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A B S T R A C T   

The solar pyrolysis of materials has emerged as a promising technology for their efficient con-
version into solid char, syngas and oil. The technology has its challenges, however, as constraints 
such as solar intermittence and scalability must be overcame for solar pyrolysis to thrive. The 
present work presents a review of the developments in solar pyrolysis considering a such as 
development by country, solar technology employed, etcetera. Moreover, details on the chal-
lenges and potential future developments are presented. It was found that most of the develop-
ment in solar pyrolysis has been focused on waste-handling, and that a particular challenge exists 
in an adequate control system to achieve the desired end products.   

1. Introduction 

The climate change has resulted in raised environmental concerns and awareness worldwide. In order to tackle climate change, 
several lines of action are being followed, for example the adoption of a circular economic model, the establishment of a carbon 
economy, and the transition to renewable and clean sources of energy such as wind, geothermal, solar and biomass energy [1–3]. 
Besides reducing the dependence in the limited availability of fossil fuels, a goal of renewable energy is to decrease the greenhouse gas 
emissions; in this regard, biomass has received attention since it can be used to produce solid, liquid or gaseous fuels for combustion 
engines without a significant production of greenhouse gases or contribution to the greenhouse effect [4]. Evidence exists that in-
dicates that under adequate process designs, biomass energy can be carbon neutral [5,6]. Biomass, which is organic material composed 
of mostly carbon, hydrogen and oxygen, contains chemical energy that can be directly released by combustion [3]. Alternatively, 
biomass can receive different biological or thermochemical treatments and become energy-dense liquids, solids or gases; an overview 
of the different processes can be found in Fig. 1. 

Biological treatments include digestion and fermentation, while thermochemical treatments include torrefaction, gasification and 
pyrolysis (and the corresponding advanced processes, such as catalytic pyrolysis, or supercritical gasification) [3]. Although biological 
treatments tend to be less expensive than thermochemical treatments, these can be constrained by exceedingly long reaction times 
even in small reactor scales [7]. On the other hand, thermochemical technologies have a much shorter processing time and can be 
commercially attractive, even if the technologies have their respective challenges and limitations (such as the production of tars in the 
case of gasification) [2]. Gasification consists of heating a feedstock under a controlled oxidant atmosphere for the production of a 
combination of H2, CO, CO2 and other gases called syngas, a solid called biochar and a mixture of condensable hydrocarbons deemed 
tar; typical gasification agents are air, oxygen and steam [8]. Contrary to gasification, pyrolysis and torrefaction occur in an inert 
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atmosphere, hence the products stem from the decomposition of the feedstock with no primary gas-phase reactions occurring. Py-
rolysis leads to the formation of a liquid product (often called bio-oil), a combination of permanent gases (H2, CO, CO2, CH4 among 
others) and biochar [3]. Finally, torrefaction is a process very similar to pyrolysis, where the main differences lie in the pressure and 
heating rates, where the pressure is usually much higher than in pyrolysis [3,5]. Fig. 2 portrays the reaction steps depending on the 
thermochemical process. In all the thermochemical technologies the product composition depends on a number of factors such as the 
reaction temperature, reaction time, feedstock composition, and reactor geometry [9–20]. From the diverse product composition and 
process operation variables it can be inferred that thermochemical processes, although promising, are complex in nature and present a 
challenge to achieve the desired end-products [9–20]. Some researchers have dedicated their efforts to the optimization of the 
operation conditions [3] or the development and implementation of different advanced technologies such as plasma, microwave and 
solar pyrolysis and gasification [20,21]. 

On the other hand, solar energy, which is the electromagnetic radiation from the sun that strikes the Earth, has enormous potential 
for employment in energy systems. It has been shown that the solar energy that strikes the Earth in a single day is more than that 
consumed by the whole population in an entire year [2]. Alas, not all the solar energy can be harnessed and turned into useful work or 
electricity; plenty of room for research, development and improvement exists in the field of solar energy since the efficiency of the 
system is constrained by the available technology and the laws of thermodynamics [22]. Different technologies have been developed to 
improve the process efficiency and can be categorized in three main groups: photochemical, photovoltaic and photothermal (or 
thermal) technologies. Photochemical technologies make use of sunlight as a source of energy for chemical reactions (such as 
degradation and synthesis reactions) [22,23]. Photovoltaic technologies (such as solar panels) are based on the photovoltaic effect to 
convert solar irradiation into electricity [24]. Finally, thermal technologies convert solar radiation into heat which can be employed in 
a particular process such as electricity generation [25]. 

Solar energy is promising and can potentially be the primary source of power in the decades to come, nonetheless, it is not a 
“condensed” form of energy and cannot be used directly in devices such as combustion engines. Fortunately, since solar thermal 
technologies can heat samples at different rates and to temperatures over 1000 ◦C, solar energy can be coupled with thermochemical 
biomass conversion technologies for the production of chemicals of interest. With adequate development it has been projected that 
together, solar and biomass energy should be able to satisfy society’s energy requirements by 2050 [25,26]. To this end, solar pyrolysis 
has been studied worldwide and has resulted in different scale experimental facilities [12,27–33]. With the aim of helping the 
development of further studies, several reviews on the combination of solar thermal technologies and biomass energy have been 
published. Zhang et al. [34] conducted a literature review on the use of thermochemical technologies (including novel methodologies 
such as microwave-assisted and solar-assisted technologies) for the production of aviation fuels from waste biomass, with special 
emphasis in the product properties as a function of the solar pyrolysis conditions. Hamilton et al. [35] developed a review describing 
the implementation of solar-assisted pyrolysis based on the needs and resources available in Victoria, Australia, outlining the ad-
vantages of incorporating concentrated solar technology into fuel production. Zeng et al. [36] reviewed published works related to the 
conversion of solar energy into fuels by integration of pyrolysis, with special emphasis on the parameters that have an impact on the 
solar pyrolysis products (for example, temperature and employed solar technology). Abanades et al. [37] developed and published a 
manuscript describing the theoretical background on solar gasification and pyrolysis, together with a collection of recent works. 
Hamed et al. [38] conducted a literature review to assess the feasibility of using solar pyrolysis and the different available technologies 
to produce compounds of interest from oil palm biomass, focusing on the Malaysian climate. Parthasarathy [39] et al. published a 

Fig. 1. Overview of the different biomass treatments and their products.  
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review where the potential of different animal and municipal waste for biochar generation using conventional and solar pyrolysis is 
analyzed; from the review, the authors determined that solar pyrolysis is a promising option to produce biochars for different uses, 
where the potential use is mainly driven by the feedstock type. Mondal et al. [40] conducted a review with the goal of assessing the use 
of solar energy for biofuel production; in the work, the authors reported that solar-thermal technologies are less costly than photo-
voltaic technologies for biofuel production, and with further technological advance, the gap in costs will widen. 

There are literature reviews that analyze published works related to solar pyrolysis focusing on different aspects. However, none of 
the available works discuss the amount projects and the relationship between that number and the solar potential per region. 

The structure of the work is as follows: firstly, the pyrolysis process is explained, where details on conventional and solar pyrolysis 
are given and the parameters of importance during the process are explained. Afterwards, an insight on the reaction mechanism is 
given, where details regarding the decomposition of biomass as a whole, as well as the constituent components (lignin, cellulose and 
hemicellulose) and subsequent products and their distribution, are conferred. The next section consists of a review of advances on solar 
pyrolysis, where a bibliometric analysis is also provided. Additionally, the advances and projects related to solar pyrolysis around the 
world are discussed, and potential details that could be useful to improve the development of the technology are given. Further details 
on solar pyrolysis and potential classifications are presented at the end of the section. Subsequently, challenges found from the 
literature review are conferred in the second to last section, and the manuscript closes with a series of concluding remarks. 

2. Description of the technologies 

2.1. Pyrolysis 

Pyrolysis is the thermal decomposition of a feedstock in an inert atmosphere which results in the production of gases, solids, and 
liquids. The formal study of pyrolysis has increased in recent decades, with interest arising from the need of solid and liquid fuels, as 
well as the potential “chemical recycling” of waste [7,20]. Studies have focused on understanding the feedstock parameters (for 
example biomass composition, feedstock particle size, presence of moisture, co-feeding) and reaction parameters (temperature, 
heating rate and reaction time) in the process. The reaction parameters have resulted in a classification of pyrolysis under different 
categories: based on the operation temperature and the heating rate, pyrolysis can be classified as slow, fast and flash pyrolysis [9,41]. 
Slow pyrolysis occurs at heating rates of around 0.005 ◦C/s and temperatures between 200 and 600 ◦C, fast pyrolysis occurs at heating 
rates of between 5 and 100 ◦C/s and temperatures between 350 and 650 ◦C, and flash pyrolysis occurs at heating rates above 100 ◦C/s 
and temperatures above 400 ◦C [9,41]. Regarding residence time, slow pyrolysis can last for days, while fast and flash pyrolysis usually 
last seconds or fractions of seconds. 

The variability of pyrolysis make it a versatile process, therefore, researchers with different interests have worked in its devel-
opment: the development of catalysts or catalyst supports [8,42–44], biochar for carbon capture [45–49], bio-oil production [34, 
50–53], hydrogen production [54–57], syngas production [31,44,58], amongst other uses. Particularly, authors have discovered that 
the incorporation of catalysts during pyrolysis improve the product quality and favor the formation of a particular type of compound 
[11,12,50]. Besides the gas, liquid and solid yields, several criteria are used to assess the process performance. In terms of the gas, it is 
desirable for the gas to have a high calorific value, a H2/CO ratio larger than 1 and as low as possible CO2 contents [31,59–61]. On the 
other hand, for pyrolysis oil, it is desirable to have high H/C ratios, low O/C ratios, high calorific values and densities similar to that of 
conventional fuels [62–64]. Finally, the desirable properties in biochar are high porosity, lack of pollutants, functional groups, high 
surface area and a structured carbonaceous matrix [46–48,65–67]. 

2.2. Solar pyrolysis 

Solar pyrolysis uses solar energy as a source of heat for pyrolysis. Solar pyrolysis has several advantages over other technologies: 
from an energy balance perspective, the process can be considered as an “upgrade” to conventional biomass energy, or as solar energy 
storage [62,68]. With respect to emissions, solar pyrolysis is technically emission-free since any produced gases are inside the carbon 
cycle and solar energy does not produce greenhouse gases [3]. Still, as promising as the technology may sound, it is not without is 

Fig. 2. Reaction steps during thermochemical processing of biomass.  
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challenges since for example, it is highly weather dependent, hence, it can be difficult to achieve constant results. 

3. Description of the pyrolysis mechanism 

3.1. Biomass decomposition 

Biomass is primarily composed of cellulose (CL), hemicellulose (HM) and lignin (LI), all organic polymers intertwined together that 
interact during changes occurring to the biomass. During pyrolysis, the three components decompose at different temperatures and 
rates, and the resulting products interact with the remaining components [69,70]. Due to their polymeric and variable nature, the 
thermal decomposition of the biomass components is complicated and has been studied thoroughly for decades with varying degrees of 
detail [20,41]. The three polymers interact during pyrolysis and result in the formation of a number of products depending on 
operation conditions such as temperature, reaction time and heating rate; Fig. 3 shows an overview of the pyrolysis process of CL, HM 
and LI. As can be seen in Fig. 3, CL, HM and LI decompose in “stages”, where the first stage consists on the activation of the polymer, 
followed by devolatilization, carbonization and decomposition reactions. 

CL is a linear polymer consisting of linked D-glucose units bonded via ether glycosidic bonds [71,72]. The main difference between 
the mentioned models lies in the number of reactions considered and the incorporation of different CL/HM/LI monomers [73–75]. 

Firstly, (circa 240 ◦C), cellulose becomes “activated”, the degree of cellulose polymerization decreases, and water and some 
permanent gases are released, and as temperature increases, some carboxyl and carbonyl groups are formed and dehydrated sugars are 
produced [70,76,77]. At temperatures between 250 and 400 ◦C the chemical structure is rearranged, and volatiles are released; at this 
stage levoglucosan (a typical cellulose model compound) is formed [78]. Finally, at temperatures >400 ◦C the levoglucosan de-
composes, secondary cellulose pyrolysis occurs and gases such as H2, CO, CO2, along with simple hydrocarbons such as hydrox-
yacetaldehyde are formed [70]. 

HM degrades at temperatures between 200 and 300 ◦C. Volatiles are released at temperatures around 250 ◦C, followed by the 
production of oils at temperatures between 350 and 450 ◦C; at this temperature, compounds such as hydroxypyrene and 2-furaldehyde 
are produced. As the temperature increases past 450 ◦C, the liquid yield is replaced by lighter compounds such as formic acid, furfural 
and acetaldehyde [71,79]. 

LI is an amorphous polymer consisting of phenyl units linked by C–C and C–O that degrades at relatively high temperatures 
(>400 ◦C). Reports have indicated that even if CL and HM contribute, LI is largely responsible for the formation of the mixture of 
aromatic hydrocarbons deemed tar [80–82]. Volatiles form from LI pyrolysis at temperatures between around 400 and 700 ◦C, aro-
matic hydrocarbons form at temperatures around 500–700 ◦C and light pyrolysis oil is mostly prevalent between 700 and 900 ◦C [70]. 
Importantly, the pyrolytic behavior of LI is influenced by the interaction with HM and CL, as well as the biomass type and structure 
[69]. 

Fig. 3. Representation of the products of the decomposition of (a) cellulose, (b) lignin and (c) hemicellulose across different temperature ranges.  
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3.2. Kinetic models 

Experimental data provides valuable information for the design and understanding of pyrolysis systems, however, in order to study 
the decomposition mechanism kinetic analysis is useful and often the most economically and timely viable option. For example, to 
design an adequate solar pyrolysis system it is important to understand what kind of products can be formed in the available con-
ditions. For kinetic analysis models consider extended, lumped or model compound mechanisms; the mechanisms can be employed to 
understand the relationship between different operation parameters and the products. Extended mechanisms consider the biomass as 
the main reactant which decomposes into intermediate species and end-products; extended mechanisms often yield the most signif-
icant results, but can be complicated to use due to computational demand and lack of kinetic information, which is often acquired using 
computational methods such as Density Functional Theory simulations [69,83,84]; some of the most widely used decomposition 
models were developed by Shafizadeh [72] and Ranzi [76]. Lumped mechanisms, which are less computationally demanding and still 
provide significant information make use of “lumps”, which are a group of compounds with a limited number of primary and secondary 
reactions [33,73]. Finally, model compound models only consider certain compounds representative of the products or intermediates, 
based on their physicochemical properties, and while useful, give the least information on the pyrolysis kinetics [80,85]. 

Diverse mathematical abstractions are used to determine pyrolysis kinetics; amongst the most commonly used methods are the 
Kissinger-Akahira-Sunose, the Distributed Activation Energy model and the model-free method [86–88]. Differently from conven-
tional graphical methods based on the Arrhenius equation slope, pyrolysis kinetic methodologies incorporate parameters such as the 
effect of the heating rate in the thermal degradation, hence, offer more robust estimations. 

3.3. Product distribution 

The products from pyrolysis have a high degree of variability. Fig. 4 portrays the effect of pyrolysis temperature in (a) slow, (b) fast 
and (c) flash pyrolysis in the product distribution between liquids, solids and gases [9]. As can be seen in the figures, the liquid (bio-oil) 
yield increases with temperature, reaches a peak at around 600 ◦C and then starts decreasing. On the other hand, the gas yield increases 
with temperature; the constant increase of gas yield is related to the decrease in liquid due to secondary oil/tar decomposition re-
actions [33]. Finally, with regards to the solid (biochar) yield, it is favored at low temperatures and decreases with increasing tem-
perature; at sufficiently high temperatures, the solid interacts with the liquid and gas and reforms to enhance the production of gases 
[8]. Slow pyrolysis favors the formation of solids while fast pyrolysis exhibits the best behavior for the production of gases. Finally, 
flash pyrolysis favors the formation of liquids, especially at low and intermediate temperatures (400–600 ◦C). 

4. Literature review 

Solar pyrolysis has been studied for biofuel production since it requires less energy when compared to the conventional pyrolysis 
process [98,99], where the main sought after product is bio-oil [100]. Studies have focused on understanding different involved as-
pects, such as the feedstock parameters (for example biomass composition, feedstock particle size, presence of moisture, co-feeding) 
and reaction parameters (temperature, heating rate and reaction time) in the process. 

Solar pyrolysis has been of interest for decades, stemming in a range of research works being published and developed with the goal 
of understanding the effect of different parameters in the operation and products. From the review conducted in this work, the solar 
pyrolysis efforts can be classified according to the type of solar concentration into two main categories: linear concentration 

Fig. 4. Products from the pyrolysis of biomass at different temperatures [89–97] considering (a) slow, (b) fast and (c) flash pyrolysis.  
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technology, including Parabolic trough and Linear Fresnel, and point concentration technology such as Fresnel lens, Parabolic dish, 
solar simulators, solar furnaces, and solar tower. From this analysis, it was identified that 82 % of the studies utilize point concen-
tration technologies, which are particularly suitable for Fast and Flash pyrolysis processes due to the high temperatures required. In 
contrast, only 18 % of the solar pyrolysis works rely on linear concentration systems. The preference for point concentration systems is 
driven by their ability to achieve the necessary high temperatures for efficient pyrolysis. Further detail on the information recovered 
from the revised articles can be found in the Supplementary Material. A summary on the findings from different articles is presented in 
Table 1. 

4.1. Bibliometric analysis of keywords in solar pyrolysis projects 

Fig. 5 is a keyword density visualization map generated with VOSviewer based on the literature review presented in this study, 
using databases focused on Scopus and supplemented with Google Scholar and Mendeley. This map shows the most common keywords 
in studies related to the reviewed articles on solar pyrolysis. 

This analysis offers several important observations about the trends and focus areas in this field. Solar pyrolysis and biomass occupy 
a central position in the density map, with terms like "solar pyrolysis" and "biomass" standing out. This indicates that much of the 
research focuses on biomass pyrolysis using solar energy, emphasizing its importance for converting biomass into valuable products 
such as biochar, bio-oil, and syngas. The prominence of "solar pyrolysis" highlights the relevance of this process in current research, 
while "biomass" underscores the importance of biomass as a raw material in these studies. Another key aspect is the focus on solar 
energy and its optimization. Terms like "solar energy" and "concentrated solar energy" show high density, indicating significant interest 
in how to harness and optimize solar energy in pyrolysis processes. This includes research into solar concentration technologies that 
can maximize the capture and utilization of solar radiation, which is crucial for improving the efficiency of solar pyrolysis processes. 
The diversification of feedstocks used in solar pyrolysis is another highlighted area. The appearance of terms like "algae," "beech wood" 
and “sewage sludge” indicates that researchers are exploring a variety of feedstocks for solar pyrolysis, since these feedstocks have 
significantly different physicochemical characteristics. This diversification is essential for finding sustainable and efficient biomass 
sources that can be used in energy and chemical production. Based on the analysis, several research areas can be highlighted for further 
exploration to advance the development of solar pyrolysis, as shown in Table 2. 

4.2. Literature reviews on solar pyrolysis 

Pyrolysis is a relatively well studied (alas, not completely understood) technology, hence, a number of studies have been reported, 
including reviews. Reviews have focused on studies to upgrade syngas [99,123,124] and to produce liquid fuels from coals [36]. The 
review by Zeng et al. [36] is dedicated to discuss articles that explore the solar coal pyrolysis process efficiency with different solar 
furnaces. Nzihou et al. [125] discussed the advances in the production of liquid fuels from with concentrated solar power, while 
Chintala discusses solar pyrolysis as an opportunity for upgradation [126]. Solar gasification has seen some effort can be a promising 
process for autothermal gas production. Piatkowski et al. [127] discussed the kinetics and thermodynamics involved in solar gasifi-
cation, as well as the science that must be developed to improve the technology. Parthasarathy et al. [128] assessed works focused on 
the production of biochar from animal and municipal waste via solar pyrolysis, mainly discussing the effect of physicochemical 
properties of the biomass in the process optimization. Hamed et al. [124] also discussed the effect of physicochemical parameters, but 
their review involves the use of mainly palm tree waste. Reviews have also been conducted to determine how different arrangements of 
the solar power technologies can be used for solar pyrolysis [129,130]. 

4.3. Solar pyrolysis around the world 

Researchers from all over the world have conducted experiments under different conditions using various setups with varied re-
sults; an overview of the number of research projects conducted by region between 2014 and 2024 is depicted in Fig. 6a, while Fig. 6b 
displays the number of projects per country along with their minimum and maximum Direct Normal Irradiance (DNI), which is the 
solar radiation received by an area always normal to the solar rays, in kWh/m2 per day, taken from the Global Solar Atlas platform 
[131]. One would expect a correlation between the DNI and the number of projects per country, however, from Fig. 6a, the clear leader 
is Asia, even if the DNI in the lead Asiatic country (China) is not the highest. This might suggest strong investments in research and 
technology favor the development of the technology, or a strong group of researchers focusing in publications or grants exist in the 
countries. On the other hand, countries like Chile, Mexico, South Africa, Australia and Saudi Arabia have a high DNI but not as many 
reported projects and could benefit from research incentives. 

Policies and incentives are necessary for different countries to foster solar pyrolysis as a waste management and energy production 
technology [132]. For example, in some developing countries, an important bottleneck for waste management is the collection and 
separation of waste, as well as the lack of a clear Extended Producer Responsibility (EPR). EPR could be developed by incorporating 
and incentivizing the handling of waste and regulating the productions of CO2. For example, organizations that produce a large amount 
of waste could generate electricity from the pyrolysis of plastics such as tires and be further aided with the incorporation of political 
instruments such as feed in tariffs. 

On the other hand, investment in research and development, and aligning the needs of society with for example, the Sustainable 
Development Goals, could benefit the economy and welfare of countries. Information from the World Bank indicates a relationship 
with countries having “underutilized” solar energy and low investment in research and development [133]. Countries like Mexico and 
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Table 1 
Summary of solar pyrolysis experiments reported in literature.  

Ref. Feedstock Solar 
technology 

Varied parameter Summary of findings 

[29,101, 
102] 

Beech wood sawdust Solar furnace Temperature (900, 1200, 1600 & 2000 ◦C) The structure of the produced biochar becomes more ordered with increasing temperature and decreased 
heating rate. 

Heating rate (10 & 150 ◦C/s) Biochar pore volume and surface area increases with temperature then decreases due to sintering. 
[103] Heavy metal-contaminated 

willow 
Solar furnace Temperature (600–1600 ◦C) The presence of heavy metals can enhance the gas yield. 

Heating rate (10 & 50 ◦C/s) 
[104] Pine sawdust Solar furnace Temperature (800–2000 ◦C) Gas yield increases with temperature and heating rate. 

Peach pit Heating rate (10–150 ◦C/s) Bio-oil yield decreases with temperature and heating rate. 
Grape stem   
Grape stalk   

[105] Orange peel Parabolic 
trough 

Heating rate (1, 5, 10, 20 & 40 ◦C/s) The feedstock properties affect the heat losses in a parabolic trough receiver. 

[106,107] Waste tires Fresnel lens Presence of a catalyst (H-beta, H-USY & TiO2) TiO2 has a negligible effect in the pyrolysis. 
H-beta enhances the pyrolysis products. 

[108] Algae Solar 
simulator 

Carrier gas composition (Argon, Argon/steam) Gasification can be conducted with a solar simulator. 
Wheat Straw Irradiation time (10 & 20 min) Wheat straw can be an adequate feedstock for solar gasification. 
Sewage sludges   

[62] Jatropha seeds Parabolic dish Heat flux (0.03–0.07 MW/m2) Bio-oil yield decreases with temperature. 
Jatropha seeds can be used to produce liquid fuel precursors. 

[53] Peanut shell Parabolic dish Aqueous-phase bio-oil wash Washing increases the bio-oil yield. 
Soybean straw 
Pinewood 

[109] Cotton stalks Parabolic dish Presence of a catalyst (HZSM-5 zeolite) Catalysts enhance the biochar yield and reduce the formation of coke. 
Pretreatment (torrefaction) 

[110] Rice husk Parabolic dish Temperature (500–800 ◦C) Bio-oil and biochar yield decreases with temperature and heating rate. 
[111] Chicken litter Parabolic dish Presence of a catalyst (CaO, char) The particle size changes the product yield. 

Particle sizes 
[112] Rice husk Parabolic dish Temperature (800–1600 ◦C) Bio-oil and biochar yield decreases with temperature and heating rate. 

Chicken litter Heating rate (10–500 ◦C/s) 
[113] Willow pellets Solar 

simulator 
Pellet diameter (0.5, 1 & 3 mm) The reflectivity of biochar increases with reaction time. 
Heat flux (0.5 & 1.1 MW/m2) The biochar surface functional groups change with the heat flux. 
Reaction time (5, 10 & 21 s)  

[114] Waste wood Solar 
simulator 

Heating rate (~5–5.5 ◦C/min) The biochar surface area decreases with heating rate. 
Waste straw Gas yield increases with temperature. 
Sewage sludge  

[31] Sawdust pellets Parabolic dish Pellet size (5, 10 & 15 mm) Particle size changed the product yield. 
Temperature (800, 1200 & 1600 ◦C) 
Heating rate (10 & 50 ◦C/s) 

[115] Pine sawdust Solar 
simulator 

Heat flux (0.274–0.959 MW/m2) Product yield depended on maximum achieved temperature and not on heating rate. 

[116] Microalgae Fresnel lens Presence of a catalyst (Calcined & non-calcined 
hydrocalumite) 

The reaction time and catalysts had a negligible impact in the species present in the bio-oil. 

Reaction time (2.27, 6, 15, 24 & 27.73 min) The catalysts prevent the formation of coke.  
The presence of long-chain and aromatic hydrocarbons is enhanced with increasing reaction time and 
catalyst loading. 

[117] Microalgae Parabolic dish Presence of a downstream catalytic reactor 
(hydrocalcite) 

The catalyst in the downstream reactor. 

Biomass loading (1.98, 2.50, 3.75, 5.0 & 5.52 g) The catalyst losses effectivity but can be regenerated. 

(continued on next page) 
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Table 1 (continued ) 

Ref. Feedstock Solar 
technology 

Varied parameter Summary of findings 

[118] Microalgae Parabolic dish Presence of a downstream catalytic reactor 
(hydrocalcite) 

The hydrogen atmosphere decreases the formation of aliphatic compounds in the pyrolysis bio-oil. 

Atmosphere (Vacuum & hydrogen) The bio-oil yield increases with reaction time and the presence of a catalyst. 
Biomass loading (1.98, 2.50, 3.75, 5.0 & 5.52 g)  
Reaction time (2, 6, 10, 13, 20, 23, 30 & 34 min)  

[119] Walnut shell Solar 
simulator 

Heat flux (234, 482 & 725 W) Heating of biochar in a secondary reactor above the pyrolysis temperature leads to the formation of tar 
due to secondary reactions. Vocalic stone 

[120] Agave waste Solar 
simulator 

Temperature (500, 700 & 900 ◦C) The produced biochar surface area and electrokinetic parameters decrease with temperature. 

[121] Agave waste Solar furnace Temperature (450, 600, 800, 935, 1100, 1430 
& 1564 ◦C) 

Biochars produced from solar pyrolysis can be employed in supercapacitors, where the temperature must 
be controlled to prevent biochar sintering. 

Tomato plant waste  
[122] Coconut shell Solar 

simulator 
Temperature (400, 600, 800 ◦C) The pyrolysis temperature has an important effect in the biochar microporosity, while the heating rate has 

an important effect in the pore volume. Heating rate (50, 200 & 500 ◦C/min)  
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Chile could use solar energy and energy storage to satisfy its needs [134,135]. Moreover, waste produced in large quantities could be 
valorized via solar pyrolysis or gasification, and the information should be diffused as consumers “will not invest in what they do not 
know”. Wastes such as tire waste, agave waste, avocado waste and palm tree waste are produced in considerable amounts in Latin 
America and might not be disposed of correctly [120,136–139]. 

4.4. Classification of solar pyrolysis 

In general, the experiments can be categorized based on (1) whether the irradiation comes from the sun or from a solar simulator, 
(2) whether the solar thermal energy is focused to the feedstock (direct heating) or not (indirect heating), (3) the solar thermal 
technology and (4) the type of reactor [38,62,108,115,140,141]. Additional important factors to consider include the pyrolysis at-
mosphere, the type of feedstock, the biomass feeding method to the reactor (continuous or batch), and whether the reactor is equipped 
with a temperature control system; a summary of the reported studies based on these classifications is presented in Fig. 7. Table 3 and 
Fig. 7a portray details a classification, based on the solar technology, while Table 4 showcases some characteristics of the continuously 
fed (flow) and batch reactors. It can be seen that most efforts involve the use of solar furnace, parabolic dish and solar simulators, while 
Fresnel lenses and solar photovoltaic modules are the least popular technologies. 

For solar pyrolysis, the employed reactors are either fixed or fluidized bed. The difference between fixed and fluidized bed reactors 
lies in the hydrodynamic behavior of the feedstock and/or catalyst particles inside the reactor: in fixed bed reactors, the particles do 
not move significantly; the carrier gas enters on one side (usually the top) and exits through the bottom [140,226]. On the other hand, 
in fluidized bed reactors, a gas is injected in the reactor to mobilize the particles; the extent and topology of the fluidization can vary, 
leading to further conceptualization such as bubbling bed, spouted bed and circulating bed, among others [140,226]. Fixed bed re-
actors are the most common due to their relative simplicity and ease of operation but can be constrained by non-uniform heat transfer 
and pressure drop [140]. Fluidized bed reactors do not suffer of the formation of hot spots but can be complicated to design and operate 
due to problems such as pellet agglomeration, complicated control systems and complicated scalation [227]. 

According to Rahman et al. [140], solar pyrolysis can be divided into three types based on how heat is transferred to the biomass: 
direct heated reactor, indirect heated reactor, and separated reactor system, the latter using a heat transfer fluid (HTF). Based on this 
classification, it was found that 58 % of the reviewed studies operate with a direct heated reactor, 24 % with an indirect heated reactor, 

Fig. 5. Visualization Map of Keyword Density, generated by VOSviewer v 1.6.19.  

Table 2 
Potential research areas found in a bibliometric analysis.  

Research Areas Description 

Improvements in Solar Concentration 
Technology 

Future research could focus on developing more advanced concentration and reactors technologies that maximize the 
capture and utilization of solar radiation. It is also crucial to create scaling strategies that facilitate practical large- 
scale application. Additionally, exploring the integration of molten salt thermal energy storage systems can provide a 
way to store thermal energy efficiently, ensuring continuous operation even when solar radiation is not available. 

Exploration of New Feedstocks The solar pyrolysis of different types of biomass, including industrial and municipal waste, as well as the 
implementation of co-pyrolysis, should be extensively researched. 

Development of New Catalysts and 
Materials 

Studies could focus on identifying and synthesizing new catalytic materials that are more active, selective, and 
durable under solar pyrolysis conditions. 

Life Cycle and Economic Feasibility 
Studies 

These studies will help to better understand the environmental and economic impacts of these technologies and 
identify areas for improvement. 

Innovative Applications of Biochar and 
Other Products 

Investigating new applications of biochar, such as soil remediation, contaminant adsorption, and energy storage 
technologies, could open new opportunities for its use. Innovative applications for other products derived from solar 
pyrolysis should also be explored. 

Integration of Hybrid Technologies Combining solar pyrolysis with other renewable technologies, such as wind, geothermal or photovoltaic energy, could 
result in more robust and efficient hybrid energy systems.  
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and 18 % with a separated reactor system using some HTF (Fig. 7b). Upon investigating HTFs, it was discovered that 80 % of them are 
molten salts, primarily associated with solar tower systems. The remaining 20 % of the implemented HTFs include nitrogen (N2), 
steam, and hot air. Pyrolysis is typically carried out in the absence of or with a minimal amount of O2 in the reaction chamber, making 

Fig. 6. Global distribution of Solar pyrolysis projects: (a) Regional publication count and (b) country-wise project distribution with Max and 
Min DNI. 

Fig. 7. A classification of solar pyrolysis studies categorized as follows: (a) solar technology, (b) solar thermal energy, (c) conditions of inert at-
mosphere, (d) method of biomass feeding to the reactor. 
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it crucial to maintain a controlled atmosphere. Fig. 7c shows a comparison of the different inert atmospheres studied in solar pyrolysis. 
From the studies reviewed, it was found that 47 % used Ar as a carrier gas for the gases generated during pyrolysis, while 46 % opted 
for N2. Other studies implemented atmospheres of hydrogen (in what is called hydropyrolysis), vacuum, and helium (He). Fig. 4d 
compares the types of reactors used in solar pyrolysis systems, classifying them into two groups based on the reactor type as continuous 
flow or batch reactor. Fifteen percent of the reviewed projects study continuous reactors, while the majority focus on batch-type 
studies. Additionally, it was found that out of the total reported projects, 74 % correspond to experimental studies, 16 % to theo-
retical research, and 9 % to numerical analyses. 

Regarding the heating technology, direct heating technologies are the most common; in these, the radiation is concentrated into a 
vessel (usually a quartz tube) where the feedstock lies, and the decomposition occurs. On the other hand, in the case of indirect heating 
technologies the sunlight is concentrated into an opaque surface and then, using a heat exchanger, the energy is passed to the feedstock 
for decomposition [140]. 

Finally, Fig. 8 provides an overview of the feedstocks used in solar pyrolysis projects. The classification of these feedstocks into four 
main categories reveals a clear trend in current research. Agricultural, plant, and organic waste (APOW) is the most commonly used 
category, with 52 studies, highlighting the abundance and availability of these residues for solar pyrolysis. The use of APOW also 
reflects the interest in utilizing agricultural and organic waste for energy and chemical production, promoting more sustainable 
practices and reducing environmental impact. The second most popular type of feedstock are wood and forestry products, with 34 
studies, underscoring the importance of forestry and wood industry residues as viable sources for solar pyrolysis, leveraging their high 
energy content and availability. 9 studies were found that focus on the pyrolysis of plastic and synthetic material waste. Finally, 2 
studies that use coal were documented; this reduced number can be associated to research focusing on decarbonization. 

It is crucial to consider that the feedstocks used in solar pyrolysis must be readily available in the regions where the pyrolysis plants 
will be established for it to be feasible. The presented results likely reflect the abundance of these feedstocks in the various regions 
where these studies are conducted, emphasizing the importance of local availability in the selection of feedstocks. This highlights the 
need for regional assessments of biomass resources to ensure sustainable and efficient implementation of solar pyrolysis technologies. 

Table 3 
Summary of the different technologies found in the reviewed Works.  

Solar technology % of total works References 

Solar furnace 26 [142–163] 
Parabolic dish 20 [164–181] 
Solar simulator (furnace) 15 [182–195] 
Parabolic-trough 15 [178,196–207] 
Solar Tower 14 [203,208–218] 
Others (Fresnel lens, linear Fresnel reflector, solar photovoltaic, etc) 10 [173,173,219–224]  

Table 4 
Overview of the characteristics of batch and flow reactors used in solar pyrolysis.  

Description Flow reactor Batch reactor  

Cost Intermediate to high Low to intermediate [225] 
Time to 

develop 
High Low [225] 

Operation 
mode 

Uninterrupted or constant operation Operates by batches and might require some time for start-up/cooling 
down between them. 

[166] 

Capacity Industrial scale Small scale and specific products [225] 
Other details Usually safe to operate. Higher flexibility and less cost in initial research stages. [225] 

Can be initially hard to control. It might be easier to reproduce previously reported work. 
Promotes high heat and mass transfer and leads to optimal 
reaction yields. 

Feeding the reactor is usually simple.  

Fig. 8. Main types of feedstocks used in solar pyrolysis studies.  
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4.5. Description of solar thermal technologies 

Solar simulators are devices that use an arc lamp (usually based of xenon, argon or halides) to exert a concentrated light flux similar 
to solar radiation in controlled conditions in a zone of interest [26,114]. Natural sunlight can be unpredictable and has a direct effect 
on the system performance since; in this case, the efficiency of solar thermal system depends on the solar intensity, presence of clouds, 
geographical location of the system, among other variables, making solar simulators attractive for preliminary design. Contrary to the 
sun, solar simulators offer the capability of climate and time of day-independent radiation; however, solar simulator-based systems 
offer an ideal scenario, and the obtained results can be opposite from those obtained with the sun [228]. 

With respect to actual solar thermal technologies, while there is a wide range available, four stand out for their frequent use in 
pyrolysis: (a) Solar furnace (Heliostat + parabolic dish), (b) Parabolic dish, (c) Parabolic trough, and (d) solar tower. Among these, 
three are of point concentration and one of linear concentration, as indicated in Tables 5 and 6, respectively. Fig. 9a provides a physical 
representation of these solar thermal technologies, while Fig. 9b illustrates the temperatures that can be reached based on the con-
centration ratio. 

Heliostats are devices that consists of mirrors with a solar-tracking system which direct sunlight towards a receiver, which acts as a 
furnace. Heliostats are usually arranged in groups and can heat the receiver to more than 1000 ◦C, depending on the solar irradiance 
and the number of heliostats [229]. 

On the other hand, the solar furnaces reviewed in this study are smaller-scale technologies that involve heliostats directing solar 
radiation towards a secondary parabolic optic. This optic then reconcentrates the radiation at a focal point, where the pyrolytic re-
actors are situated. These technologies, along with solar simulators—which act as a type of solar furnace—have been more extensively 
studied [230]. 

Fig. 10 showcases a schematic distribution of the regions explored for solar pyrolysis in a map generated based on the information 
gathered in this study. The figure illustrates the types of technologies implemented in the various countries shown in Fig. 6, overlaid on 
a map indicating the distribution of direct solar radiation, sourced from Ref. [131]. However, countries and regions with limited solar 
resources can still explore solar pyrolysis through the use of solar simulators. 

5. Challenges of solar pyrolysis 

Although promising, solar pyrolysis faces significant challenges before the technology is mature enough to be commercially viable, 
according to the technology readiness level scale [1]. A key finding from the review is that there is a predominant focus on solar 
pyrolysis for solid waste management, utilizing a variety of raw materials, including agricultural, industrial, and forest waste, sewage 
sludge from wastewater treatment plants, and tire waste (Fig. 4d). This underscores the emerging potential of solar pyrolysis as an ally 
in converting these wastes into valuable fuels and chemicals, with the additional benefit of reducing greenhouse gas emissions. 

Additionally, it is observed that the majority of the reviewed studies are conducted in Ar and N2 atmospheres, emphasizing the need 
to explore experimental continuous systems at the laboratory scale to address emerging technical challenges, such as the management 
of pyrolytic oils and the separation of inert gases from synthesis gas. This is crucial for advancing towards industrial-scale 
implementation. 

There is also a notable interest in solar pyrolysis in regions with high DNI, such as South Africa, northern Mexico, Australia, and 
Saudi Arabia, as well as in countries with lower DNI like France and China (Fig. 3b). This indicates that the intensity of the solar 
resource does not necessarily limit the study of solar pyrolysis, opening the door to the use of Xenon lamp solar simulators in places 
with lower solar radiation (Fig. 6). Moreover, solar furnaces stand out as the most studied solar technology (Fig. 4a), capable of 
reaching temperatures up to 2000 ◦C and offering precise control over the reaction temperature through the use of attenuators. This 
precision is essential for flash pyrolysis, especially when small amounts of biomass (~0.3 g) are used and direct irradiation is required, 
commonly employing Pyrex reactors supported on stainless steel bases. 

However, a question of scalability arises. Although some of the mentioned solar furnaces are among the largest in the world, the 
technology has been primarily explored at the laboratory scale, with studies focusing on biomass amounts in the order of grams. This 
raises questions about the applicability of this technology at an industrial level, especially considering the operational cost of using 
inert gases like argon and nitrogen on a large scale (Fig. 4c). 

The challenges are composed of different design, physical, or technical aspects.  

- Solar intermittence  
- Controlling reactor temperature and heating rates 

Table 5 
Linear concentrating collectors [39,140].  

Solar Technology Achievable Solar Flux Optical efficiency Axis tracking Receiver type Technology suitability 

Temperature (◦C) Concentration ratio (Suns)a 

Parabolic trough 350–550 70–80 Medium Single Moving Slow pyrolysis/Torrefaction 
Linear Fresnel ∼ 390 >60 Low Single Fixed Slow pyrolysis/Torrefaction  

a 1 Sun = 1000 W/m.2. 
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- Optical efficiency  
- Reactor thermal efficiency  
- Heat distribution in the pyrolysis reactor  
- High cost due to the operation atmosphere 

Table 7 shows a summary of some of the challenges and associated research gaps that must be addressed. 
To address the variability in solar irradiation different methodologies called Thermal Energy Storage (TES) have been proposed 

[130,232]. Broadly speaking, the TES systems depend on three technologies: sensible heat storage, latent heat storage and thermo-
chemical storage. Sensible heat storage consists in heating materials such as oils and molten salts as heat reservoirs [233]. Latent heat 
storage consists in the use of phase change materials, that is, materials with a large latent heat, to store energy [234]. Finally, ther-
mochemical storage involves materials that can undergo exothermic reversible reactions [235]. 

6. Concluding remarks 

Pyrolysis is a promising technology with an important limitation stemming from the energy demand, therefore, the use of solar 
energy as an energy source can potentially catapult pyrolysis to become the de facto choice for biofuel production and chemical 
recycling. The present work conferred an overview of the advances in solar pyrolysis worldwide and provided a series of prospectives 
for development. Solar technologies have several variables that affect their performance and can be a bottleneck for commerciali-
zation. At the same time, pyrolysis has the recurrent challenge of non-uniformity in the products; therefore, coupling pyrolysis with 
solar technologies can be challenging and requires extensive use of mathematical models or methodologies for adequate design and 
optimization. Experiments under similar conditions have resulted in different results. Fortunately, AI has become sufficiently advanced 

Table 6 
Point focal Concentrating Collectors [39,140].  

Solar Technology Achievable Solar Flux Optical efficiency Axis tracking Receiver type Technology suitability 

Temperature (◦C) Concentration ratio 

Fresnel lens ∼ 350 <50 High Dual Moving Slow pyrolysis 
Parabolic dish ∼ 1200 100–1000 High Dual Moving Fast pyrolysis 
Solar Tower (Heliostats) 150–1000 100–1500 Medium Dual Fixed Fast pyrolysis 
Solar furnace >2000 >10000 High Dual Fixed Fast/Flash pyrolysis  

Fig. 9. Schematic Diagram of Various Solar Thermal Technologies. (a) Physical Representation and (b) Temperature vs. Concentration Ratio for 
Different Solar Pyrolysis Technologies. 
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as to provide opportunities to contribute in the development of solar pyrolysis. AI has attracted interest due to the capabilities to 
predict phenomena based on historic data, where Machine Learning has seen popularity in scientific and engineering bio-energy 
related applications. However, due to the nature of the “algorithm” behind AI functioning as a black box, uncertainty exists on the 
actual accuracy of a generalized AI ML model. Moreover, given that the product yield distribution follows different trends with 
different biomasses and reactors, the actual accuracy of AI ML model is compromised until the technology becomes more developed, or 
enough training data becomes available. Therefore, with enough training data become available, a groundbreaking advance in solar 
pyrolysis could stem from the incorporation of AI. 

On the other hand, co-pyrolysis of different feedstocks has become the de facto alternative to handle waste and biomass; evidence 
has shown that co-processing can be used to improve the quality of the products and is a feasible alternative for chemical recycling. 
Naturally, post-combustion CO2 capture technologies are under constant development and might be one of the driving forces behind 
solar pyrolysis, given that solar-produced-biochar for carbon capture will have less carbon footprint than conventionally produced 
biochar. As the regulation behind biochar for carbon sequestration becomes mature, the market will start favoring the use of envi-
ronmentally friendly carbon, which can more-often-than-not complicated to produce. When the solar pyrolysis reaches enough 
maturity, by using energy from the sun as a heat source, solar pyrolysis and co-pyrolysis can pave the way for carbon capture and will 
provide an alternative to upgrade fuels with chemical recycling and a lesser carbon footprint. 

From the reviewed, the following concluding remarks are provided.  

- The effect of the process parameters in the product composition must be understood in detail to maximize the utility of solar 
pyrolysis. This represents a challenge, since solar intermittence results in a difficult temperature control, hence, difficult process 
controls. However, the uprising of Artificial Intelligence can potentially ease the mentioned problems.  

- Solar pyrolysis focused on biochar production is a promising carbon capture alternative. We expect the solar pyrolysis technology 
to see investment and development in the future. 

Fig. 10. Global Distribution of Solar Technologies Studied for Solar Pyrolysis. Map obtained from the “Global Solar Atlas 2.0, a free, web-based 
application is developed and operated by the company Solargis s.r.o. on behalf of the World Bank Group, utilizing Solargis data, with funding 
provided by the Energy Sector Management Assistance Program (ESMAP). For additional information: https://globalsolaratlas.info. 

Table 7 
Research gaps found from a review of literature [128,130,231].  

Challenge Research gap that must be addressed 

Variability in solar 
irradiation  

- Development of energy storage mechanisms. 
-Novel automation and control methodologies. 

Improving the bio-oil 
quality 

-Development of resilient and economic catalysts. 

Solar reactor 
configuration 

-Conduct experiments to test the performance of solar furnaces with different physical arrangements under different climate 
conditions and with different biomasses. 
-Improve the degrees of freedom involved in solar pyrolysis. 

Mixed waste pyrolysis -Conduct experiments to determine the interaction between different wastes during pyrolysis. 
Hybrid technologies -Develop reactors that can handle different temperatures, heating rates, feeding rates, and carrying gases. 

-Couple the pyrolysis process with technologies such as phase change materials and underground energy reservoirs.  
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- While current studies have provided a solid knowledge base, there is a clear need to advance towards the study and development of 
continuous systems that can address the technical and economic challenges for the large-scale implementation of solar pyrolysis.  

- Exploring theoretical and numerical models and the detailed design of reactors and entire plants in continuous mode are essential 
steps towards the industrial viability of this promising technology. 
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