stream (minichannels, GaAs cells, and all piping) are included in
this model and the output is calculated according to Eq. (21).

(1)

Heat loss from the receiver end cap was calculated in Solid-
Works [35] and incorporated into our model (see Fig. 10). All losses
were taken from the high temperature stream. For a high temper-
ature inlet of 500 °C and low temperature inlet of 200 °C, radiative
loss from the inside of the receiver end cap was 42 Watts, and
conductive/convective heat loss through two inches of fiberglass
insulation on the exterior of the cap was 51 Watts.

Energy efficiency from the high and low temperature streams
(Menergy) is calculated as per Eq. (22).

Qlow temperature stream — Gcell,abs - QGaAs - Qbulk,loss

mcp(Tout —Tin)

Nenergy = C (22)

To consider the value of heat produced at different temperatures

and the electricity produced by the cells, we evaluate the exergy
efficiency (nexergy, system) of the system. Exergy is the maximum
usable work that can be extracted from a system at elevated tem-
perature as it comes to equilibrium with a colder heat reservoir. We
accomplish this by determining the maximum theoretical usable
work that can be extracted from each production stream [Carnot
efficiency]. By combining the high (1energy, nigh temp) and 10w (energy,
low temp) temperature stream exergy efficiencies (energy efficiency
multiplied by Carnot efficiency) and adding the electrical efficiency,
we can determine the total system exergy efficiency as seen in Eqs.
(23) and (24).

Texergy.system = Tenergy, hight emp Ncarnot + Nenergy, low tempnCa;not

+ NGaas
(23)
T |
Nearnot = 1 — Tciu‘d (24)
hot

Essentially, this is the gross system efficiency if we send both
thermal streams through an ideal heat engine and add the pure
electrical work produced by the solar cells.
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Fig. 16. Temperature and flowrate of March 27 test.

4. System performance testing

The experiment was performed at University of California
Merced'’s Castle Research Center. The latitude and longitude for the
location are 37.3°N, and 120.6°W, respectively. Different state var-
iables are measured for the purpose of system performance eval-
uation and safe operation including solar irradiance, ambient
temperature, flow rate, pressure, and fluid temperature. The data is
collected at 5 s intervals. Table 4 lists the type and specification of
sensors used in the solar and environmental testing rig for each
measurement of interest. Direct normal irradiance (DNI) was
measured using a mounted normal incidence pyrheliometer. The
ambient temperature was measured using a K-type thermocouple
inside a radiation shield. The fluid temperature was measured by
heavy duty K-type thermocouple sensors where a clusters of three
sensors used at inlet and outlet of receiver. The mass flow rate was
measured by Coriolis mass flow meter.

The pressure required to keep Therminol VP-1in a liquid state at
400 °C is approximately 1.17 MPa (170 psi). Pressure was applied by
nitrogen from a nitrogen tank via the expansion tank which also
blanketed the system to prevent oxidation of the oil at elevated
temperatures. The system was designed for a flow rate of 50 g/s, or
about 1 gallon per minute. At this flow rate, the oil was expected to
rise by 10 °C through the solar collector (at 400 °C and 800 W/m?
DNI).

At the inlet and outlet of the receiver a cluster of three ther-
mocouples was installed in the flow path to accurately measure the
temperature rise of the heat transfer fluid across the receiver. The
hybrid PV/T system and high temperature loop are shown in Figs. 11
and 12, respectively. The fluid used in the low temperature loop to
cool the cells was Duratherm 600. It was circulated and regulated
by a Chromalox micro-Therm temperature control system. Flowrate
was measured by a Coriolis mass flow meter and temperature was
measured via thermocouple clusters positioned as close as possible
to the inlet and outlet connections at the receiver.

1 4
09 ]
0.8
3
0.7 _
z06 I 25z
- -
§ 0s | 2 T —HT _efficiency
E f i f z oW
= 04 / 15 _g ——1)_thermal [kW]
0.3 [y “\ {;’"\ T ——Q_solar [kW)
(%] / W l-‘\ fl\ \1 / \ 1
o \
0.1 /s | \ u} N 05
0 / H\--. Y\
S5736 AM 1001200 AM 10:26:24 AM 10:40:48 AM 10:33:12 AM

Local Time
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Fig. 18. Solar thermal efficiency results, where black dot is experimental results,
dashed line is model results.

5. Results and discussions
5.1. Modelling results

Fig. 13 shows the modelled energy efficiency of the high tem-
perature stream.

In Fig. 14, the different components of the total system exergy
efficiency are presented for varying GaAs solar cell temperature for
two scenarios of 1000 w/m? and 500 w/m? DNL The high tem-
perature stream is assumed to be at 500 °C. The center point of each
pie in the plot is the total system exergy (summation of electrical,
low temperature, and high temperature exergy components) for
varying solar cell temperatures. The black line connects the centers
of the related pies and shows the trend of total system exergy with
cell temperature. In general, higher solar irradiation results in
higher exergy efficiency, with a maximum system exergy efficiency
of 0.37 at 200 °C cell temperatures and 1000 W/m? DNI.

The percentage values shown in Fig. 14 represents how much
each component (i.e., high temperature) contributes to the total
system exergy. The high temperature stream contributes most to
the total exergy (67% at high solar irradiation), while the low
temperatures stream contributes the least (between less than
0.4%—17.3% at high solar irradiation). For example, if the solar cell
temperature is maintained at 100 °C in the 500 W/m? DNI scenario,
the total system exergy is 33%. The solar cells contribute 28.47% to
the total system exergy and therefore the direct solar to electric
efficiency is 9.4% (multiplication of 28.47% by 33%).

5.2. Experimental results

Tests were conducted under a variety of solar and environ-
mental conditions ranging from low to high DNI and at outlet
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Fig. 19. Direct solar to electric efficiency of GaAs cells (March 20, 2015).
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Table 4
Measurements, type and specification of sensors.
Measurements Quantity Sensor Calibration range Instrument uncertainty Manufacturer
Ambient temperature 1 Thermocouple, Type k Up to 1335°C greater of 2.2 °C or 0.75% Omega®
System Pressure Pressure Gauge 103 MPa +1% full scale Ashcroft”
Fluid temperature 18 Thermocouple, Type k Up to 1335 °C greater of 2.2 °C or 0.75% Omega®
Mass flow rate 1 Coriolis mass flow meter 0-83 kgfs +0.1% of reading Yokogawa Corporation
of America“

Direct normal irradiance (DNI) 1 Normal Incidence Pyrheliometer

Field of View 5° and
sensitivity approx.
8 mvjwm 2

less than 1% The Eppley Laboratory, INC.2

http://www.omega.com/pptst/T]36-ICIN.html.
http://www.ashcroft.com/.

an T ow

temperatures of the high temperature stream between 60 °C and
365 °C. The data analyzed in this article was collected from March 9,
2015 to March 27, 2015 and the combined results of all tests are
presented later.

5.2.1. High temperature thermal efficiency

As an example we present the test conducted on March 27
below in Figs. 15—17. This was the highest temperature test and was
performed under clear sunny conditions (see Fig. 15). Fig. 16 shows
the high temperature inlet and outlet [HT_in, HT_out] profiles and
flow rate [HT_flow] at the absorber for the 365 °C test, under a
maximum total solar input to the system [Q _solar] of about 4 kW. In
Fig. 17, the incoming solar power [Q_solar] as well as the calculated
thermal power output [Q_thermal] and efficiency [HT_Efficiency]
of the high temperature stream are shown. The maximum thermal
energy generated was about 1.25 kWth and the peak efficiency was
around 47%. At about 10:36 a.m., we added pressure to the system
which caused a temporary drop in flow rate as shown in Fig. 16 and
a corresponding spike in efficiency as seen in Fig. 17. We do not
consider the data locally around this spike as valid test data. The
errors present in the measurements are listed in Table 4. The un-
certainty introduced into the calculations of Q_thermal [kW] is
approximately +0.2% and the uncertainty of efficiency calculations
is +2%.

The results of all high temperature thermal tests are plotted
with respect to the outlet temperature in Fig. 18. On average the
thermal efficiency of the experiment was around 37%, which is
lower than the 47% efficiency predicted by the model (see Fig. 13).
We discuss causes for the lower than expected efficiency in Section
5.2.3. The 47% efficiency at 330 °C is sort of an anomaly. We have
looked at the data for that test and there is no clear reason (solar
and flow rate were very stable) for the increased efficiency. The
data is included for completeness. The maximum uncertainty as
shown in the error bars in Fig. 18 is 2.7%.

5.2.2. PV electrical efficiency

The best direct electrical efficiency data obtained was on March
20th under highly cloudy conditions. The output voltage of the PV
cell [Cell Voltage] was measured and electrical efficiency calculated
and the results are shown in Fig. 19. The maximum electrical effi-
ciency was around 8%, the short circuit current (Isc) was 230 mA
and the fill factor (FF) was determined to be 84.3%.

5.2.3. Experimental limitations and issues

The main challenges we faced during this experiment were
failure of the elevation actuator on the tracker, less than ideal
mechanism for attaching the solar cells to the cooling channels, and
the inability to pull a strong vacuum in the receiver.

Without a working elevation actuator, we could only get full

http://www.yokogawa.com/us/productsffield-instruments/flow-meters/coriolis-flow-meter.htm#details:features.
http://www.eppleylab.com/instrumentation/normal_incidence_pyrheliometer.htm.

illumination of the receiver tube at a specific time in the morning
each day. Subsequent tests only saw partial illumination due to
increased sun angle. To account for this, all thermal power and
efficiency calculations are elevation corrected to normalize to full
illumination of the receiver tube (measured thermal output is
divided by measured percentage of tube length that is illuminated).

Our methods for attaching the solar cells to the cooling channel
using Omega Therm was not as robust as desired. The adhesive
properties of the paste were lost after extended evacuation and
heating. Another major problem we had was the inability to pull a
strong vacuum (E~> mbar) due to leaks in the vacuum connections,
leaks in internal tube assembly, and outgassing.

To account for heat loss caused by an inadequate vacuum we
corrected all the high temperature thermal efficiencies. Heat loss
measured from the absorber at temperature prior to the test is
added to the thermal gain during test to adjust to zero net heat loss.
As a result of these corrections, the efficiency versus temperature
graph in Fig. 18 is flat and does not decrease with temperature as
one would expect in a perfect evacuated system due to radiative
loss.

6. Conclusion

A novel double-stage hybrid concentrated PV/T solar system to
simultaneously generate electricity and high temperature dis-
patchable heat has been designed, simulated, fabricated, and
tested. Using nonimaging optics, a 5 m wide parabolic trough col-
lector is transformed into an integrated spectrum-splitting device
by placing spectrum-sensitive GaAs solar cells on a secondary
reflector. The GaAs cells are part of a wide angle secondary
concentrator and generate electricity directly while also providing
additional concentration towards the high temperature absorber by
reflecting sub-bandgap photons. The cells are actively cooled to
provide low grade heat. The spectrally selective properties of GaAs
cells are used to maximize the exergy output of the system,
resulting in a system exergy efficiency of 37%.

One key aspect of the design is that it provides enough geo-
metric concentration on the receiver to maintain high efficiency at
operating temperature. This unique design achieves ~60x con-
centration ratio from parabolic aperture to high temperature
absorber, which is significantly higher than conventional parabolic
trough concentration ratio and helps the thermal absorber to
achieve up to 500 °C even under partial utilization of the solar
spectrum. While initially we designed for a 200 °C operating
temperature of the cells, modelling indicates that this adds little to
the total system exergy while increasing system complexity. Based
on these results we conducted the experiment at low solar cell
operating temperatures for cooling purpose only. In this design the
GaAs cells occupy 2.4% of primary concentrator aperture area and
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still receive 41.6% of the incoming direct beam irradiance incident
on the trough, making the system cost more affordable. By col-
lecting as much solar energy as we can, this design has the potential
to significantly improve the exergy output of future parabolic
trough plants.

The experiment was conducted under a variety of solar and
environmental conditions and we simultaneously generating
electricity from the PV cells and dispatchable high temperature
thermal energy from the remaining solar energy [36]. Due to the
properties of Therminol VP-1, we were only able to reach a
maximum outlet temperature of 365 °C, which is lower than our
proposed and modelled target but very close to the outlet tem-
perature of typical parabolic trough CSP plants. On average, the
thermal efficiency of the experiment was around 37% which is
lower than the 47% efficiency predicted by the model. The
maximum electrical efficiency was found to be around 8%, which
has room for improvement in future work. The main reasons for the
differences between the experimental results and the model output
are imperfections of the prototype receiver tube (i.e., cell attach-
ment mechanism, leaks in the vacuum connections, leaks in in-
ternal tube assembly, outgassing, formation of condensation),
problems with the dual axis tracker, and imperfections in the pri-
mary mirror. Future work [37,38] includes replacing the heat
transfer fluid with a novel material that will allow us to reach
higher temperatures, as well as developing better methods for
manufacturing and assembling the receiver (e.g., cell attachment
mechanism, better vacuum quality). All of these improvements are
currently being implemented in our new project funded by the U.S
Department of Energy.
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