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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 
temperature loop testing; trough solar collectors; heat transfer fluid 
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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. 

 C16H12 (phenylnaphthalene) →C16H14 (fluoranthene) + H2 (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 Tm 
Tb 

(K) 

Liquid Cp 

 
(kJ·kg-1K-1)

Liquid 
ρ 

(kg·m-3)

Tc (K) 
Pc (bar) 

Vapor 
Pressure

(bar) 

Thermal 
conductivity 

λ 
(W·m-1·K-1) 

Dynamic 
viscosity 

υ 
(mPa·s)

Dowtherm A  
@ 678 K [15] 

285.2 
530.2 

2.725 672.5 770 
31.34 

11.32 0.0771 0.12 

Xceltherm 600-C20 
paraffin oil  
@ 588.8 K [7,8] 

Tb range 
574– 
741 

3.001 672.36 768 
10.7 

0.250 0.1122 0.252 

H2O @ 563 K, 7.5 MPa 
[16] 

273.15 
373.15 

5.5 732 646.95 
220.64 

Super- 
heated 

0.56 0.13 

Biphenyl @ 500 K 

[17,18,19] 
342 
559 

2.03 869 773 ± 3 
33.8 ± 1 

0.531 0.118 0.32 

p-Terphenyl @ 500 K 
[17,18,19,20] 

485 
623 

1.98 947 908 + 10 
29.9 ± 6 

0.0199 0.135 0.73 

Therminol VP1  
Biphenyl & diphenyl 
oxides @600 K [21] 

285 
530 

2.39 788 772 
33.1 

 

3.8 0.0912 0.1958 

Therminol 66  
Mix of hydrogenated 
terphenyls @600 K [22] 

266 
632 

2.67 786 842 
24.3 

0.542 0.911 0.359 

Hitex XL 
Ca(NO3)2/NaNO3/KNO3 
42/15/43 wt.% 
@ 600K [23,24,25] 

413 
823d 

1.44 1970 NA NA 0.519 4.8 

1-phenylnaphthalane @ 
600K [26] 

297-318 
598 

2.6 849 818 
7.1 

0.820 0.077 0.11 

2-phenylnaphthalene @ 
600K [26] 

375 
627 

2.4 837 831 
6.5 

0.563 0.083 0.11 

d maximum operating temperature, above which decomposition occurs 



44 
 

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

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. 
1-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. 

 

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. 

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 1-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 m3·h-1, rates of 
heating, 20º·min-1, and cooling, 40º·min-1, 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 

Number 
Minor 

components 
Heating Details 

Maximum 
Temp  

(± 4 °C) 

Duration 
(± 1 h) 

Coupons 

1 1-3% 2-C16H12 536 29 no 
2 1-3% 2-C16H12 494 169 no 
3 1-3% 2-C16H12 490 165 no 
4a 1-3% 2-C16H12 482 2 no 
4b 1-3% 2-C16H12, 

TEMPO 
482 336 no 

5 3% 2-C16H12, 
TEMPO, 

Fluoranthene 

536 337 no 

6 1% 2-C16H12, 
Fluoranthene 

385 169 carbon steel, 
stainless steel, 

brass 
7 1-3% 2-C16H12, 

Fluoranthene 
454 240 carbon steel, 

stainless steel, 
brass 

8 1% 2-C16H12, 
Fluoranthene 

446 175 carbon steel, 
stainless steel, 

brass 
9 1% 2-C16H12 500 199 carbon steel 

stainless steel 
10 1% 2-C16H12, 

Fluoranthene 
500 171 carbon steel 

stainless steel 
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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-1, 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. 

 

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

2.3. Fluid Analysis 

The polyaromatic test fluid was characterized before and after heating by 1H 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 DB5 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-1 150–270 °C @ 15°·min-1 
 Hold at 270 °C for 3 min Hold at 270 °C for 3 min 
Detector 340 °C 340 °C 
Column DB5, 30 m, 0.320 mm ID, 

0.25 µm 
DB5, 30 m, 0.530 mm ID, 
0.5 µm 

Carrier gas UHP helium @ 44 psig UHP helium @ 40 psig 
Solvent Delay 2.2 min Not applicable 
 

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 
1-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 E06C), 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. 

 

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. 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

unheated

400

450

500

500 (drips)

Phenanthrene 1‐Phenylnaphthalene
2‐Phenylnaphthalene Fluoranthene
Terphenyls/ Binaphthalene
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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. 

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 5th row was heated for 2 weeks. 

Samples were compared after one and two weeks of heating (the 7th and 5th 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, C14H10, 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. 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

no F, no coupons

no F, with coupons

no F, 2 weeks, no coupons

25% F

50% F

100% F

with TEMPO
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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 H2, 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 1-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. 

 

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 Fe3O4 (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. Fe3O4 particles had no significant effect on the stability of the 
1-phenylnaphthalene as can be seen in the results of the analysis of the fluid before and after heating. 
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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  
1-phenylnaphthalene 

Mole fraction  
2-phenylnaphthalene 

I-1 0.960 0.040 
I-1 (repeat) 0.979 0.021 
I-2 (with Fe3O4) 0.978 0.022 
II-1 0.979 0.021 
II-2 (with Fe3O4) 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 Fe3O4 
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
(min-max) °C 

Duration (h) Flow Rate 
(mL·min-1) 

Notes 

Therminol 66 17-310 200 196  
1-phenylnaphthalene 18-401 200 182  
1-phenylnaphthalene 18-475 

(set at 450) 
38 147 plugged at cold 

leg 
1-phenylnaphthalene 435 

(set at 420) 
156 147 water heater 

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. 

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 45–46 °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 
450-2 
450-3 
450-4 
450-5 

450 °C, sample from clogged filter, semi-solid 
450 °C, fluid in reservoir 
450 °C, fluid in drain leg 
450 °C, fluid in drain leg 
450 °C, sample from heat exchanger, semi-solid 

420-1 
420-2 
420-3 
420-4 

redistilled sample, taken prior to heating 
420 °C, fluid upstream of pump 
420 °C, sample from cold side of heat exchanger 
420 °C, sludge from heat exchanger, semi-solid 

 

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 ºC). 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. 

 ΔGi
l (kJ/mol) = 0.0180T－19.8 (1a) 

 ΔGi
g (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 H2. 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 H2.  

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 
1-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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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, k, is 
expressed as the standard form 

 k=ATne-Ea/RT (1) 

where A is the pre-exponential factor, T is the temperature (K) and n gives the relationship of A 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 
m3kmol-1s-1 

n Ea/R Reference/notes 

H + H + M = H2 + M 1.44 × 1014 －1.71 400 Duran[43] 
 4.57 ×1016 －1.40 52200  
BZ + H = BZ* + H2 3.32 × 1019 －0.850 55950 H-abstraction 
 2.5 × 1011 0 0 Duran 
NAP + H = NAP* + H2 2.5 × 1011 0 8047 H-abstraction 
 3.73 × 1015 －1.451 4450 Duran 
PHEN + H = PHEN* + H2 2.5 × 1011 0 8047 H-abstraction 
 3.73 × 1015 －1.451 4450 Duran 
BIPHEN + H = BIPHEN* + H2 2.5 × 1011 0 7995 H-abstraction 
 3.73 × 1015 －1.451 7370  
BINAP + H = BINAP* + H2 2.5x1011 0 7995 H-abstraction 
 12.1 2.701 7500 Duran 
1PNAP + H = NAP－BZ* + H2 2.50 × 1011 0 7995 Duran 
 3.83 × 1015 －1.451 7370 Duran 
1PNAP + H =NAP*－BZ + H2 2.50 × 1011 0 7995 H-activation 
 368 2.284 7995 Duran 
1PNAP + H = BZ* + NAP 26765 3.0 519.5 H-activation 
 2.88 × 109 0.5 0 Duran 
1PNAP + H = BZ + NAP* 2.86 × 109 0.5 0 H-decomposition 
 2.88 × 109 0.5 0  
2PNAP + H = NAP－BZ*+ H2 2.5 × 1011 0 12700 H-abstraction 
 3.83 × 1015 －1.451 2665  
2PNAP + H = NAP*－BZ + H2 2.5 × 1011 0 12700 H-decomposition 
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 368 2.284 3285  
2PNAP + H = BZ* + NAP 2.86 × 109 0.5 0 H-decomposition 
 2.88 × 109 0.5 0  
2PNAP + H = BZ + NAP* 2.86 × 109 0.5 0 H-decomposition 
 2.88 × 109 0.5 0  
1PNAP + M = NAP* + BZ* + M 1.37 × 10-5 7.3 41000 Decomposition 
 1.44 × 1010 0.5 0 Duran 
1PNAP + M = FLUOR + H2 + M 1.0 × 1013 0 0 Decomposition 
no reverse    Concerted 
2PNAP + M = NAP* + BZ* + M 1.44 × 1012 0.5 0 Decomposition 
 1.37 × 10-5 7.3 41000  
2PNAP + M = FLUOR + H2 + M 1.0 × 1013 0 0 Decomposition 
no reverse    Concerted 
1PNAP + M = 2PNAP + M 8.51 × 1012 0 31630 Rearrangement 
 4.67 × 1012 0 36335 Equilibrium data 
BIPHEN + H = BZ* + BZ 2.86 × 1016 －1.256 -4001 H-activation 
 2.5 × 1011 0.5 0 Pope[44] 
BINAP + H = NAP* + NAP 5.93 × 1016 －1.256 0 H-activation 
 2.88 × 109 0.5 0 Duran, Ea changed 
TERPHEN + H = BIPHEN + BZ*  2.86 × 109 0.5 0 H-activation 
 2.50 × 1011 0.5 0 Pope 
TERPHEN + H = BIPHEN* + BZ 2.86 × 109 0.5 0 H-activation 
 2.5 × 1011 0.5 0 Pope 
FLUOR + M = PYRENE + M 6.64 × 109 1.014 22962 Rearrangement 
 8.51 × 1012 0 31430 Duran 
PYRENE + H = PHEN* + C2H2 1.39 × 109 0.421 19454 H-activation 
no reverse    Duran 
ACENAP + M = FLUOR + M 1.25 × 1012 0 36500 Rearrangement 
 1.60 × 104 2.833 36500 Duran 
BIPHEN + M= BZ* + BZ* + M 1.40 × 1010 0.5 0 Decomposition 
no reverse     

Note: BZ=benzene, NAP=naphthalene, 1NAP=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. 

Figure 13. Results of chemical kinetics model showing conversion of 
1-phenylnaphthalene to aromatic and polyaromatic byproducts at 450 ºC, 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, t (1-1/e), 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/m3) 1-phenylnaphthalene 1159, 1184 

2-phenylnaphthalene 1038, 1059 
Diffusion coefficient for 2-phenylnaphthalene 
through 1-phenylnaphthalene (m2/s) 

1.6 × 10-9, 1.5 × 10-9 

Film thickness δ (m) in coiled condenser 2.81 × 10-4 m, 3.59 × 10-4 m 
Heat of fusion of 2-phenylnaphthalene  17.90 ± 0.12 kJ/mol [47] 
k_adsorption = D/δ (m/s)  6.01 × 10-6, 4.18 × 10-6 
k_desorption = k_ads·exp(-ΔHfusion/RT) (m/s) 1.35× 10-8, 5.33 × 10-9 

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 
• with current CSP plant equipment (i.e., concentrating parabolic trough collectors, turbines) 
• with advanced CSP plant equipment (i.e., improved concentrating parabolic trough collectors, 

higher-temperature turbines) 
Estimate of LCOE 

• with current CSP plant equipment 
• 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 ºC 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 
block outlet 

temperature (°C) 

Field inlet/power 
block inlet 

temperature (°C) 

Average temperature 
(°C) 

Power block 
efficiency 

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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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 



68 
 

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

References 

1. Glatzmaier G (2011) Summary Report for Concentrating Solar Power Thermal Storage 
Workshop. New Concepts and Materials for Thermal Energy Storage and Heat-Transfer 
Fluids. May 20, 2011 Golden CO: National Renewable Energy Laboratory. 

2. (2011) Ivanpah Project Overview. Brightsource Energy. 
3. (2011) Solana, the largest solar power plant in the world. Abengoa Solar, Inc. 
4. (2013) Abengoa builds parabolic trough solar power plant in Spain. Electric Light and Power. 
5. Laylin T (2013) Negev Energy wins bid for Israel’s largest concentrating solar power plant. 

Green Prophet. 
6. Seifert WF, Jackson LL (1972) Organic fluids for high-temperature heat-transfer systems. 

Chem Eng 79: 96-104. 
7. Oyekunle LO, Susu AA (2005) High temperature thermal stability investigation of paraffinic 

oil. Pet Sci Technol 23: 199-207. 
8. Oyekunle LO, Susu AA (2005) Characteristic properties of a locally produced paraffinic oil 

and its suitability as a heat-transfer fluid. Pet Sci Technol 23: 1499-1509. 
9. Angelino G, Invernizzi C (2008) Binary conversion cycles for concentrating solar power 

technology. Solar Energy 82: 637-647. 
10. Bradshaw RW, Siegel NP (2009) Molten nitrate salt development for thermal energy storage 

in parabolic trough solar power systems ES2008: Proceedings of the 2nd International 
Conference on Energy Sustainability, Vol 2: ASME. pp. 631-637. 

11. Moens L, Blake DM, Rudnicki DL, et al. (2003) Advanced thermal storage fluids for solar 
parabolic trough systems. J Solar Energy Eng-Trans ASME 125: 112-116. 

12. Shin D, Jo B, Kwak HE, et al. (2010) Investigation of high temperature nanofluids for solar 
thermal power conversion and storage applications. Proceedings of the ASME International 
Heat Transfer Conference - 2010, Vol 7: Natural Convection, Natural/Mixed Convection, 
Nuclear, Phase Change Materials, Solar: ASME. pp. 583-591. 

13. Keblinski P, Merabia S, Barrat JL, et al. (2010) Nanoscale heat transfer and phase 
transformation surrounding intensely heated nanoparticles. IMECE2009: Proceedings of the 
ASME International Mechanical Engineering Congress and Exposition, Vol 13: ASME. pp. 
141-145. 

14. Shin D, Banerjee D (2011) Enhanced specific heat of silica nanofluid. J Heat Transfer-Trans 
ASME 133: 024501. 

15. (2001) Dowtherm A Fluid, NA/LA/Pacific. USA: Dow Chemical Company. 
16. Wagner W, Kretzschmar H-J (2008) International Steam Tables. Berlin: Springer. 
17. Roux MV, Temprado M, Chickos JS, et al. (2008) Critically evaluated thermochemical 

properties of polycyclic aromatic hydrocarbons. J Phys Chem Ref Data 37: 1855-1996. 
18. Hedley WH, Milnes MV, Yanko WH (1970) Thermal conductivity and viscosity of biphenyl 

and the terphenyls. J Chem Eng Data 15: 122-127. 
19. Durupt N, Aoulmi A, Bouroukba M, et al. (1995) Heat capacities of liquid polycyclic 

aromatic hydrocarbons. Thermochim Acta 260: 87. 
20. Tsonopoulos C, Ambrose D (1995) Vapor-liquid critical properties of elements and 

compounds. 3. Aromatic hydrocarbons. J Chem Eng Data 40: 547-558. 
21. Solutia (2008) Therminol VP-1. Vapor Phase/Liquid Phase Heat Transfer Fluid. St. Louis, 



69 
 

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

MO. 
22. Solutia (2004) Therminol 66, Unique High-Temperature, Low-Pressure Heat Transfer Fluid. 

St. Louis, MO. 
23. Bradshaw RW, Meeker DE (1990) High-temperature stability of ternary nitrate molten salts 

for solar thermal energy systems. Solar Energy Materials 21: 51-60. 
24. Raade JM, Padowitz D (2011) Development of molten salt heat transfer fluid with low 

melting point and high thermal stability. Trans ASME-N-J Solar Energy Eng 133: 031013. 
25. Siegel NP, Bradshaw, RW, Cordaro, JB, Kruisenga, AM (2011) Thermophysical property 

measurements of nitrate salt heat transfer fluids. ASME 2011 5th International Conference on 
Energy Sustainability. Washington, DC: ASME. pp. ES2011-54058. 

26. McFarlane J, Luo H, Garland M, et al. (2010) Evaluation of phenylnaphthalenes as heat 
transfer fluids for high temperature energy applications. Sep Sci Technol 45: 1908-1920. 

27. Steele WV, Chirico RD, Knipmeyer SE, et al. (1992) The thermodynamic properties of 
9-methylcarbazole and of 1,2,3,4-tetrahydro-9-methylcarbazole. J Chem Therm 24: 245-271. 

28. Zalba B, Marın JM, Cabeza LF, et al. (2003) Review on thermal energy storage with phase 
change: materials, heat transfer analysis and applications. App Thermal Eng 23: 251–283. 

29. Wilhelms A, Telnæs N, Steen A, et al. (1998) A quantitative study of aromatic hydrocarbons 
in a natural maturity shale sequence—the 3-methylphenanthrene/retene ratio, a pragmatic 
maturity parameter. Org Geochem 29: 97-105. 

30. Orem WH, Tatu CA, Lerch HE, et al. (2007) Organic compounds in produced waters from 
coalbed natural gas wells in the Powder River Basin, Wyoming, USA. App Geochem 22: 
2240-2256. 

31. Miyaura M, Yamada K, Suzuki A (1979) A new stereospecific cross-coupling by the 
palladium-catalyzed reaction of 1-alkenylboranes with 1-alkenyl or 1-alkynyl halides. Tet Lett 
20: 3437-3440. 

32. Eguchi H, Nishiyama M, Ishikawa S, et al. (2012) Development and industrialization of 
efficient cross-coupling reactions. J Syn Org Chem Japan 70: 937-946. 

33. Franzen R, Xu YJ (2005) Review on green chemistry - Suzuki cross coupling in aqueous 
media. Can J Chem 83: 266-272. 

34. Narayanan R (2010) Recent advances in noble metal nanocatalysts for Suzuki and Heck 
cross-coupling reactions. Molecules 15: 2124-2138. 

35. Polshettiwar V, Decottignies A, Len C, et al. (2010) Suzuki-Miyaura cross-coupling reactions 
in aqueous media: Green and sustainable syntheses of biaryls. ChemSusChem 3: 502-522. 

36. Seechurn C, Kitching MO, Colacot TJ, et al. (2012) Palladium-catalyzed cross-coupling: A 
historical contextual perspective to the 2010 Nobel prize. Angew Chem 51: 5062-5085. 

37. Colon I, Kelsey DR (1986) Coupling of aryl chlorides by nickel and reducing metals. J Org 
Chem 51: 2627-2637. 

38. Bell JR, Joseph RAI, McFarlane J, et al. (2012) Phenylnaphthalene as a Heat Transfer Fluid 
for Concentrating Solar Power: High-Temperature Static Experiments Oak Ridge, TN: Oak 
Ridge National Laboratory. ORNL/TM-2012/118. 

39. Cioslowski J, Liu G, Martinov M, et al. (1996) Energetics and site specificity of the 
homolytic C-H bond cleavage in benzenoid hydrocarbons: An ab initio electronic structure 
study. J Am Chem Soc 118: 5261-5264. 

40. Cioslowski J, Piskorz P, Liu G, et al. (1996) Regularities in energies and geometries of 



70 
 

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

biaryls: An ab initio electronic structure study. J Phys Chem 100: 19333-19335. 
41. Cioslowski J, Piskorz P, Moncrieff D (1998) Thermally induced cyclodehydrogenation of 

biaryls: A simple radical reaction of a sequence of rearrangements? J Org Chem 63: 
4051-4054. 

42. Gaynor S, Greszta D, Mardare D, et al. (1994) Controlled radical polymerization. J 
Macromolec Sci, Part A: Pure Appl Chem 31: 1561-1578. 

43. Duran A, Carmona M, Monteagudo JM (2004) Modelling soot and SOF emissions from a 
diesel engine. Chemosphere 56: 209-225. 

44. Pope CJ, Marr JA, Howard JB (1993) Chemistry of fullerenes C60 and C70 formation in 
flames. J Phys Chem 97: 11001-11013. 

45. MatLab (2012). 2012a ed. Natick, MA: Mathworks. 
46. Hines AL, Maddox RN (1985) Mass Transfer Fundamentals and Applications. Englewood 

Cliffs, NJ: Prentice-Hall, Inc  
47. Rocha MAA, Lima CFRAC, Santos LMNBF (2008) Phase transition thermodynamics of 

phenyl and biphenyl naphthalenes. J Chem Thermodyn 40: 1458-1463. 
48. Turchi C (2010) Parabolic Trough Reference Plant for Cost Modeling with Solar Advisor 

Model (SAM). Golden, CO: National Renewable Energy Laboratory. NREL/TP-550-47605. 
49. Curzon FL, Ahlborn B (1975) Efficiency of a Carnot engine at maximum power output. Am J 

Phys 43: 22-24. 
50. Kolb GJ, Diver RB (2008) Conceptual design of an advanced trough utilizing a molten salt 

working fluid. SolarPACES Symposium. Las Vegas, NV: Sandia National Laboratories, 
Albuquerque, NM. 

51. Kennedy CE, Price H (2005) Progress in development of high-temperature solar-selective 
coating. International Solar Energy Conference. Orlando, FL: National Renewable Energy 
Laboratory. pp. ISEC2005-76039. 

52. Adili A, Kerkeni C, Ben Nasralla S (2009) Estimation of thermophysical properties of fouling 
using inverse problem and its impact on heat transfer efficiency. Solar Energy 83: 1619-1628. 

53. Kennedy CE, Price H (2005) Progress in Development of High-Temperature Solar-Selective 
Coating. Golden, CO National Renewable Energy Laboratory. NREL/CP-520-36997. 

54. Kennedy CE (2002) Review of Mid-to-High-Temperature Solar Selective Absorber Materials. 
Golden, CO National Renewable Energy Laboratory. NREL/TP-520-31267. 

 
© 2014, J. McFarlane, licensee AIMS Press. This is an open access article distributed under the 
terms of the Creative Commons Attribution License 
(http://creativecommons.org/licenses/by/3.0) 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


