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Abstract 

This contribution describes the construction and application of a simple low-cost 

analytical solar pyrolysis minireactor. The minireactor consisted of a quartz tube 

mounted over a trolley equipped with a Fresnel lens which had movable parts in 

principle workable for passive sun tracking. Solar pyrolysis experiments were 

conducted by irradiating 100 mg of softwood or herbaceous biomass positioned at 

the focus of the Fresnel lens. After solar pyrolysis, three fractions could be 

isolated: solid (biochar), liquid (bio-oil) and non-condensable gas (gas). Biochar 

was characterized by elemental and proximate analysis, bio-oil by gas 

chromatography-mass spectrometry (GC-MS) with and without silylation, and gas 

by GC-TCD (gas chromatography-thermal conductivity detector). Biochar of pine 

wood had a content of carbon 70% and H/C molar ratio of 0.60. The bio-oil was 

characterized by high levels of levoglucosan, methoxyphenols, dihydroxybenzenes 

and abietic acid derivatives. Lignin dimers were also revealed. The gas 

composition was dominated by CO and CO2 and lower levels of light 

hydrocarbons. The precision of data from the mini reactor was satisfactorily. The 

results from corn stalk was more variable probably due to the high amount of ash. 

The yields of the fractions and their chemical composition were similar to those 

obtained by intermediate pyrolysis at about 450-500 °C under electrical heating. 

The results obtained from the minireactor enabled to obtain quali-quantitative data 

useful to understand the chemistry of the thermal conversion of biomass assisted by 

concentrated solar radiation. 

 

Introduction 

The application of concentrated solar radiation to assist the thermochemical 

transformation of organic matter started with coal and then biomass with many 

studies performed by Antal and coworkers at least forty years ago [1]. One of the 

main advantages is to capture the intermittent radiative energy of sun and transform 

it into chemical energy of storable fuels. Among the disadvantages, the generation 

of films onto the quartz walls of reactor due to the deposition of char and tar. Solar 

thermochemical processes include gasification for the production of syngas and 

solar pyrolysis for the production of biochar, bio-oil and gas [2]. Many pyrolysis 

mailto:dani.fabbri@unibo.it
Mario
Font monospazio
IV6



 

42th Meeting of the Italian Section of the Combustion Institute 

experiments have been conducted by means of devices (simulators) to mimic solar 

conditions under reproducible and controlled parameters useful for theoretical 

studies and identification of reactive intermediates. The incident solar radiation 

requires devices to concentrate and focus the energy onto the biomass particles. 

Parabolic troughs, dishes, central towers and linear Fresnel reflectors have been 

used to this purpose [2]. This study was aimed at the individuation of a low cost-

easy to operate solar pyrolysis minireactor. The advantages of using a miniaturized 

reactor are to increase the fraction of irradiated biomass, reduce the effect of black 

deposits, favor heat transfer, minimize fluctuations of solar radiations (short 

pyrolysis time), and obtain more homogeneous products.  

 

Experimental 

The minireactor consisted of a movable trolley equipped with a linear Fresnel lens 

(240 mm x 240 mm) and a quartz pyrolysis tubular reactor (300 mm x ø 8mm) 

connected one side by means of stopcock to a vacuum pump and the other to a 

tedlar bag (Figure 1). A quartz sample tube (100 mm x ø 6 mm) containing 100 mg 

of dried biomass (pine sawdust or corn stalk) was introduced into the quartz reactor 

prior to solar pyrolysis which was conducted under slight vacuum conditions after 

nitrogen purging. The tubular rector was moved manually to ensure irradiation of 

all the biomass through the focal zone. When all the biomass was pyrolyzed (25 ± 

5 minutes), the reactor was cooled down to ambient temperature prior to sampling 

for chemical analysis. Solar pyrolysis experiments were run in triplicate. In 

selected experiments the temperature was measured with a K-type thermocouple. 

The reactor and sample tube was extracted with acetone, the solution was dried 

under nitrogen, and the residue weighed to calculate the bio-oil yield. The residue 

was dissolved in acetone, added with internal standard (phenol-D5) and analysed 

by GC-MS (Agilent 7820A-5973) with a polar stationary phase (J&W DB-FFAP). 

An aliquot was added with internal standard (sorbitol), silylated and analysed by 

GC-MS (Agilent 6850-5975) with a non-polar stationary phase (HP-5). The sample 

tube was dried at 110 °C, the solid withdrawn and weighed to calculate the biochar 

yield. Elemental and proximate analyses of biochar were performed with Thermo 

Scientific Flash 2000 series analyser and TGA-Q600 thermogravimetric analyser, 

respectively. Gas CO2, CO, H2, CH4, non-methane hydrocarbons in the Tedlar bag 

were analysed by GC-TCD. The composition of gas was utilised to estimate the gas 

yield. 
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Figure 1. The solar pyrolysis minireactor. A: Fresnel lens; B: valve (vacumm 

system); C: tubular quartz reactor; D, E: movable systems; F:Tedlar bag. 

 

Results 

The minireactor was ideated to work in principle by passive sun tracking system in 

which the position of the sun is identified and subsequently the device is moved in 

order to properly focus the sample. To this purpose, the minireactor was equipped 

with a two-axis tracking system (Figure 1). The rationale of logical control would 

consist in a webcam parallel to the Fresnel lens that detects the position of the sun 

by means of a digital picture which is filtrated and elaborated by means of 

Matlab® image processing algorithm. When the solar disk is not centered, the 

Matlab® running micro-PC send, by means of serial port, the information to 

Arduino I/O board which calculates the motion needed to reach the correct position 

by means of the wheels and bars of the trolley (Figure 1). In this preliminary study, 

the minireactor was operated manually. 

The procedure adopted with the minireactor enabled the isolation of three main 

fractions: biochar, the condensable fraction of pyrolysis vapours (here named as 

bio-oil) and permanent gas. In general, the procedure provided satisfactorily 

precise data, especially in the case of pine sawdust, with relative standard 

deviations lower than 10%. Data from corn stalk were more scattered, probably for 

the higher content of ash and heterogeneity of this biomass. The yields of biochar, 

bio-oil and gas are reported in Table 1. In the case of pine wood, the three main 

fractions were produced at similar levels suggesting that the process was more 

similar to slow pyrolysis. The characteristics of biochar from elemental and 

proximate analysis could be utilized to estimate the degree of carbonization. In 

particular, carbon content and molar H/C ratio are strongly affected by 

temperature. Carbon (70%) and H/C ratio (0.6) were similar to the biochar obtained 

at 500 °C from experiments with an electrically heated pyrolysis reactor [3]. A 

similar comparison with corn stalk suggested temperatures of 450 °C. 
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Table 1. Yields (weight %) of pyrolysis fractions. Loss included volatiles. 

 

biomass biochar bio-oil gas loss 

Pine sawdust 23 ± 2 32 ± 2 27 ± 2 18 

Corn stalk 43 ± 5 10 ± 2 28 ± 8 19 

 

 

Table 2. Elemental and proximate analysis of biochar (weight %). 

 

Biomass carbon hydrogen nitrogen H/C 

Pine sawdust 
70 ± 5 3.5 ± 0.6 0.23 ± 0.06 0.60 

Corn stalk 
52 ± 2 2.9 ± 0.6 1.11 ± 0.03 0.66 

Biomass Humidity 
volatile 

matter 

Fixed 

carbon 

 

ash 

 

Pine sawdust 
2.0 ± 0.06 40 ± 3 54 ± 3 3.9 ± 0.4 

Corn stalk 
3.2 ± 0.1 34 ± 7 35 ± 4 28 ± 3.5 

 

Measured temperatures of selected solar pyrolysis runs averaged at 530 °C. The 

composition of gas was dominated by high levels of CO/CO2 followed by light 

hydrocarbons (Table 3), however, the yields and the low levels of H2 confirmed 

that the process did not operate under the high temperatures typical of solar 

gasification (> 800 °C) [2]. 
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Figure 2. Percentage gas composition (% mass) from solar pyrolysis. 

 

The chemical composition of bio-oil investigated by GC-MS supported this view. 

Examples of chromatogram traces are shown in Figure 3 for pine sawdust. The 

molecular distribution was typical of bio-oil from softwood, characterized by 

thermal degradation products of holocellulose (furans, cyclopentenones, 

levoglucosan and other anhydrosugars), type G lignin (phenols and 2-

methoxyphenols) and extractives among which abietic acid derivatives. The 

aromatization of abietic acid into the polycyclic aromatic hydrocarbon retene and 

the abundance of demethylated phenols confirmed that pyrolysis occurred at 

temperature higher that 370 °C [4]. The composition of semi-volatiles of the bio-oil 

of cornstalk was typical of pyrolysis oil of herbaceous biomass. The summed 

concentrations of the compounds detected by GC-MS was estimated to be 30% by 

weight of bio-oil. The remaining could be accounted for water and high molecular 

weight components, as sugar and lignin oligomers. In fact, some dimers could be 

detected by GC-MS after trimethylsilylation. The presence of stilbene-type lignin 

dimers (2 and 3 in Figure 3) are indicative of thermal degradation without 

significant deconstruction of the wood matrix [5]. 

10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00     min

levoglucosan

abietic acids

lipids

16.00 18.00 20.00 22.00 24.00 26.00 28.00 30.00   min

1

2

3

1

2

3

anhydrosugars

 
 

Figure 3. Total ion chromatogram of bio-oil without (left) and after 

trimethylsilylation (right). 

 
In general, the results of this study showed that biochar, bio-oil and CO-reach gas 

with yields and chemical characteristics typical of slow pyrolysis can be obtained 

by solar irradiation with a 200-fold concentration factor (calculated from the areas 

of the Fresnel lens and the focus zone). This finding indicated that in principle, 

with a proper assembly of linear Fresnel reflectors, pyrolysis of biomass can be 

conducted off-grid in locations situated nearby the production of the feedstock. 
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