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Abstract— This paper manufactured an original middle-

temperature solar receiver/reactor prototype, positioned 

along the focalline of one-axis parabolic trough 

concentrator, representing the development of a new kind of 

solar thermochemical technology. A 4 kW prototype solar 

reactor at around 220–280°C, which is combined with a 

linear receiver, was originally fabricated. A basic principle 

of the design of the middle-temperature solar reactor is 

identified and described. A representative experiment of 

solar-driven methanol decomposition was carried out. 

Experimental tests were conducted from 220°C to 280°C 

under mean solar flux of 330–830 W/m2 and at a given 

methanol feeding rate of 1.8 L/h. The conversion of 

methanol decomposition yielded up to 55–90%, and the 

efficiency of solar thermal energy conversion to chemical 

energy reached 40–75%. The experimental results obtained 

here prove that the novel solar receiver/reactor prototype 

introduced in this paper can provide a promising approach to 

effectively utilize middle temperature solar thermal energy 

by means of solar thermo chemical processes. 
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I. INTRODUCTION 

Solar thermo chemical processes are used to obtain products 

by converting concentrated solar energy into chemical 

energy of hydrocarbons for storing and transporting solar 

energy. It usually concentrates solar thermal energy at 

810°C to provide the reaction heat required to drive these 

kinds of high-temperature chemically endothermic 

processes. Progress in this field has been addressed by 

Steinfeld and Palumbo 1 and Fletcher 2, and the engineering 

feasibility has been demonstrated by several research groups 

worldwide. A novel gas-solid vortex flow solar chemical 

reactor for combined ZnO reduction and CH4 reforming 

was designed and fabricated by Steinfeld etal.3,and Stein 

field and Kräupl 4. Möller et al. 5 successfully demonstrated 

the cost effective solar reactor with steam reforming of 

natural gas usingacluster of three modules arranged as a 

honeycomb in order to produce hydrogen. In our previous 

paper, Hong et al. 6 originally proposed a novel solar hybrid 

thermal cycle with methanol decomposition using solar 

thermal energy at around 220°C for developing middle-and 

low-temperature solar thermo chemical processes, and the 

related topics have seldom been investigated. The 

motivation of our research is to find a new approach for the 

conversion and release of energy by means of synthetically 

combining hydrocarbon fuel with middle-temperature solar 

thermal energy. The methanol decomposition requires 

energy input favored at 220°C CH3OH→CO+H2, ∆H0
298 

=94kJ/mol, and solar thermal energy collected at 

temperaturesbetween200°Cand 300°C supplies the heat 

demand for the reaction. It has three main attractive 

features: i low-grade solar thermal energy can be converted 

into high-grade chemical energy of syn gas; ii when the 

syngas serves as a fuel in a gas turbine, the low-grade solar 

thermal energy can be indirectly converted into electricity 

via the high-efficiency combined cycle, rather than the 

direct use in the Rankine cycle; and iii it is capable of 

separating the direct combustion of methanol 

CH3OH+1.5O2→CO2+2H2O intotwosteps:solar-driven 

methanol decomposition CH3OH→CO 

+2H2andsyngascombustionCO+2H2+1.5O2→CO2+2H2O,res

ulting in the reduction of the chemical 

exergydestructionby7% compared to the direct combustion 

of methanol 6. Furthermore, it is worth emphasizing that 

methanol is ease of handling; particularly, some countries 

like in China and the U.S., coal-or biomass-based poly 

generation systems for production of alternative fuel 

methanol, DME, hydrogen and power, has great potential 

for decreasing in the energy consumption. The paper aims at 

presenting experimental results on an originally 

manufactured 5.1 kW middle-temperature solar 

receiver/reactor prototype, points out a basic design 

principle for the middle-temperature solar receiver/reactor, 

experimentally identifies the interrelationships between 

solar energy and chemical reactivity, and finally, provides 

the technical feasibility of the middle-temperature solar 

receiver/ reactor. 

A. Integration Principle of Solar Thermal Energy & 

Thermochemical Process 

A conceptual diagram of the prototype of the middle 

temperature solar receiver/reactor is shown in Fig. 1. It 

consists of an axial copper receiver/reactor tube and a 

transparent glass envelope, which is positioned along the 

focal line of a one-axis tracking parabolic trough 

concentrator oriented in an east-west direction. The 

endothermic receiver/reactor is a key component for the 

proposed middle-temperature solar thermo chemical 

process, directly influencing the transformation of solar 

thermal energy into chemical energy. Therefore, it is 

extremely important to identify a basic principle for the 

prototype of the middle temperature receiver/reactor 

 
Fig. 1: Concept Diagram of the middle-temperature solar 

Receiver/reactor 
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B. Matching of Energy Levels between Solar Thermal 

Energy & Chemical Reaction. 

 For the design of a solar receiver/reactor, the employed 

endothermic reaction requires the concentrated solar energy 

to provide enough thermal energy for driving the reaction; at 

the same time, the grade of the provided solar thermal 

energy should be in good agreement with that of the 

reaction. This means that a matching of energy levels 

between the provided solar thermal energy and the reaction, 

based on the second law of thermodynamics, is of 

fundamental importance in determining the performance of 

the receiver/reactor. Since the desired energy level of solar 

thermal energy may agree qualitatively with the reaction 

demand, the irreversibility 

i.e., degradation of the energy qualitymay be 

reduced, leading to high efficiency of solar thermal energy 

conversion into chemical energy. For example, the favorable 

energy level of the solar thermal energy can allow the 

temperature of the reactor surface to be in line with that of 

the reaction requirement, thus minimizing the heat loss 

between the reactor and the reaction site. Therefore, 

matching of the energy levels between solar thermal energy 

and the reaction, as a first and important factor, may guide 

the design of the prototype of the middle-temperature solar 

receiver/reactor. 

The level of the solar thermal energy is dependent 

on the shape of the concentrator and the optical 

characteristics. For this proposed middle-temperature solar 

thermo chemical process, the endothermic reaction proceeds 

at 220°C, requiring low-grade thermal energy. The linear 

parabolic trough, with concentration ratios of 21–71, is 

capable of concentrating solar thermal energy to reach 

temperatures of 220–280°C, which is desirable to drive solar 

thermo chemical processes at the middle-temperature level. 

Thus, a one-axis tracking parabolic trough, with 

low concentration ratios, is a nice choice for designing the 

novel prototype of the receiver/reactor in this study.2.2 

Integration of Solar Receiver and Reactor. With this 

arrangement as shown in Fig. 1, the combination of the 

receiver and the reactor can bring about the simplicity of 

construction andease of fabrication. At the same time, it can 

maintain the same solar radiation distribution on the reactor 

surface along the tube, and a good matching of the provided 

solar thermal energy to that of the chemical reaction demand 

can be obtained. The detailed dimensions of the 

receiver/reactor are listed in Table 1. 

It should be emphasized that the middle-

temperature solar receiver/reactor employs direct 

absorption. The incident radiation penetrates through the 

transparent glass envelope, with good transmittance 

efficiency of 0.96, and is directly absorbed by both the 

reactor surface, with the selective coating and the chemical 

reactants. The transparent glass envelope, reactor surface, 

and chemical reactants simultaneously serve the functions of 

energy absorption and heat transfer. In this manner, the 

thermal energy loss from beam solar radiation to the 

reaction may be effectively reduced, unlike the indirect 

receiver/reactor, which indirectly transports solar radiation 

using a heat exchanger. 

 

C. Agreement of Reactor Diameter with Diameter of the 

Focal Plane.  

A well-designed middle-temperature solar receiver/reactor 

has a characteristic structure for achieving both the desired 

chemical reactivity and the suitable concentrated solar 

energy. The diameter of the tubular reactor is the most 

important dimension for the chemical reactivity because it 

mainly determines the kinetics of the chemical reaction, 

which closely relates to the conversion of the chemical 

reactant, and influences solar thermal energy to be converted 

into chemical energy. On the other hand, the distribution of 

the concentrated solar energy at the focal plane over the 

receiver surface also affects the chemical reactivity, since it 

determines the temperature of the reactor tube. The profile 

of the concentrated solar energy is dependent on the shape 

of the focal spot, particularly for the diameter of the focal 

plane. This indicates that there exists a matching of 

diameters between the reactor tube and the focal plane for 

obtaining the higher conversion of solar thermal energy into 

chemical energy in the thermo chemical process. Hence, a 

good matching of the reactor diameters to the focal plane, as 

a key factor, plays an important role in efficiently using 

solar thermal energy and keeping the better reactivity of the 

chemical reaction. 3 Fabrication of Middle-Temperature 

Solar Receiver/ Reactor Prototype A 5 kW prototype solar 

receiver/reactor was manufactured and is shown in Fig. 2. It 

consists of two primary components: the solar parabolic 

trough concentrator and the tubular receiver/ reactor. 

The parabolic trough concentrator is comprised of 

two mirrors segments of 2 m length east-west and 2.5 m 

width each, made of a silver-plated glass mirror with 

reflectance of 0.9. The aperture areas of the parabolic 

concentrator are 10 m2, and the concentration ratio is 71. 

The detailed dimensions of the concentrators are listed in 

Table 1. The receiver is fabricated as fixed-bed tubular 

reactor made of copper, 35 mm in diameter and 4.7m in 

length. A high selective and absorptive ceramic was chosen 

as the absorber material and used to coat the copper tube of 

the reactor. Also, a transparent glass envelope, with a 

diameter of 55 mm, is employed to insulate the 

receiver/reactor. In this manner, not only can the reactor be 

directly exposed to the incident solar radiation for the direct 
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absorption demand, but also the incident solar energy can be 

directly transferred to the reaction site to drive the chemical 

reaction. The detailed dimensions of the receiver/reactor are 

listed in Table 1. The fabricated receiver/reactor was 

mounted along the focal line of the concentrator, which can 

allow the plane of the focal spot to be projected on the 

reactor wall, yielding to the maximum incident solar 

radiation. The two ends of the reactor tube, separately fixed 

by four triangular supports, are used to adjust the position of 

receiver/reactor to be subjected to the focal line; thereby, the 

concentrated solar radiation can be well absorbed by the 

receiver/reactor 

 
Fig. 2: Photograph of the 5 KW solar receiver/reactor 

Prototype 

 
Fig. 3: Experimental Setup of the 5 KW solar 

receiver/reactor 

D. Experiments on the Prototype Solar Receiver/Reactor 

Experimental Setup 

A flow diagram of the experimental solar thermo chemical 

process using methanol decomposition is shown in Fig. 3. 

During a typical experiment, the receiver/reactor was 

operated at an atmosphere pressure. Fresh methanol fuel 

mixed with recycled methanol was continuously fed by a 

liquid pump, and its flow rate was set at 2.2 L/h. The 

methanol was first fed into an electric evaporator, i.e., EV as 

showninFig.3.Itiscomposed of an evaporator section and a 

super heater section, where methanol fuel was evaporated 

and superheated. In this paper, the energy provided for 

generating methanol evaporation is not be taken into 

account for evaluating the solar energy conversion to 

chemical energy. The superheated methanol vapor was 

isothermally flowed into the solar receiver/reactor laden 

with Cu/ZnO/AL2O3 with 6 mm in the platinum 

thermometers Pt100 in seven locations. The resulting 

gaseous products leaving the reactor were cooled by cooling 

water in a heat exchanger and 

were introduced into a liquid-vapor separator where the un 

reacted methanol fuel was separated. Downstream, a filter 

was used to collect the un reacted methanol fuel. The 

composition of the product gases was quantitatively 

analyzed by gas chromatographGC–15C. The methanol 

conversion and the reaction enthalpy were evaluated by 

measuring the volume of the un reacted methanol and/or the 

resulting product gases by gas chromatograph. 

II. EXPERIMENTAL RESULTS 

The solar experiment was carried out at a circumstance 

temperature of about 28°C and a wind velocity of 1–3 m/s. 

Under a steady state of mean solar flux in 

 
Fig. 4: Variation of the methanol conversion obtained 

experimentally with the mean solar flux at a given methanol 

feeding rate 

The range of 220–750 W/m2, the net absorbed solar 

energy ranged from 3 kW to 5.1 kW and the receiver/reactor 

temperatures reached 160–280°C. In this study, the solar 

experiments ran from morning at 9:00 A.M. to afternoon at 

3:00 P.M. Figure 4 presents the variation of the methanol 

conversion obtained experimentally with different mean 

solar flux at a given methanol feeding rate 2.2 L/h. As 

expected, the methanol conversion is increased with the rise 

of the mean solar flux, reaching as high as 90% at 600 

W/m2. An increase in the operating solar radiation could 

bring about the desired solar thermal energy, meeting the 

requirements for complete methanol decomposition. This 

means that the energy level of solar thermal energy entering 

on to the receiver/reactor was well matched to that of the 

reaction, leading to higher methanol conversion. Figure5 

shows the thermo chemical efficiency of this novel 

manufactured middle-temperature solar receiver/reactor.  

III. CONCLUSIONS 

An innovative 5.1 kW middle-temperature solar 

receiver/reactor prototype was originally manufactured and 

tested. The basic principle of the integration of solar 

receiver and chemical reactor was described: the matching 

of energy levels between the absorbed solar thermal energy 

and the chemical reaction requirement, the integration of the 

receiver and the reactor, and the agreement of the reactor 

diameter with the focal plane diameter. A representative 

solar experiment using methanol decomposition was 
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performed. At a mean solar flux between 320 W/m2 and 750 

W/m2 at a methanol feeding rate of 2.2 L/h, the methanol 

conversion was in the range of 55–95% and the thermo 

chemical efficiency of solar thermal energy conversion into 

chemical energy in the prototype reactor reached 40–50%. 

This solar receiver/reactor prototype provides a promising 

approach, opens up a new and viable path for the utilization 

of middle-temperature solar thermal energy in thermo 

chemical processes, and offers an excellent opportunity for 

the development of economical solar thermo chemical 

technology. 
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