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Abstract 

Solar-aided upgrade of the energy content of fossil fuels, such as natural gas, can provide a near-term transition path towards a 
future solar-fuel economy and reduce carbon dioxide emission from fossil fuel consumption. Both steam and dry reforming a 
methane-containing fuel stream have been studied with concentrated solar power as the energy input to drive the highly 
endothermic reactions but the concept has not been demonstrated at a commercial scale. Under a current project with the U.S. 
Department of Energy, PNNL is developing an integrated solar thermochemical reaction system that combines solar 
concentrators with micro- and meso-channel reactors and heat exchangers to accomplish more than 20% solar augment of 
methane higher heating value. The objective of our three-year project is to develop and prepare for commercialization such solar 
reforming system with a high enough efficiency to serve as the frontend of a conventional natural gas (or biogas) combined cycle 
power plant, producing power with a levelized cost of electricity less than 6¢/kWh, without subsidies, by the year 2020. In this 
paper, we present results from the first year of our project that demonstrated a solar-to-chemical energy conversion efficiency as 
high as 69% with a prototype reaction system. 
 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer review by the scientific conference committee of SolarPACES 2014 under responsibility of PSE AG. 

Keywords: Concentrated Solar Power; Steam Reforming; Methane Reforming; Natural Gas; Microchannel Reaction; Process Intensification 

 

 
* Corresponding author. Tel.: +1-509-372-4115; fax: +1-509-372-4252. 

E-mail address: robert.wegeng@pnnl.gov 

© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer review by the scientific conference committee of SolarPACES 2014 under responsibility of PSE AG

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector 

https://core.ac.uk/display/82063252?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2015.03.204&domain=pdf


 R. Zheng et al.  /  Energy Procedia   69  ( 2015 )  1192 – 1200 1193

1. Introduction 

Solar-aided upgrade of the energy content of fossil fuels, such as natural gas, can provide a near-term transition 
path towards a future solar-fuel economy and reduce carbon dioxide emission from fossil fuel consumption [1]. 
Highly endothermic reactions such as methane reforming can be used to store solar energy as the form of chemical 
energy. In steam methane reforming (SMR), methane reacts with steam and is converted to carbon monoxide and 
hydrogen. Usually water gas shift reaction also occurs under SMR conditions, which converts some carbon 
monoxide to carbon dioxide and hydrogen reversibly.  

CH4 + H2O  CO + 3H2 298K = 206 kJ/mol (1) 
CO + H2O  CO2 + H2 298K = -41 kJ/mol (2) 
 
It is also possible to perform drying reforming of methane with carbon dioxide only: 
CH4 + CO2  2CO + 2H2 298K = 247 kJ/mol (3) 
 
Both steam and dry reforming a methane-containing fuel stream have been studied with concentrated solar power 

as the energy input to drive the highly endothermic reactions [2] but the concept has not been demonstrated at a 
commercial scale. Under a current project with the U.S. Department of Energy, PNNL is developing a solar 
thermochemical advanced reactor system (STARS) that combines solar concentrators with micro- and meso-channel 
reactors and heat exchangers to accomplish more than 20% solar augment of methane higher heating value (HHV). 
The objective of our three-year project is to develop and prepare for commercialization such solar reforming system 
with a high enough efficiency to serve as the frontend of a conventional natural gas (or biogas) combined cycle 
power plant, producing power with a levelized cost of electricity (LCOE) less than 6¢/kWh, without subsidies, by 
the year 2020. In this paper, we present results from the first year of our project that demonstrated a solar-to-
chemical energy conversion efficiency as high as 69% with a prototype reaction system. 

 
Nomenclature 

Acol  projected mirror area 
DNI direct normal insolation 
HHV higher heating value  
I  direct normal insolation 
LCOE  levelized cost of electricity 
NIP normal insolation pyrheliometer 
PNNL Pacific Northwest National Laboratory 
Qsol direct normal solar radiation incident on the concentrator mirrors 
SMR steam methane reforming 
STARS solar thermochemical advanced reactor system 
TRL technical readiness level 
  mirror reflectance 
 aperture intercept 
s solar-to-chemical energy conversion efficiency 

2. Experimental 

2.1. STARS Prototype 

The STARS prototype is a TRL-4 system that consists of a steam methane reforming reactor and a heat 
exchanger network mounted inside a “nacelle” near the dish focus. (Fig. 1). The reactor was made of Haynes 214 
alloy. The catalyst bed and the reaction mixture in the reactor microchannels are heated by concentrated solar power 
conducted through the reactor wall. Thermocouples were embedded in the reactor wall 6.4 mm (¼ inch) behind the 
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heated surface. The integration of micro- and meso-channel technologies offers low resistance to heat and mass 
transfer in the reaction channels. This leads to high heat flux, reduced hardware size, reduced thermal losses, and 
high receiver efficiencies. The low heat flux capabilities of conventional tubular reforming reactors have, in fact, 
been a major impediment to directly heated solar reforming reactors. [3] As a result of this new approach, the solar 
receiver/reactor and the component heat exchangers are compact enough to fit in a nacelle near the focus of a dish 
concentrator and operate with high exergetic efficiencies (e.g., highly effective heat transfer is obtained in the 
recuperative heat exchangers). 

 

Fig. 1. STARTS reactor-receiver assembly (left: photo, right: reactor and heat exchanger network CAD model). 

2.2. On-Sun test facility and testing protocol 

The STARS on-sun test facility (Fig. 2) is located on the Pacific Northwest National Laboratory (PNNL) main 
campus in south central Washington state (46.341° latitude north). The heat drive assembly is mounted at the focal 
point of a 12-kWsolar parabolic dish concentrator (Infinia Technology Corporation, model PowerDish III). The dish 
diameter is 4.7m and the effective dish aperture is 14.85m2. The dish concentrator assembly is erected on a mobile 
dish base that can be deployed at other locations.  

  

Fig. 2. STARS on-sun testing facility photos: left – ground, right - aerial; 1 – concentrator dish, 2 – reactor heat drive, 3 – dish base, 4 – gas 
cylinder bank, 5 – control room, and 6 – gas-liquid separator and flare. 
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The process flow diagram for the STARS test facility is shown in Fig. 3. Feed methane and other process gases 
are sourced from a gas cylinder bank located on site and delivered to the heat drive using mass flow controllers 
(Brooks Instruments, SLA5800 series). The mass flow controllers were calibrated using a volumetric piston prover 
(Mesa Laboratories Inc., DryCal® primary gas flow standards). Feed steam was generated on dish using an 
electrical vaporizer. De-ionized water is fed to the vaporizer using piston pumps (ChromTech, model Prep 100) 
housed inside a control booth/trailer. The water flow meter was calibrated gravimetrically using a precision balance. 
The reaction product stream was cooled to near ambient temperature in un-insulated piping on the ground. The 
cooled product gas passed through a gas liquid separator before it was vented through an on-site flare. The product 
gas stream was sampled and analyzed continuously off the dish by a gas chromatograph (Agilent, model Micro GC 
3000, dual columns: MolSieve 5A PLOT for H2, N2, O2, CO, and CH4; PLOT U for CO2 and hydrocarbons) inside 
the control room. The GC was calibrated with a synthesis gas standard at the beginning of each day during on-sun 
tests (Oxarc, gravimetric analysis: C2H4 2.00%, N2 1.99%, CH4 11.87%, CO 20.95%, CO2 20.94, H2 balance).  The 
STARS process was controlled and monitored using a control system with modular components (National 
Instruments, on-dish: model cDAQ-9188, off-dish: model cDAQ-9174) and software codes built in-house (National 
Instruments, LabVIEW) running on a computer. The concentrator dish was controlled using dish manufacturer 
software. The direct normal irradiance (DNI) of the sun is measured at the dish concentrator base using a normal 
incidence pyrheliometer (NIP) and solar tracker (Eppley Laboratory Inc., models NIP and ST-1). The DNI data is 
also available from a separate Eppley NIP located on the PNNL atmospheric monitoring about 40 meters south of 
the dish. 

An on-sun test typically started in the morning after the concentrator dish was washed with water and dried. The 
micro GC was calibrated and checked with the synthesis gas standard. The dish was brought to track the sun to heat 
up the reactor under N2 purge. The catalyst in the reactor was reduced in 5% H2/N2 gas flow at approximately 200°C 
for one hour. During catalyst reduction the reactor temperature was controlled by cycling the dish between sun-
tracking and shadow-tracking. The reactor was then allowed to heat up to reaction temperature by concentrated solar 
power. The feed methane and steam flow rates were adjusted to test conditions and the system was allowed to reach 
steady state based on reactor temperature and product composition. In a time span of typically 5 to 6 hours on-sun 
and on-stream, multiple data sets were collected. 
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Fig. 3. ISTRS process flow diagram: HTR, high temperature recuperator; LTR-M, low temperature methane recuperator; LTR-W, low 

temperature water recuperator; LTHX, low temperature radiator; EV, electrical water vaporizer; MFCs, mass flow controllers; BPR, back 
pressure regulator. 
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2.3. Calorimeter test 

The dish concentrator intercept was measured by a cold water flow calorimeter. The calorimeter was a coiled 
12.7 mm (1/2 in.) copper tube formed into a deep cylindrical cavity with a diameter of approximately 25cm (10 in.) 
and a depth of about 50 cm (20 in.) . The back end of the coil is tapered to a diameter of about 8 cm (3 in.).  The 
entire interior of the coil was painted black and placed in an insulated housing. An aperture, identical to the one used 
during reactor testing, was placed at the open end of the calorimeter cavity. A matched pair of type T thermocouples 
measured the temperature across the calorimeter and an electromagnetic flow meter, calibrated during actual on-sun 
testing with a bucket, calibrated scale, and stop watch, measured flow rate.  Because the water temperature was near 
ambient, and the black cavity is expected to absorb virtually all of the incident solar flux that makes it through the 
aperture, the water flow rate and temperature increase along with the well-established thermal properties of water 
were used to accurately measure the thermal input into the receiver aperture. Stainless steel mesh screens of various 
opening fractions were also placed in front of the aperture to simulate low DNI conditions. The transmission 
coefficients of these screens were calibrated using the calorimeter. The screens were used in the STARS on-sun tests 
to the input solar flux so that a wider range of effective DNI could be tested.   

3. Results 

3.1. On-sun Reactor Test and STARS Energy Conversion Efficiency 

Over the summer months of 2013, we operated the STARS system on-sun at various DNI levels and process 
conditions on selected days for a total of approximately 30 on-sun hours, excluding startup and shutdown time. 
During these on-sun reactor tests, about 20 hours of steady-state operation data were accumulated. Most of these 
steady-state data were part of a parametric study of the effects of DNI, reactor temperature, feed rate, and steam-to-
carbon ratio on the reactor system efficiency. A small set of data were collected at a constant reactor temperature 
over continuous change of DNI over a wide range to probe the system heat loss characteristics. 

The solar-to-chemical energy conversion efficiency, s, is defined as the ratio of the higher heating value (HHV) 
increase of the reacting stream to the system solar energy input, 

col
s IA

HHV
   (1) 

colsol IAQ    (2) 

where Qsol is the direct normal solar radiation incident on the concentrator mirrors,  is the mirror reflectance,  is 
the aperture intercept, I is direct normal insolation, and Acol is the project mirror area.  

The solar-to-chemical efficiency was directly proportional to the operating temperature and the solar DNI. The 
highest system efficiency achieved was 69% at the high end of DNI and reactor temperature (greater than 800°C and 
860 W/m2). It was not strongly influenced by the steam-to-carbon ratio over the range tested from 2.0 to 3.0 (Fig. 5). 

The solar augment, which represents the ratio of the HHV increase in the reactor stream to the HHV of the 
methane feed, is plotted in Fig. 6. While the solar augment term is independent of the solar-to-chemical energy 
conversion efficiency, it is a relevant value for the hybrid-solar power plant. With high methane conversions, this 
parameter can be as high as 25-28%. The solar augment was found to increase with the reactor temperature as 
expected for an endothermic reaction. However, for a constant reactor average temperature, the solar augment was 
also found to decrease with solar DNI. The reason is that higher solar DNI values result in greater temperature 
gradients across the frontal plate of the reactor. As a result, at higher DNIs, the reaction zone temperatures are 
reduced and reaction rates are decreased as well. 
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Fig. 4. Effects of DNI and reactor temperature on the solar-to-chemical energy (HHV) efficiency. 

 
Fig. 5. Effects of steam to carbon ratio and reactor temperature on the solar-to-chemical energy (HHV) efficiency. 

 
Fig. 6. Effects of DNI and reactor temperature on the solar augment. 
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Fig. 7. System operation line and extrapolated heat loss. 

The reactor heat duty plotted vs. the thermal input delivered by the concentrator was used to estimate the thermal 
losses from the receiver (Fig. 7). Assuming a thermal loss largely independent of input power, the current receiver’s 
thermal loss was approximately 2 kW. 

3.2. Energy balance analysis 

The power delivered through the aperture of the PNNL TRL-4 receiver/reactor, Qrec, was quantified with careful 
cold-water calorimetry measurements. Comparison of the measured thermal power collected by the calorimeter with 
the power incident on the collector, Qsol, quantified the fraction of the power reflected by the concentrator that 
makes it through the aperture or concentrator intercept, . A calibrated normal insolation pyrheliometer, the known 
dish projected mirror area and mirror reflectance, 0.93, was used to calculate the direct insolation on the dish. The 
estimated accuracy for calorimetry is about +/- 3%. The calorimeter testing resulted in consistent measurements of 
an 89.2% intercept. For our analysis, the intercept was rounded up to 90% to account for the small amount of 
sunlight reflected from the cavity.  

System performance was measured during actual on-sun TRL-4 receiver/reactor testing by measuring the 
temperatures and compositions of the reactants and products entering and leaving the reactor. The enthalpies, H, of 
two streams were calculate using ChemCad.  The 
compositions were measured with a calibrated gas chromatograph .  t is estimated to 
have an accuracy of 5%.  Receiver/reactor thermal output results from the on-
thermal input delivered by the concentrator over a range of thermal inputs can be used to estimate the thermal losses 
from the receiver. To facilitate data collection at low insolation levels, screens with calibrated transmission 
coefficients were placed in front of the aperture were used to throttle the solar input. Because the receiver thermal 
losses are largely independent of input power, the x-axis intercept is a good estimate of the receiver’s thermal losses. 
The results shown in Fig. 7 indicate about 2 kW of thermal losses from the TRL-4 receiver. Given the limited data 
and the inherent uncertainty, the heat loss uncertainty by this method is +/- 20%. 

Thermal losses components were independently estimated using the Sandia developed CIRCE2 and AEETES 
computer codes. CIRCE2 is a computer code developed at Sandia National Laboratories for modeling the optical 
performance of three-dimensional dish-type solar energy concentrators [4]. CIRCE2 was used to determine the 
incident solar flux distribution in the PNNL TRL-4 cavity receiver. The AEETES computer code, using the CIRCE2 
output to define the incident solar flux boundary condition, calculates the net distribution of solar flux within the 
cavity, temperature distribution, and heat loss. The internal surface is discretized into annular ring-shaped elements. 
Multiple reflections of solar flux, and reflection and radiation of infrared energy between the 49 ring-shaped 
elements in this analysis are taken into account. Surfaces are assumed to be diffuse and gray with separate solar and 
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infrared radiation properties. The aperture is treated as a black surface with a temperature 6°C less than ambient [5]. 
Cavity natural convective losses are calculated using the Stine-McDonald correlation and are a function of the cavity 
geometry and the sun elevation angle [6]. Conduction losses through the cavity insulation are also calculated. For 
the analysis only one-dimensional conduction through the side wall insulation is determined. Conduction losses 
from the back and sides of the reactor are not included in the analysis. 

Thermal loss estimates for a representative data point were calculated with the CIRCE2 and AEETES programs. 
Table 1 below summarizes the results and provides estimates of the uncertainties for the various sources of heat loss 
for a representative data point with the dish at a 50 degree elevation angle. For this point the average receiver 
surface temperature was estimated to be 862°C based on an average receiver thermocouple temperature of 817°C, 
the average net solar receiver flux, and the thermal conductivity of Haynes 214. Radiative properties assumed in the 
analysis and the basis for the uncertainty estimates are provided in the table. 

The predicted solar reflection loss and infrared radiation losses are relatively certain, especially compared with 
cavity convection and conduction losses. In fact, in order to match the collector efficiency of 65.4% measured 
during the test, conduction losses need to be at least 500 W and probably much higher. 

 
Table 1. Receiver heat loss and efficiency uncertainty estimates – Case 1  

 Nominal 
estimate, W 

Est. min. heat 
loss, W 

Est. max. heat 
loss, W 

Comments 

Incident Solar Power 11764 +3% -3% 2 ,+/- 3% 

Net Power, Qrec 10475 
 

10615 9185 Net thermal power delivered by the receiver/reactor assuming 
nominal incident power 

Solar Reflection Loss 109 -50 +50 0.85 to 0.95 

Infrared Radiation 
Loss 

753 
 

-40 +40 +/-  

Cavity Convection 
Loss 

366 -50 +300 Nominal. 50 deg elevation angle, enhanced convection due to 
wind possible, wind speed of 0.9 m/s during test 

Conduction Loss 61 
 

0 900? Nominal loss does not include conduction loss from back of 
reactor.  

Total Receiver Heat 
Loss 

1289 
 

-140 +1290 Max and min values for receiver losses.  

Receiver Efficiency 89.0% 90.2% 78.1% Nominal and expected receiver efficiency estimate 

Concentrator 
Efficiency 

83.7% 86.2% 81.2%  

Collector Efficiency 74.4% 77.8% 63.4% 65.4% efficiency measured 

 The system calorimetry and this analysis suggest that the potential to improve system efficiency is significant. 
By improving the dish collector, receiver intercept can be improved from 90% to nearly 100%. Improved optical 
accuracy would also lead to a higher solar concentration ratio as well as a more uniform reactor temperature and 
improved performance and/or lower receiver temperatures. The concentration ratio for this concentrator is only 
about 1280 suns. (Average aperture flux divided by DNI). This is relatively low compared to other dish 
concentrators with concentration ratios of over 2500 suns and 99+% intercept. Increasing concentration ratio will 
also significantly reduce reflection, radiation and convection losses. Addressing the high apparent conduction losses 
by the use of high performance insulation, and/or incorporating radiation shields is a near-term option. Reducing the 
absorber thickness will reduce irreversibilities, and lead to higher receiver efficiency for a given reaction 
temperature. 

Thermal losses were also independently estimated using the Sandia-developed CIRCE2 and AEETES computer 
codes. The loss analysis identified conduction heat loss and the relatively low receiver intercept as significant 
sources to overall thermal loss. Thus the system efficiency can be increased further by the use of high performance 
insulation and by improving the dish collector with high concentrator ratio. 

4. Summary 

In summary, we have demonstrated over 69% solar-to-chemical conversion efficiency with our current ISTRS 
prototype system. In addition, our test data provided important information about the sources and magnitudes of 
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inefficiency (e.g., exergy destruction) in the system, as a function of reactor and receiver design and operation. By 
optimizing the reactor design and reducing reactor/receiver thermal losses, solar-to-chemical conversion efficiency 
above 70% should be achievable. Our ongoing work on the next-generation STARS system focuses on such 
optimization as well as hybrid solar power plant LCOE analysis and component manufacturability study. 
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