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Abstract: Because polyaromatic hydrocarbons show high thermal stability, an example of these
compounds, phenylnaphthalene, was tested for solar thermal-power applications. Although static
thermal tests showed promising results for 1-phenylnaphthalene, loop testing at temperatures to
450 °C indicated that the fluid isomerized and degraded at a slow rate. In a loop with a temperature
high enough to drive the isomerization, the higher melting point byproducts tended to condense onto
cooler surfaces. This would indicate that the internal channels of cooler components of trough solar
electric generating systems, such as the waste heat rejection exchanger, may become coated or
clogged affecting loop performance. Thus, pure 1-phenylnaphthalene, without addition of stabilizers,
does not appear to be a fluid that would have a sufficiently long lifetime (years to decades) to be used
in a loop at temperatures significantly greater than the current 400 °C maximum for organic fluids.
Similar degradation pathways may occur with other organic materials. The performance of a
concentrating solar loop using high temperature fluids was modeled based on the National
Renewable Laboratory Solar Advisory Model. It was determined that a solar-to-electricity efficiency
of up to 30% and a capacity factor of 60% could be achieved using a high efficiency collector and
12 h thermal energy storage when run at a field outlet temperature of 550 °C.

Keywords: Concentrating solar power; phenylnaphthalene; chemical kinetics; thermal stability; high
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1. Introduction

Solar power collection can be divided into two main technologies, those that directly convert
sunlight to electrons, such as photovoltaics, and those that heat a transfer medium or fluid that passes
through a power cycle to produce electricity. Concentrating solar power (CSP) has an advantage over
direct conversion solar technologies of having inherent energy storage because of the heat carrying
capacity of the thermal fluid, allowing the system to operate during periods of low or no solar
irradiance. CSP technologies include troughs, power towers, parabolic disks, and Fresnel
concentrators [1]. In the work described here, the goal was to investigate the replacement of organic
fluids in trough solar electric generation systems (SEGS) with fluids that can be used at higher
temperatures.

Solar trough collectors concentrate solar power on a central receiver using a parabolic mirror
that can rotate about a single axis. The high emissivity stainless steel receiver encapsulates a fluid
that flows through the collector and passes to a heat exchanger for power generation. The collector
itself is encased in a vacuum envelope that permits solar radiation to pass through, but minimizes the
transmission of infrared (IR). Trough SEGS plants have operated successfully in the United States
from 1984 to the present day, producing up to 80 MWe from individual solar fields, such as the
Acciona Solar One plant near Boulder City, NV, a 75 MW facility. IvanPah in California [2] and
Solana [3] in Arizona are expected to produce 377 and 280 MW respectively. Trough SEGS
have also been deployed or planned by Abengoa in Spain (200 MW) [4] and Negev in Israel
(110 MW) [5].

The thermal performance of CSP trough plants is limited by the efficiencies of photon capture
and conversion of sunlight to heat and the thermal-to-electric conversion. The first of these factors
decreases with increasing temperature due to radiative heat loss, while the second increases with
fluid temperature at a given heat rejection temperature. These efficiencies, in turn, depend on the
geometry of the collector, the properties of the heat transfer fluid (HTF), the thermal performance of
the solar receiver, and the operation of the power cycle. In this paper, we focus on the thermal
performance of the HTF. Higher temperatures in the loop allow better thermodynamics of conversion
and also improve the operation of the turbines on the secondary side because of higher quality steam.

Fluid decomposition is one of the prime limitations on the performance of a trough CSP system
over years of operation. Degradation of the vacuum envelope because of hydrogen ingress from fluid
breakdown increases thermal conductivity and reduces the efficiency of the collector; an example is
given by Reaction 1.

Ci6Hi2 (phenylnaphthalene) —C;¢H4 (fluoranthene) + H, (1)

Ideal fluids for CSP will be those that have a large liquid range, fluidity at the coolest portion of
the solar loop along with a relatively low pressure in the hottest zone, a thermal stability to allow
years of operation with minimal replacement or recovery, and that are chemically inert to materials
in the loop. Commonly-used thermal oils, biphenyl oxides and terphenyls, are limited to maximum
operating temperatures below 400 °C, which is less than ideal for most power-generation steam
turbines [6]. High-temperature organic Rankine cycles use alkanes [7,8], aromatics, and linear
siloxanes to extract heat from thermal systems up to 350 °C . Molten salt HTF can operate as high as
550 °C, which is similar to modern gas or coal-fired steam cycles [9]. However, inorganic molten
salts have very high freezing temperatures [10], making them unsuitable for use in CSP trough
applications except as thermal storage media. Ionic liquids, organic salts that are molten at
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temperatures below 100 °C, have been considered for thermal solar applications [11]. Fluids
enhanced by entrained nanoparticles are being studied at a conceptual and lab-scale level, but
large-scale performance data have not yet been obtained [12,13]. Scanning and tunneling microscopy
studies have indicated that nanoparticles increase the specific heat of the fluid and allow the
formation of percolation networks because of their high specific surface area [14]. If one of these
approaches leads to a suitable high-temperature HTF, this should allow a reduction in the cost of
energy production from CSP plants by increasing the system temperature, and, thus, power cycle
efficiency.

Table 1. Thermophysical properties of heat transfer fluids for power generation.

Compound Tw Liquid C, Liquid T. (K) Vapor Thermal Dynamic
T, p P, (bar) Pressure  conductivity  viscosity
(K) (kJ'kg'K")  (kg'm?) (bar) A v
(Wm™K"  (mPas)
Dowtherm A 285.2 2.725 672.5 770 11.32 0.0771 0.12
@ 678 K [15] 530.2 31.34
Xceltherm 600-Cyg T, range 3.001 672.36 768 0.250 0.1122 0.252
paraffin oil 574— 10.7
@ 588.8 K [7,8] 741
H,O0 @ 563K, 7.5MPa 273.15 5.5 732 646.95 Super- 0.56 0.13
[16] 373.15 220.64 heated
Biphenyl @ 500 K 342 2.03 869 773 +3 0.531 0.118 0.32
[17,18,19] 559 33.8+1
p-Terphenyl @ 500 K 485 1.98 947 908 + 10 0.0199 0.135 0.73
[17,18,19,20] 623 299+6
Therminol VP1 285 2.39 788 772 3.8 0.0912 0.1958
Biphenyl & diphenyl 530 33.1
oxides @600 K [21]
Therminol 66 266 2.67 786 842 0.542 0911 0.359
Mix of hydrogenated 632 243
terphenyls @600 K [22]
Hitex XL 413 1.44 1970 NA NA 0.519 4.8
Ca(NO;),/NaNO+/KNO; 8234
42/15/43 wt.%
@ 600K [23,24,25]
1-phenylnaphthalane @ 297-318 2.6 849 818 0.820 0.077 0.11
600K [26] 598 7.1
2-phenylnaphthalene @ 375 24 837 831 0.563 0.083 0.11
600K [26] 627 6.5

¢ maximum operating temperature, above which decomposition occurs
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Examples of HTFs for power generation are given in Table 1 along with important
thermophysical properties such as phase change temperatures. Factors that affect heat transfer such
as thermal conductivity and loop performance, such as dynamic viscosity, are also given in the table.
These fluids cover a range of operating temperatures, so the temperature associated with the listed
properties is given in the first column to help with the comparison.

Polyaromatic hydrocarbons comprise some of the most stable organic compounds in regards to
temperature and resistance to oxidation and are expected to have desirable thermophysical properties
and stabilities up to at least 500 °C [17,27]. For instance, the European Union has mandated that
these compounds be removed from diesel fuel because they can pass intact through combustion in a
compression engine. Substituted naphthalenes, in particular, have measured high thermal stabilities,
a liquid range from room temperature to several hundred degrees Celsius and high critical points,
along with a low propensity to oxidation or degradation. The properties of 1-phenylnaphthalene and
its isomer, 2-phenylnaphthalene are included in Table 1.

Thermophysical data collected on laboratory samples under well controlled conditions can be
used to survey fluids that have potential for large-scale CSP and these have been reviewed in detail
by Zalba and coworkers [28]; however, physical property measurements do not probe transient
effects such as the slow kinetic conversions, non-equilibrium processing, and reactions with collector
materials. Slow kinetics can be difficult to study, as small changes in fluid composition need to be
detected over long periods of time. Hence, laboratory-scale engineering tests on the use of
substituted naphthalenes as heat transfer fluids for concentrating solar power applications were done
under conditions relevant to SEGS operation.

The fluids were evaluated by: (1) testing the chemical stability and thermophysical properties of
candidate heat transfer fluids by repetitive cycling to temperatures up to 500 °C; (2) testing the
performance of candidate heat transfer fluids in an instrumented flow loop; and (3) development of a
kinetic model to explain the results of the testing. The tests conducted here represent an intermediate
step in the investigation of organic fluid performance. Samples collected after days and weeks of
operation were chemically analyzed for degradation products and the chemistry of the fluid was
modeled using a chemical kinetics model.

2. Materials and Methods

From laboratory measurements and calculations of thermophysical properties, it was thought
that substituted phenylnaphthalenes may have a combination of sufficiently high thermal stability
and sufficiently low melting temperatures to be suitable for concentrating solar power (CSP) loop
operation at temperatures up to and above 500 °C [26]. In particular, the high critical temperatures
and low vapor pressures of 1-phenylnaphthalene appeared to be advantageous relative to other
polyaromatic hydrocarbons. The performance of the phenylnaphthalene fluid, with and without
additives, was tested in two ways in the laboratory. One method used a static cell that was heated
continuously over a number of weeks and the other used a small-scale loop that cycled the fluid
through temperatures over 400 °C to below room temperature over a week of operation. Degradation
of the fluid was monitored by taking grab samples for chemical analysis.
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2.1. Synthesis

Although 1-phenylnaphthalene may be isolated during the refining of petroleum [29,30], for the
purposes of this work a synthetic route was chosen to ensure purity of the fluid being tested.
I-phenylnaphthalene was synthesized by a modified Suzuki-Miyaura coupling reaction [31], where
an aryl halide joins to an organometallic precursor over a palladium catalyst, Scheme 1. The Suzuki
coupling mechanism was chosen because it offers a simple process that can be carried out in the
laboratory under mild conditions yet gives high yields and purity [32,33,34,35,36]. Modifications
were made when applying the as-published coupling synthesis. It was found that Pd(II) acetate was
more stable than Pd(0) towards deactivation and so served as a more effective catalyst. In addition,
literature syntheses suggested the use of acetone. However, n-propanol was used instead, as acetone
was found not to give a quantitative yield.

Br OH '

. Pd(I1)(OAc),

B ; ;
~ tri-o-tolylphosphine
‘o + [ j OH 3 ‘
K,COgz(aq)

n-propanol

Scheme 1. 1-phenylnaphthalene synthesis by Suzuki coupling

1-Bromonaphthalene (1.0 equiv.) and phenylboronic acid (1.05 equiv.) were dissolved in
n-propanol. To this solution aqueous potassium carbonate (1.20 equiv.) was added as a 3 M solution.
The catalyst, a mixture of palladium acetate (0.003 equiv.) and tri-(o-tolyl)phosphine (0.009 equiv.),
was added and the solution was brought to reflux for one hour. Water was added to the reaction, the
phases were separated, and the aqueous phase was extracted three times with diethyl ether.
Combined organic extracts were washed with brine, dried over magnesium sulfate, and the solvent
was removed under reduced pressure. The brown product was then passed through a short silica plug
to remove palladium impurities. The final product was purified by vacuum distillation. The colorless
oil was obtained in 99% purity as analyzed by nuclear magnetic resonance (NMR) and gas
chromatography-mass selective detection (GC-MSD), and in 95% isolated yield, with the main
impurity being the higher boiling point 2-phenylnaphthalene isomer.

Synthesis of the phenylnaphthalene was scaled up to produce several hundred mL at a time and
purified using rotary evaporation to selectively remove the solvent. Even with recycled solvent, the
Suzuki synthesis suffers from a low atom economy and is not economical on a large scale. The cost
of producing the synthetic oil by the Suzuki coupling mechanism was estimated as ranging from
$800 to $1200 per liter, based on the price of similar commodity chemicals or on the cost of the
reagents. As this price is about ten times the cost of Therminol 66, ways of reducing the cost were
considered. The Kumada coupling alternative has better atom economy and lower cost starting
materials than the Suzuki process, but uses more hazardous reagents [37]. It has not been as well
vetted in the literature, and there may be a greater chance of side reactions leading to a less pure
product.
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2.2. Apparatus and Sample Preparation
2.2.1. Static Experiments

Laboratory scale experiments were carried out by heating small amounts of synthetic oil in
sealed stainless steel sample vessels for periods of up to 1 month. Heating took place in an inert
atmosphere, argon or helium, to test fluid stability under anaerobic conditions.

Small amounts of synthesized 1-phenylnaphthalene, on the order of 1 mL, were heated in
4.9(2) £ 0.1(3) mL stainless steel vessels from 400 to 525 °C, usually over a period of one week. The
samples were held in thick-walled 316 stainless steel 0.95-cm-outer diameter (OD) tubes that were
sealed with welds on the bottom and by flare fittings on the top. The specimen holders were filled
with the sample fluid at room temperature in a glove box with an inert argon cover gas. The cover
gas pressure in the glove box was controlled at slightly (0.03 bar) above atmospheric pressure.
Gravimetry was used to determine volumes of the samples and argon introduced into the cell. After
being sealed, the specimen holders were removed from the glove box to be installed in the furnace.

The furnace comprised an electrically heated copper block suspended from the top plate of a
small vacuum chamber to minimize heat losses from conduction, Figure 1. Thermocouples installed
into small holes in the copper block allowed direct monitoring of the block temperatures in three
locations. Wires from the thermocouples were attached to feedthroughs in the upper Conflat® flange.
The copper block was made of three pieces. Two outer pieces clamped to a main body formed six
mating vertical holes between the inner and outer sections. The specimen holders were held tightly in
these holes by screws that passed through the outer pieces and were threaded into the inner pieces to
ensure good thermal contact. Five of the holes were used for the sample vessels previously described,
and one was occupied by a 7.60 mL tube that penetrated the furnace upper plate. This exposed tube
was used to monitor the temperature and pressure of the fluid during heating. Before sealing, a
shroud of aluminum foil was wrapped around the assembly to minimize emissive losses.

Figure 1. Picture of furnace interior and sample holders.

Solar heating was not practical for these tests, so heating was achieved using a cartridge heater
inserted into a hole centered in the main copper block. A custom-built stand-alone controller was
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used to monitor the block temperature and control the current through the heater. The temperature
was controlled manually using fixed current settings or with a proportional-integral-derivative (PID)
controller algorithm to within £ 0.5 °C. The temperature of the sample was estimated as the mean of
the temperatures of the inner and outer thermocouples, with data recorded every 2 s. Heat up took
about 120 min because care was taken not to overshoot the maximum temperature. When
steady-state had been reached, the difference between the inner and outer blocks was about 14 °C,
and the sample temperature was taken as the average of the two. The error in this calculation was
estimated to be no more than = 5 °C except during heat up, when the temperature of the outer block
could lag that of the inner block by up to 50 °C. Cool down, at the end of the test, took several hours
after the power was switched off to the heater. Typical ramp-up and cool-down temperature traces
are given in Figure 2, and represent the average temperature across the heating block. An irregularity
in the temperature trace at 425 °C (18 min) shows where manual control of the heating rate was
turned over to the PID controller. Another irregularity at 367 min shows where the temperature set
point was readjusted to ensure the fluid was heated above 450 °C. However, temperatures were very
stable, even over the month-long heating test at 450 °C, being controlled to within + 0.5 °C.

a) ramp up b) cool down
500 500
450 1 450
_ 400 [ _ 400
¥ 350 ’I & 350 \\
2 300 @ 300
2 250 ’ 2 550 \
| i\
g_ 200 g_ 200 \
g 150 g 150 \
100 100
50 50
0 T T T T 1 0 T T T 1
0 100 200 300 400 500 600 0 100 200 300 400
Time After Start (Minutes) Time After Power Turned Off (Minutes)

Figure 2. Details of temperature increase after start of heating and temperature
decrease at the conclusion of heating for the month long static test.

Ten static heating tests of at least one week each were performed on 1-phenylnaphthalene, and
mixtures of l-phenylnaphthalene and minor components such as fluoranthene or
2,2,6,6,-tetramethylpiperidinyl-1-oxy (TEMPO), and coupon materials, Table 2. Coupons
representing structural materials that may be found in the trough-type collectors of a CSP plant were
introduced in some of the tests, including carbon steel, DIN1.4541 stainless steel, and brass. These
coupons were small, on the order of 25-30 mg. Temperature data were taken throughout the heating
experiments. After thermal testing, the specimens were cooled, opened to check for gas release, and
samples were taken for analysis.

In addition to the heat-and-hold experiments, tests were also conducted by manually ramping
the phenylnaphthalene fluid to simulate conditions that would be encountered in a trough CSP loop.
These tests involved thermally cycling the samples of synthetic oil between 290 and 450 °C, typical
of the thermal cycle in a CSP operation. For the ramping experiments, a second vessel was designed,
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Figure 3a. The vessel was slightly smaller, 4.82 mL, had much less thermal mass being made of
aluminum, and could accommodate two sample holders. These tests were conducted with a flow of
helium through the shroud of the chamber to enhance heat up and cool down through convection.
With a slight overpressure of helium (2.4 bar) corresponding to a flow rate of 8.5 m’-h”, rates of
heating, 20°min’', and cooling, 40°-min”', were achieved between 290 and 450 °C, Figure 3b.

Table 2. Experimental details of static heating tests on 1-phenylnaphthalene

(Results presented in Figs.7-9).

Test Minor Heating Details
Number components Maximum Duration Coupons
Temp (x1h)
(+4°0)
1 1-3% 2-C16H12 536 29 no
2 1-3% 2-C16H12 494 169 no
1-3% 2-C16H12 490 165 no
4a 1-3% 2-C16H12 482 2 no
4b 1-3% 2-C16H12, 482 336 no
TEMPO
5 3% 2-C16H12, 536 337 no
TEMPO,
Fluoranthene
6 1% 2-CigH12, 385 169 carbon steel,
Fluoranthene stainless steel,
brass
7 1-3% 2-Ci¢H1o, 454 240 carbon steel,
Fluoranthene stainless steel,
brass
8 1% 2-CigH12, 446 175 carbon steel,
Fluoranthene stainless steel,
brass
9 1% 2-Ci6H12 500 199 carbon steel
stainless steel
10 1% 2-CigH12, 500 171 carbon steel
Fluoranthene stainless steel
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Figure 3. a) Figure 3. b)

ure (°C)

Teniperat

Figure 3. a) Aluminum cell used for ramping experiments, showing two sample
holders and embedded heater. b) Temperature profile for 1 day cycling test.

2.2.2. Loop Tests

To test performance of the 1-phenylnaphthalene under flowing conditions and realistic
temperature gradients, small scale loop experiments were performed. The apparatus was heated
electrically, decoupling investigation of fluid pumpability from solar collection efficiency.

Figure 4. High temperature loop showing the insulated 2.4 kW heater on the right,
the reservoir at the bottom, and the heat exchanger at the top of the loop.
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The loop was designed to test the stability of high temperature thermal energy storage fluids
under thermal cycling conditions, Figure 4. Temperatures of the fluid in the cycle ranged from a
maximum at 500 °C, with cooling to 70 °C. The loop volume was 600 mL, with additional capacity
in a reservoir. The apparatus was typically run with 700 mL of fluid. A pneumatically powered,
positive displacement, reciprocating injection pump was used to provide stable circulating flow. The
pump was rated for 0.19 to 21.3 L-h”, but was typically operated at the bottom of the range to
achieve sufficient heating. The flow rate of fluid through the loop was calibrated using deionized
water.

The heated section used four symmetrically placed 600 W cartridge heaters, Figure 5. The
heater was insulated with several layers of insulation to minimize heat loss to the environment. An
accumulator with a sight tube provided a visual indication of the liquid level in the system. At
temperature, the system was operated at an argon overpressure of 8 bar to suppress bulk boiling of
the fluid. Because the loop was to contain high pressure organic fluids, for safety it was contained in
an argon filled glove box that was sealed when in operation, with interlocks on the heater power in
the event of high temperatures, pressures, or oxygen level in the glove box. Safety was also derived
from having a primary system relief valve at 14 bar, a supply tank relief at 1.7 bar, and an argon gas
relief valve set at 8.6 bar.

~Irkl & Tap for W0-32 Thd = 05" Deep
[ or L375° BC (2= Bottom epd:
/ 901290 x 2% Deep on L3750 BC
“H"'.;':‘?::-i‘_‘ o o F (2x Top Ends
To T e .
— . . | N,
Bore—thry ™ ;l}h'. =
e L

Eore—thru

on L3IFE" BC
Cdx}

-2  Booly

Figure 5. High-temperature loop heated section showing placement of the 4 x 600 W
cartridge heaters.

2.3. Fluid Analysis

The polyaromatic test fluid was characterized before and after heating by '"H NMR using a
Bruker Avance 400 MHz instrument and by gas chromatography using an Hewlett Packard (HP)
5890 gas chromatograph (GC), using either a flame ionization detector (FID) or a mass selective
detector (MSD). The NMR was useful in the detection of unreacted starting materials from the
Suzuki coupling synthesis, but was less effective in distinguishing one isomer of phenylnaphthalene
from another. The methods for the GC FID and the GC MSD are given in Table 3. The GCs were run
using DBS5 capillary columns with ultrahigh purity (UHP) helium as a carrier gas (Air Liquide
99.9999%) passed through a desiccating column. Hydrogen for the FID was provided by an on-line
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Perkin Elmer hydrogen generator. Typical chromatograms from phenylnaphthalene are shown in
Figure 6. Retention times were assigned based on the use of calibration runs and by assignment using
the ion fragmentation pattern from the GC-MSD. Polyaromatic hydrocarbons do not fragment in the
mass spectrometer and have a large molecular ion, M", thus making them easy to identify. The
uncertainty on quantification of the analysis is about + 10%, but is less for the FID than the MSD
analysis. Details are given elsewhere.[38]

Table 3. Gas Chromatography Methods

GC MSD GC FID
Injector 250 °C 150 °C
splitless splitless
Oven Temperature Program | 150-270 °C @ 15°-min™' 150-270 °C @ 15°-min’'
Hold at 270 °C for 3 min Hold at 270 °C for 3 min
Detector 340 °C 340 °C
Column DBS5, 30 m, 0.320 mm ID, DBS5, 30 m, 0.530 mm ID,
0.25 um 0.5 pm
Carrier gas UHP helium @ 44 psig UHP helium @ 40 psig
Solvent Delay 2.2 min Not applicable

vvvvvv unheated

-=-=-cycled for 1 week

- heated for 1 week

Time (min)

Figure 6. GC traces showing changes in phenylnaphthalene peaks arising from
heating experiments.

Unheated phenylnaphthalene has a large peak at a retention time of 5.5 min. corresponding to
I-phenylnaphthalene, with a small peak at about 6.2 min from the 2-phenylnaphthalene isomer,
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Figure 6. Other peaks in the GC at 2.7 and 3.2 min come from unreacted starting material, such as
naphthalene at 2.6 min, and byproducts such as biphenyl at 3.2 min. As synthesized, the
phenylnaphthalene has a purity of about 99%. Some of the tests were used commercial
1-phenylnaphthalene with 97% purity (Oakwood Products Inc., Lot EO6C), but the larger percentage
of impurities did not make much difference to the results. After refluxing at 365 °C for a week, the
peaks from the impurities disappeared and only those from the two phenylnaphthalene compounds
remained. When the sample was heated to 500 °C for a week, isomerization to 2-phenylnaphthalene
was observed, with growth in the peaks for naphthalene, phenanthrene, fluoranthene at 6.9 min, and
a variety of terphenyls at > 7 min.

3. Results and Discussion
3.1. Static Tests

The results of GC analysis of the static cells, Figure 7, indicated that the synthetic
phenylnaphthalenes did not show observable chemical change up to 400 °C. At steady heating for 1
week at 450 °C, significant isomerization to 2-phenylnaphthalene was observed, along with
production of some fluoranthene and other breakdown products. Even more sample conversion to
fluoranthene and other products happened at 500 °C; however, the rate of conversion was slow and
the system did not appear to have reached thermodynamic equilibrium. Some of the samples taken
from the 500 °C heating tests were viscous and so were rinsed from the vessels with toluene.
Analysis showed more alteration in the rinsed samples than the fluids that were dripped from the
vessels after heating — “drips” in Figure 7.

500 (drips)

500

450

400

unheated

B Phenanthrene B 1-Phenylnaphthalene
i 2-Phenylnaphthalene B Fluoranthene
m Terphenyls/ Binaphthalene

Figure 7. Effect of temperature on fluid heated for 1 week, showing the mole
fraction of chemical species as a function of temperature as measured by GC.
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The effect of adding stabilizing agents was investigated; fluoranthene to reduce the chemical
potential driving Reaction (1) (Section 1) and TEMPO, a radical scavenging agent, Figure 8, the
weight percent of fluoranthene indicated as “F” on the ordinate. All of these samples were held at
500 °C for over 1 week, except for one sample that was heated for two weeks. The presence or
absence of coupons is also indicated.

with TEMPO

100% F

50% F

25%F

no F, 2 weeks, no coupons

no F, with coupons

no F, no coupons

B Phenanthrene B 1-Phenylnaphthalene i 2-Phenylnaphthalene
B Fluoranthene m Terphenyls/ Binaphthalene

Figure 8. GC analysis of samples after heating for 1 week at 500 °C, showing mole
fraction of chemical species as a function of temperature as measured by GC. The
sample in the S5th row was heated for 2 weeks.

Samples were compared after one and two weeks of heating (the 7™ and 5" rows down
respectively) and indicated that there were continual chemical changes throughout the second week
of heating, although the product fractions were not dramatically different. Tests with and without
coupons of stainless steel and carbon steel indicated that the effect of these materials was small, to
within + 10%, or the error of the measurement. This was not the case for brass, which appeared to
catalyze decomposition. Hence, results from tests using carbon steel and stainless steel were
averaged in the plot, as they were so similar. The coupons were not analyzed for corrosion, but full
consideration of materials interactions would be an important part of follow on work in the testing of
fluid performance.

Fluoranthene converts to phenanthrene, C;4H,o, as shown by results in the second line from the
top. When fluoranthene is mixed with 1-phenylnaphthalene, the isomer 2-phenylnaphthalene appears
after a week of heating to 500 °C. Hence the fluoranthene does not appear to suppress isomerization,
although terphenyls and binaphthyls were not observed in the tests with large amounts of
fluoranthene.
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Both the static and the slow ramping experiments indicate that the 1-phenylnaphthalene fluid
appears to be stable to decomposition below 450 °C, although some isomerization can occur. When
temperatures are raised to 500 °C and above; however, discernible reactions to other polyaromatic
hydrocarbons take place over a week of heating, indicating that the fluid is breaking down. When the
sample vessels were opened, a small amount of gas was released likely as volatile aromatic
compounds and possibly H,, although most of the sample remained a liquid. Gas sampling was not
possible for the static tests because of the propensity of the organic to leak through most compression
fittings and valves and so welds and flare fittings were used in the sample vessel.

The fluid was heated for a month to determine if equilibrium could be reached. The results of
the month-long tests are plotted in Figure 9 along with the results from shorter term tests. The results
of heating indicate that the I-phenylnaphthalene first isomerizes to 2-phenylnaphthalene and
fluoranthene, which peak in concentration after about 1 week. After that point, the fluid slowly
continues to disproportionate either to higher molecular weight polymers or to lower molecular
weight fragments and stable aromatics and the 1-phenylnaphthalene concentration levels off at
21 + 2%. The process is accelerated at 500 °C (Figure 8) in comparison with 450 °C (Figure 9), but
the chemical reaction mechanism appears to be similar.

|

1 week

unheated W
0.0 0.2 0.4 0.6 0.8 1.0
B Phenanthrene B 1-Phenylnaphthalene

2-Phenylnaphthalene B Fluoranthene
m Terphenyls/ Binaphthalene

Figure 9. Analysis of samples heated for varying lengths of time at 450 °C, showing
the mole fraction of chemical species as a function of temperature as measured by
GC.

The results of the thermal cycling tests are given in Table 4. In each set of tests, to one of the
samples was added a small amount of Fe;O4 (Met-Chem LLC), to serve as a radical scavenger and,
thus, to inhibit propagation of degradation reactions involving benzyl and naphthyl radicals. The
addition of 100-nm-dia. Fe;O4 particles had no significant effect on the stability of the
I-phenylnaphthalene as can be seen in the results of the analysis of the fluid before and after heating.

AIMS Energy Volume 2, Issue 1, 41-70.



55

For comparison, data for as-synthesized 1-phenylnaphthalene is included in the table, showing the
small fraction of 2-phenylnaphthalene that was not removed during purification after synthesis.

Table 4. Results from cycling 1-phenylnaphthalene

Sample Mole fraction Mole fraction
1-phenylnaphthalene 2-phenylnaphthalene
I-1 0.960 0.040
I-1 (repeat) 0.979 0.021
-2 (with Fe;04) 0.978 0.022
1I-1 0.979 0.021
II-2 (with Fe;04) 0.982 0.018
Average thermally cycled 0.976 + 0.009 0.024 + 0.009
Unheated 0.986 0.014

Although the samples appeared to be fairly stable under thermal cycling, visual inspection
indicated a qualitative difference between the samples with and without the addition of Fe;O4
nanoparticles. Fluids without the particles appeared to be turbid and indicated some carbonization,
whereas the fluids with the particles were clear. Such sediment formation would not be apparent in
the results of the GC-MS, but the visual darkening indicates the formation of larger molecular weight
carbon molecules, likely arising from the recombination of aromatic radicals and precipitation of
quadriphenyls and larger species. These species are non-volatile in the GC-MSD, but there is
evidence of terphenyl formation at longer times and higher temperatures, Figures 7-9. The
nanoparticles may have prevented the formation of larger molecular weight aromatics.

In these tests, analysis of the head space was not possible, although gas release was apparent
when some of the sample vessels were opened after a heating cycle. Hence, 1-phenylnaphthalene
was analyzed by pyrolysis GC to determine if gaseous breakdown products could be identified. In
this technique the sample is ramped very quickly to a high temperature, in this case 600 °C, with
online analysis using GC-MSD. However, as in the case of earlier thermophysical property
measurements, the decomposition of 1-phenylnaphthalene was found to be a relatively slow process,
and the pyrolysis GC-MS simply demonstrated the volatility of the synthetic oil as a function of
temperature.

Although the temperature range of stability was not as high as expected from the
thermodynamic data on small samples, from these tests it appeared as if 1-phenylnaphthalene had
potential as a candidate heat transfer fluid up to 450 °C, if not above, and so could be used to
increase the thermodynamic efficiency of a high temperature solar collector for CSP applications.
Thus, bench-scale tests were scaled up to samples of several hundred mL to be circulated in an
electrically heated loop.

3.2. Loop Tests

The loop heating tests are summarized in Table 5. The temperature, pressure and heater power
were monitored and recorded continuously by the system throughout the tests, which ran for up to 1
week.
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Table 5. Heating tests using high-temperature loop

Fluid Fluid temperatures Duration (h) Flow Rate Notes
(min-max) °C (mL-min™")

Therminol 66 17-310 200 196

I-phenylnaphthalene 18-401 200 182

I-phenylnaphthalene 18-475 38 147 plugged at cold
(set at 450) leg

I-phenylnaphthalene 435 156 147 water heater
(set at 420) added to

increase cold
leg temperature

Temperature data for the Therminol 66 test and the 400 °C 1-phenylnaphthalene test are given
in Figures 10a and b respectively. The bulk fluid temperature is the red line, more than 100 °C lower
than the thermocouple embedded in the heater wall. The pump inlet represents the lowest
temperature of the system, after passing through the heat exchanger. The system pressure was
monitored close to the pump discharge and remained at about 7 bar during a run.
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Figure 10. Temperature traces during loop heating of Therminol 66 and
1-phenylnapthalene respectively.

Operation for an extended period of time illustrated how changing fluid composition can affect
pumpability and flow. The second 1-phenylnaphthalene test ended early because the system became
plugged on the cold leg and the temperature rose to 475 °C, beyond the set point at 450 °C, and shut
down the heater on the high temperature trip point. The third test shut down in the same manner,
with an excursion in temperature from 433 to 460 °C in 1 second, with a maximum temperature of
514 °C reached 40 s later. However, in this case, the pump also tripped on a low-pressure interlock,
indicating a blockage. After the first blockage incident, it was apparent that even small amounts of
2-phenylnaphthalene conversion product would precipitate at the entrance to the pump, where flow is
restricted and temperatures are below the freezing point. Hence a 9 kW heater was installed on the
chilled cooling water, to increase the temperature to 4546 °C from the 4-5 °C on previous tests.

This modification allowed the final test to run for almost a week, but eventually that one shut down
as well.
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Samples were taken of the loop fluids after heating, Table 6, and analyzed using GC-MS,
Figure 11. Although some discoloration was noted from the test at 400 °C, the fluid was found to be
largely unaltered. Because of the cost of the fluid and the need to test long term stability, the fluid
was reused for the test at 450 °C without purification. Following the test at 450 °C, however, the heat
transfer fluid was redistilled to remove impurities before the test at 420 °C, reducing the residual
amount of 2-phenylnaphthalene to 6%.

Table 6. Samples taken for chemical analysis after loop testing

Sample ID Comments
400-1 400 °C, slight discoloration after heating
450-1 450 °C, sample from clogged filter, semi-solid
450-2 450 °C, fluid in reservoir
450-3 450 °C, fluid in drain leg
450-4 450 °C, fluid in drain leg
450-5 450 °C, sample from heat exchanger, semi-solid
420-1 redistilled sample, taken prior to heating
420-2 420 °C, fluid upstream of pump
420-3 420 °C, sample from cold side of heat exchanger
420-4 420 °C, sludge from heat exchanger, semi-solid
420-4 ' '
420-2
450-4
450-2
unheated
I I I I I 1
0.0 0.2 0.4 0.6 0.8 1.0
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Figure 11. Analysis of samples heated in the loop test, showing the mole fraction of
chemical species as a function of temperature as measured by GC.
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Results from the tests at 450 and 420 °C, Figure 11, indicate that the sampling location had a
significant bearing on the results of the analysis. The most highly altered fluid was found in sludges
from the cold leg and filter, where the samples taken included yellow solid precipitates. Fluids from
the reservoir or drain leg showed much less conversion. In all of these samples, the observed
conversions were less than for fluids held continuously at 450 °C, Figure 7, where levels of
1-phenylnaphthalene dropped to 17% over 1 week. This suggested that the kinetics of transformation
were slowed during the thermal cycling. However, the flow system could not tolerate even modest
amounts of 2-phenylnaphthalene before blockages formed.

4. Chemical Kinetics Model

Thermodynamic considerations indicate that of the main polyaromatic hydrocarbons detected in
the loop after heating, fluoranthene would be more stable than 2-phenylnaphthalene, which is in turn
more stable than 1-phenylnaphthalene. The Gibbs energy of isomerization has a linear temperature
dependence for both the liquid and gaseous phases, as given in Equation (1a, b), from T = 375 to 600
K (102-327 °C). Although thermodynamic considerations do not drive the kinetics of conversion
directly, given enough time one would expect the 1-phenylnaphthalene to convert to the
2-phenylnaphthalene, and the 2-phenylnaphthalene to convert to fluoranthene.

AG{ (kJ/mol) = 0.0180T—19.8 (1a)
AG# (kJ/mol) = 0.0188T—17.0 (1b)

Computational analysis has shown that the C—H bond beta to the phenyl group is the weakest
and most vulnerable to breakage [39,40,41]. Once a radical is formed, the electron can be delocalized
around the aromatic ring so that isomerization does not encounter a large energy barrier. A schematic
of key reaction pathways is given in Figure 12. Products can include 2-phenylnaphthalene (left
branch) or fluoranthene (right branch), the latter involving a net release of H,. Byproducts can
include naphthalene and benzene, the latter being too small to isolate from the solvent peak in the
GC, or larger molecules such as terphenyls or binaphthyls, which were seen to a small extent after
prolonged heating to 500 °C. Although polymeric compounds involving more than 4 aromatic rings
were not directly observed in the GC, the presence of phenanthrene suggests that larger-sized
condensation products, such as pyrene, likely were formed. This is because there is no direct reaction
pathway linking phenylnaphthalene to phenanthrene except through these higher molecular weight
species.

One way of reducing the formation of byproducts or decomposition in organics is to add radical
suppressing agents to the mixture, such as TEMPO [42]. As shown in Figure 8§, TEMPO did not
affect the formation of 2-phenylnaphthalene, a unimolecular rearrangement, but did appear to reduce
the formation of fluoranthene — and presumably the release of H,.

Had the system reached chemical equilibrium, the addition of fluoranthene would reduce the
chemical potential driving the decomposition of phenylnaphthalene. Although adding fluoranthene
did affect the distribution of products, it did not prevent the decomposition and rearrangement of
I-phenylnaphthalene. Some phenanthrene was formed with an initial charge of 50 wt.% fluoranthene
and additional fluoranthene was formed from a starting concentration of 25 wt.% fluoranthene,
suggesting that the chemical equilibrium had not yet been established in these tests even after a week
of heating at 500 °C.
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X
S

Figure 12. Pathway for substituted naphthalene conversion into fluoranthene,
terphenyls and binaphthyls, as well as benzene and naphthalene.

The destruction of organics, formation of char and light hydrocarbons is of interest in a number
of applications, from vehicle emissions to pyrolytic processes [43,44]. Chemical reactions that
produce condensed phase species in the heat transfer loop are expected to be similar to those forming
soot in a combustion mechanism, many of which do not involve oxygen. When starting with the
combustion of paraffins, radical chemistry based on CH,CH"® builds up to the formation of linked
aromatics which eventually build to high C:H ratio polymers — soots. When starting with a 3-ring
polyaromatic hydrocarbon, the molecules isomerize, and break apart, forming H, from hydrogen
abstraction reactions. The substituted naphthalenes disproportionate, forming both larger
polyaromatic molecules and smaller stable fragments of benzene, ethylene, and naphthalene.
Although some of the species of interest have not been specifically identified in the published
models, the general pathway to a) condensation products and soot and b) to light fragments is
applicable to polyaromatic hydrocarbon degradation studied here, and hence was used to model
1-phenylnaphthalene reactions.

A published mechanism for soot formation includes the two main branches of reactions that
occurred in the degradation of phenylnaphthalene, rearrangements to fluoranthene and production of
larger aromatic molecules, and, later, loss of ethylene and formation of ethyl benzene and smaller
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aromatic fragments. Many of the rate constants were taken directly from the Duran mechanism [43];
however, some of these had to be modified for the phenylnaphthalene conversion, as noted in the
reaction set given in Table 7. Some species had not been included in previously published
mechanisms and, yet, were important to the phenylnaphthalene system, such as hydrogen activation
and abstraction for all of the abundant polyaromatic species. The rules outlined by Pope [44] were
used to derive rate constants for these processes, as these also form the basis for most of the Duran
parameters. Most of the reactions listed are bimolecular. The form of the rate constants, £, is
expressed as the standard form

k=AT"e =R (1)

where A is the pre-exponential factor, 7 is the temperature (K) and n gives the relationship of 4 with
temperature, Ea is the activation energy, R is the gas constant. The set of rate equations was solved
using the ordinary-algebraic differential equation solver in MATLAB R2012a [45] to give
concentration as a function of time. Activation energies for phenylnaphthalene isomerization
processes that initiate decomposition were calculated using physical property data [26]. Most of the
reactions given in the table are reversible, with the rate constant parameters for the forward and
reverse reactions being given on adjacent lines.

Table 7. Rate constants for conversion reactions

Reaction A n Ea/R Reference/notes
m’kmol's™!
H+H+M=H,+M 1.44 x 10" —1.71 400 Duran[43]
4.57 x10' —1.40 52200
BZ+H=BZ +H, 3.32x 10" —0.850 55950 H-abstraction
2.5x 10" 0 0 Duran
NAP + H=NAP"+ H, 2.5 % 10" 0 8047 H-abstraction
3.73 x 10" —1.451 4450 Duran
PHEN + H = PHEN" + H, 2.5 % 10" 0 8047 H-abstraction
3.73 x 10" —1.451 4450 Duran
BIPHEN + H = BIPHEN* + H, 2.5 % 10" 0 7995 H-abstraction
3.73 x 10" —1.451 7370
BINAP + H = BINAP* + H, 2.5x10" 0 7995 H-abstraction
12.1 2.701 7500 Duran
IPNAP + H=NAP—BZ +H, 2.50 x 10" 0 7995 Duran
3.83 x 10" —1.451 7370 Duran
1PNAP + H=NAP —BZ + H, 2.50 x 10" 0 7995 H-activation
368 2.284 7995 Duran
IPNAP + H=BZ"+ NAP 26765 3.0 519.5 H-activation
2.88 x 10° 0.5 0 Duran
IPNAP + H = BZ + NAP® 2.86 x 10° 0.5 0 H-decomposition
2.88 x 10° 0.5 0
2PNAP + H=NAP—BZ+ H, 2.5x 10" 0 12700 H-abstraction
3.83 x 10" —1.451 2665
2PNAP + H=NAP'—BZ + H, 2.5 x 10" 0 12700 H-decomposition

AIMS Energy Volume 2, Issue 1, 41-70.



61

368 2.284 3285

2PNAP + H=BZ + NAP 2.86 x 10° 0.5 0 H-decomposition
2.88 x 10° 0.5 0

2PNAP + H = BZ + NAP® 2.86 x 10° 0.5 0 H-decomposition
2.88 x 10° 0.5 0

IPNAP+M=NAP +BZ + M 1.37x107° 73 41000 Decomposition
1.44 x 10" 0.5 0 Duran

IPNAP +M =FLUOR + H,+ M 1.0x 10" 0 0 Decomposition

no reverse Concerted

2PNAP + M = NAP* + BZ* + M 1.44 x 10" 0.5 0 Decomposition
137 %107 7.3 41000

2PNAP +M =FLUOR + H,+ M 1.0x 10" 0 0 Decomposition

no reverse Concerted

IPNAP + M =2PNAP + M 8.51 x 10" 0 31630 Rearrangement
4.67 x 10" 0 36335 Equilibrium data

BIPHEN + H = BZ* + BZ 2.86 x 10'¢ —1.256 -4001 H-activation
2.5x 10" 0.5 0 Pope[44]

BINAP + H = NAP* + NAP 5.93 x 10'¢ —1.256 0 H-activation
2.88 x 10° 0.5 0 Duran, Ea changed

TERPHEN + H = BIPHEN + BZ’ 2.86 x 10° 0.5 0 H-activation
2.50 x 10" 0.5 0 Pope

TERPHEN + H = BIPHEN" + BZ 2.86 x 10° 0.5 0 H-activation
2.5x 10" 0.5 0 Pope

FLUOR +M =PYRENE + M 6.64 x 10° 1.014 22962 Rearrangement
8.51 x 10" 0 31430 Duran

PYRENE + H = PHEN" + C,H, 1.39 x 10° 0.421 19454 H-activation

no reverse Duran

ACENAP + M = FLUOR + M 1.25x 10" 0 36500 Rearrangement
1.60 x 10* 2.833 36500 Duran

BIPHEN + M=BZ + BZ + M 1.40 x 10" 0.5 0 Decomposition

no reverse

Note: BZ=benzene, NAP=naphthalene, INAP=1-phenylnaphthalene, 2PNAP=2-phenylnaphthalene,

FLUOR=fluoranthene, BIPHEN=biphenyl, BINAP=binaphthyl, TERPHEN = terphenyl, ACENAP=acenaphthalene,

PHEN=phenanthrene, M=non-reactive molecule

In the case of 1-phenylnaphthalene, the model was found to correctly predict the behavior that
was observed in the high temperature vessels and loop at ORNL, showing degradation that began
with a fairly rapid production of 2-phenylnapthalene, followed by a slow conversion to other
byproducts, Figure 13. Although the model predicted the production of terphenyl and binaphthyl, the
predicted amount of fluoranthene was much less than observed in the reactor. In the reaction
mechanism, fluoranthene is treated as an intermediate and it is likely that some of the conversions to
other species are enhanced in the Duran mechanism as a means to simplify the reaction set leading to
the production of higher molecular weight hydrocarbons and soot.
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In agreement with experiment, chemical equilibrium was not predicted over a week-to-month
long time scale. Alternatively, losses of gas through the seals in the pressurized vessel may have
reduced the progress of the reactions to equilibrium. Although pressure could not be measured
directly in the reaction vessels, the mass of filled vessels tests did drop 5-10% during the static tests,
indicating a loss of fluid during heating. Such losses were not apparent for the loop tests. Losses,
materials interactions, and other such phenomena, mean that extending the chemical kinetic analysis
to predict degradation over a projected thirty year plant life cycle is beyond the capability of the
model.
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Figure 13. Results of chemical Kkinetics model showing conversion of
1-phenylnaphthalene to aromatic and polyaromatic byproducts at 450 °C, along
with the condensation of 2-phenylnapthalene.

In addition to the chemical reactions, the precipitation of 2-phenylnaphthalene in the cold leg of
the loop was modeled. To simulate a closed cycle, a water-cooled cold leg was introduced to
simulate the loss of heat that would occur in a thermal loop in the heat exchanger. The flow through
the cold leg was calculated to be laminar, with a Reynolds number of 350 or less. Mass transfer to
the walls was assumed to be governed by diffusion through a stagnant symmetric boundary layer at
the wall of the condenser, as described in the text by Hines and Maddox [46]. Although this model is
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very simple, it requires few assumptions in the behavior of the fluid. The mass transfer coefficient
was calculated as the diffusion coefficient divided by the thickness of a stagnant film coating the
interior of the condenser. Parameters required for the model are given in Table 8. The calculation
was repeated for 50 and 80 °C, the former representing the coldest conditions permitting operation
for at least a week, and 80 °C representing conditions slightly below the melting point of
2-phenylnaphthalene. Parameters required for the calculation were the diffusivity of
2-phenylnaphthalene through the fluid, comprised mainly of 1-phenylnapthalene, viscosity, density,
residence time in the condenser in contrast to the rest of the loop, and the geometry of the loop. The
latter was needed to calculate the film thickness of 2-phenylnaphthalene that would have collected on
the interior piping of the condenser. Calculations for deposition followed a first order rate expression,
giving a time constant, ¢ (.1, to reach a stable film. The predicted time to achieve stable film
thickness was estimated as taking 4.3 d at 50 °C and 5.2 d at 80 °C, assuming that the residence time
in the cooled condenser was 14% of that for the loop as a whole.

Table 8. Properties of fluids for deposition calculations

Physical Property Properties at 80 °C, 50 °C respectively

Dynamic viscosity (mPa.s) 1-phenylnaphthalene 3.37, 1.98
2-phenylnaphthalene 2.47, 1.50

Density (kg/m’) 1-phenylnaphthalene 1159, 1184

2-phenylnaphthalene 1038, 1059
Diffusion coefficient for 2-phenylnaphthalene 1.6 x 10, 1.5 x 10”
through 1-phenylnaphthalene (m?/s)

Film thickness & (m) in coiled condenser 2.81x10%m, 3.59 x 10*m
Heat of fusion of 2-phenylnaphthalene 17.90 + 0.12 kJ/mol [47]
k adsorption = D/d (m/s) 6.01 x 10°,4.18 x 10°°

k desorption =k _ads-exp(-AH¢ysion/RT) (m/s) 1.35x 10 5.33 x 107

5. Efficiency Analysis

The Solar Advisory Model (SAM) tool developed by the National Renewable Energy
Laboratory (NREL) can be used to evaluate the levelized cost of energy (LCOE) in various solar
power plant operations. An analysis was done for the phenylnaphthalene heat transfer fluids in a
hypothetical CSP trough plant, using projected costs and operating conditions. The economic
analysis included heat transfer fluid costs in the initial capital investment and in the maintenance
costs, assuming a frequency of replacement. Energy storage systems were also evaluated using
descriptions of the ORNL heat transfer fluid with and without using molten salt thermal energy
storage. Analyses were done with standard solar receiver technology, but also with a newly
developed NREL #6A high efficiency heat collection element (HCE). Specifically, the analysis
carried out using the SAM tool undertook to quantify the performance enhancement gained by using
higher-temperature heat transfer fluids with the metrics given below.
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Estimate of generation efficiency
e with current CSP plant equipment (i.e., concentrating parabolic trough collectors, turbines)
e with advanced CSP plant equipment (i.e., improved concentrating parabolic trough collectors,
higher-temperature turbines)
Estimate of LCOE
e with current CSP plant equipment
e with advanced CSP plant equipment

The model describes collector efficiency in terms of the solar irradiance and other
meteorological factors, geometry, and receiver performance that includes heat transport and losses.
Details of SAM are available elsewhere [48]. The model describes the power block as a heat engine.
The optimum efficiency of a solar-thermal heat engine is not simply that which produces maximum
work, as in a Carnot cycle, but must be multiplied by the efficiency function [49]. Heat transfer fluid
properties needed for the model include density, heat capacity—which allows computation of
volumetric heat capacity, and thermal conductivity. Using these parameters and assuming peak
irradiance conditions at location of several SEGS plants (Dagget CA), the optimum temperature for
generation efficiency was calculated to be near 500 °C, giving a combined solar-to-electric efficiency
of 30% using the Schott PTR70-2008 receiver. This optimum temperature also dictated the minimum
field size to provide a solar multiple of 2 of that required to fully drive the power block.

A physical model built into SAM was used to describe systems performance based on
theoretical relationships. This model was chosen because the range of operating conditions was
extrapolated beyond the typical 290-390 °C trough operation. A benchmark calculation was done
using Therminol fluid in a Solargenix SG-1 collector. The amount of thermal energy storage (TES)
was varied from the standard 2 h up to 12h (an overnight cycle). Table 9 gives the calculated input
and output temperatures and power block efficiencies used as inputs for the economic model. A
higher temperature and power block efficiency allows a downsizing, resulting in lower capital costs.

Table 9. Increases in block efficiency from higher field temperatures

Field inlet/power Field inlet/power Average temperature Power block
block outlet block inlet (°O) efficiency

temperature (°C) temperature (°C)
300 400 350 0.379
325 426 375 0.394
350 450 400 0.407
375 475 425 0.420
400 500 450 0.432
425 525 475 0.443
450 550 500 0.454

Results of the calculation indicate that without TES there is little economic incentive to increase
the temperatures of the trough solar receivers. SAM results predict that for a system with no TES the
optimum average temperature with currently-available absorber tube technology is 388 °C
(corresponding to a field outlet of 475 °C), reducing non-incentivized LCOE from 23.7 ¢/kWh at a
system temperature of 350 °C to 23.1 ¢/kWh at 388 °C. When TES is added the optimum
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temperature increases to 412 °C (field outlet at 525 °C), with little change to the LCOE. For a system
using 6 hours TES the non-incentivized real LCOE is predicted as 23.6 ¢/kWh at 400 °C. The most
important difference with TES is the reduction in solar field size by about 6.5%. Hence, TES appears
to be a more important factor than operating temperature for reducing plant costs because of the
smaller footprint, in agreement with studies done elsewhere, e.g. [50]. With a standard collector,
higher temperature operation requires optimal conversion of solar irradiance, potentially increasing
the losses at off-peak times and reducing the overall capacity factor.

These calculations show that efficiency will be dependent on the solar collection efficiency of
the HCE used in the field, which decreases with temperature because of radiative losses in the IR.
However, through the use of multilayered coatings and improvements to the absorption and
emittance of the receiver, high in the visible and low in the IR, the losses can be greatly reduced.
When a proposed high-temperature HCE, the NREL#6A receiver [51], was included in the
simulation, better efficiency was gained at high temperatures. The optimal field outlet temperatures
increased to 525 °C with 2 h TES and 500 + °C with 4-12 h TES. The solar field size decreased for a
given temperature due to higher HCE performance, and, hence, the LCOE was reduced by 8% to
22.2 ¢/kWh at an average field outlet temperature of 525 °C, with 2 h of thermal storage and a plant
solar multiple of 1.6. The average operating temperature of 450 °C is nearly 100 °C above that of
current solar fields. A capacity factor of 62% was calculated for a plant with 12 h TES, a solar
multiple of 2.8, and a field outlet of 550 °C. An increase in operating temperature also requires
performance improvements to other system components, particularly the absorber tubes. System
economics will improve if the power block can operate over wider temperature ranges, starting at
lower field temperatures than currently possible. Another benefit of higher temperature capability
coupled with larger TES is the ability to operate over more of the year, at capacity factors up to 60%.
This reduces the economic effects of intermittency and allows power generation overnight. All of
these improvements are expected to benefit the LCOE.

6. Conclusions

In these experiments, a polyaromatic hydrocarbon was tested as a heat transfer fluid under
conditions relevant to trough SEGS. It was found that slow isomerization reactions initiated by
hydrogen atom abstraction caused the formation of lower melting point organic compounds that led
to condensation, precipitation and clogging of the heat transfer loop. This reaction mechanism was
supported by GC results showing production of the 2-phenylnaphthalene isomer, followed by
rearrangement to fluoranthene and higher molecular weight terphenyl and binaphthyl compounds.
Eventually, phenanthrene and anthracene were produced, that suggested that alkylbenzenes were
being formed through the production of ethylene fragments.

It is expected that a similar hydrogen-abstraction initiated chemistry could occur in commonly
used HTFs such as Therminol and VP-1, although over a longer period of time as operating
temperatures are lower. Published mechanisms for combustion involve the formation of oxygenated
species, which would be relevant to reactions of biphenyl oxides. However, these reaction pathways
are mainly derived for the study of fast processes, either combustion (aerobic) or fast pyrolysis
(anaerobic), and the starting materials are different. So, although these reaction sets can be used as a
guide to developing a mechanism for fluid breakdown, extending them to the conditions of long-term
degradation is an extrapolation of the models beyond the conditions for which they were developed.
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Experimental data from the loop tests suggested that even small amounts of isomeric
2-phenylnaphthalene could cause serious blockages in the heat transfer loop. In addition to changes
in the thermal fluid, fouling by deposition of impurities or conversion products will have an additive
effect on breakdown because film formation will inhibit heat transfer in the heater and in the heat
exchange units [52]. This phenomenon may cause localized hot spots in the receiver, or deposits in
the heat exchanger or areas of tortuous flow. These non-chemical effects will further reduce the
efficiency of the power conversion cycle. At later stages in fluid degradation where a significant
amount of conversion product has been produced, such coupled processes will need to be included in
a complete model of fluid breakdown.

Gibbs energies were calculated for the conversion of 1-to 2-phenylnaphthalene, Equations (1a,
1b). The numbers are negative (although not greatly so) throughout the temperature range of interest,
meaning that the 2-phenylnaphthalene is thermodynamically favored. Although the thermodynamics
become less favorable at higher temperature, the results of these experiments suggest that the rate of
conversion increases with increasing temperature. Hence, loops operating with 1-phenylnaphthalene
will eventually be converted to 2-phenylnaphthalene as a major component. 2-phenylnaphthalene has
a higher melting point than 1-phenylnaphthalene, but a lower vapor pressure. If the loop can be
maintained at a higher minimum temperature, condensation may be prevented. However, the goal of
this research was to identify a fluid that would be a liquid at temperatures as low as 20 °C to simplify
CSP collector loops by not requiring trace heating under cold conditions. Thus based on this criterion,
the synthetic oil that was tested was not ideal for CSP. These experiments illustrate the need for
actual loop testing of a fluid under a dynamic set of conditions before scale-up to a pilot plant. Fluids
that appear to have desirable thermophysical properties and stability in short term measurements can
yet exhibit conversion and phase separation under longer term testing.

In addition to the experiments, the NREL Solar Advisory model was used to simulate the
financial and performance impacts of the operation of a CSP plant consisting of parabolic trough
collectors, high-temperature HTF, and a steam turbine power block. The intention of this analysis
was to quantify how much a higher operating temperature would improve the economics of such a
plant. The projected LCOE reductions arising from increasing system temperature were projected to
be rather small, on the order of 2.6%, which may not justify significant technical risks. The analysis
showed that the primary benefit of increased system temperature with existing HCE choices is
reduced capital costs for equipment and a slightly smaller plant footprint for the same power output.
As noted by Kolb and Diver [50] and Kennedy, et al. [53], the primary opportunity for reducing the
LCOE from CSP trough plants lies in increasing the performance of the solar collector array and
HCE, thus reducing the cost of the solar collection equipment since it represents nearly 50% of the
installed cost of CSP trough plants.

The use of a high-performance HCE would allow the use of molten salt HTF directly in the
field; however, the problem of HTF freezing has not yet been solved. Given that operation and
maintenance costs of the solar field are one of the primary expenses of CSP trough plants [53,54],
the use of a molten salt HTF may still be prohibitive from a cost and risk perspective. If a
non-freezing HTF capable of operating at 400-500 °C can be developed, there will be a greater
incentive to undertake the development of higher-performance HCE surfaces, which will in turn
result in smaller collector fields, which are the real drivers of the price of electricity delivered by
CSP trough systems.
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Another benefit of using HT fluids is the ability to operate thermal storage systems and small
scale power conversion equipment at higher temperatures than the current 400 °C maximum, thereby
increasing the thermodynamic conversion efficiency. Higher temperature operation; however, often
occurs at the expense of higher capital costs and shorter operational lifetimes. Pressurized organic
working fluids impose safety concerns related to fluid leakage, particularly at high temperatures.
Nonetheless, potential HTF candidates such as these should continue to be considered because they
can potentially allow higher temperature operation at acceptable pressures without accelerated
material interactions or fluid degradation; and, thus, provide an option for parabolic and Fresnel solar
collectors for power generation at temperatures above 500 °C.
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Acronyms

CSp Concentrating solar power

FID Flame ionization detection

GC Gas chromatography

HCE Heat collection element

HP Hewlett Packard

HTF Heat transfer fluid

IR Infrared

LCOE Levelized cost of energy

MSD Mass selective detection

ORNL Oak Ridge National Laboratory
NMR Nuclear magnetic resonance

NREL National Renewable Energy Laboratory
PID proportional-integral-derivative
SAM Solar Advisory Model

SEGS Solar electric generation system

TES Thermal energy storage

TEMPO 2,2,6,6,-tetramethylpiperidinyl-1-oxy
UHP Ultra high purity
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