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Abstract 

The population explosion, industrialization, and technological advancements have resulted in 

fast-growing energy demand around the world. Hence, there is a requirement for reliable and 

sustainable energy for addressing the long-term energy crisis. In this context, solar energy-

based developments are gaining traction steadily all over the world owing to the ever-increasing 

energy demands while conventional energy sources are depleting and often used as geopolitical 

tools. To maximize the growth potential and identify the increasing concerns regarding 

sustainability, different materials have been developing around the world. Nanocellulose is a 

biomass-derived emerging material consisting of cellulose fibrils having a width in the order of 

the nanometer range (i.e., 2–100 nm) that can also form complex structures like aerogels. The 

nanocellulose aerogels combine intriguing interconnected three-dimensional porous 

characteristics of aerogel-type materials such as high porosity, large surface area, and low 

density. This paper discusses the different fundamental concepts of solar energy generation 

using nanocellulose aerogels. Moreover, the key properties of cellulose nanofiber aerogel in the 

solar thermal technology applications such as high porosity, mechanical strength, thermal 

stability, optical properties, and thermal conductivities were discussed in detail. This 

contribution also introduces different articles published in recent years about nanocellulose-

based porous materials in the fields of solar thermal technology and their future. 

Abbreviations: CSP, Concentrated solar power; PV, Photovoltaic; PT, Photothermal; PVT, 

Photovoltaic- thermal CNF, Cellulose nanofiber; PTR, Parabolic trough receiver; CRS, 

Central receiver system; PPI, Pores per inch; CMP, Conjugated micro porous polymer; SHGC, 

Solar heat gain coefficient; TSET, Total solar energy transmittance; CNC, Cellulose 

nanocrystal; BC, Bacterial cellulose; CBCA, Cellulose based carbon scaffold; AMIMCI, 1-

allyl-3- methylimidazolium chloride; GO, Graphene oxide. 



1. Introduction

Solar energy, as a clean and inexhaustible energy source, if harvested efficiently, could 

potentially relieve human beings from the global energy crisis. This can also reduce the 

environmental deterioration caused by the overreliance on fossil fuels. Aiming at efficient 

utilization, persistent endeavours have been devoted to harvesting and converting solar energy 

into varied forms of energy. This includes electrical energy via solar photovoltaics [1], 

concentrated solar thermoelectrics [2], chemical energy via photocatalysis [3], photo 

electrolysis, and thermal energy via the solar steam process [4]. Fig. 1 illustrates some of the 

major solar applications that are used across the sector and the year in which they have 

developed. Among these solar-energy utilization approaches, light-to-heat conversion by a heat 

localizing layer with excellent visible and near-infrared light absorbing capacity has been 

demonstrated to be extremely efficient, showing solar thermal conversion efficiency as high as 

90% [5]. Concentrated solar power (CSP) systems employ large concentrating optics to focus 

sunlight onto an absorbing receiver which then transmits heat at high temperatures to a working 

fluid for direct use or electricity generation via a heat engine. Solar radiation is absorbed as heat 

by a receiver, either in the form of an absorbing surface, a receiver cavity, or a volumetric 

absorber. The non-concentrating solar collectors are short as low operating temperature ranges 

that severely limit their applications [6]. CSP systems have the advantage of being cheap, 

efficient and high thermal dispatch ability storage to supply energy over a 24-hour output cycle 

[7]. It is known that the receiver efficiency directly influences the plant efficiency, and a 1% 

improved receiver efficiency can improve the plant efficiency by 0.9–1.4%. Therefore, 

improving the receiver efficiency by reducing heat loss has become an important topic for 

improving overall plant efficiency. Many techniques have been proposed to reduce heat loss 

from the receiver. These techniques could be divided into two approaches that are enhancing 

the heat transfer inside the absorber and reducing the heat loss at the absorber outside [8]. 



Maximizing efficiency is one of the most important challenges dictating the success of any 

renewable energy technology and it is largely dependent on the structure and properties of 

candidate materials [9]. 

A comparison of solar energy production worldwide between 2010 and 2021 from the 

International Renewable Energy Agency (IRENA) presented in Fig.2(a) demonstrates a clear 

increment in global energy production using solar technology. Fig.2(b). illustrates how much 

percentage of the total energy produced by different countries and continents is from solar 

energy. Asia produces the highest percentage of solar-based energy (28%) in comparison to 

Europe which produces 14% of energy from solar-based technology. Among the emerging 

Asian countries, India and China produced 6.5% and 6.2% respectively. Fig.2 (c) compares the 

total percentage of energy produced from solar technology between 2010 and 2021 by different 

countries and continents. Countries like India, China, and France have 68%, 32%, and 15% 

increments whereas Asia and Europe have 327% and 587% increments in solar-based energy 

production. Moreover, during the same time frame, solar-based energy production increased by 

2945% worldwide [10]. As of 2021, solar-based energy production has reached 28% of all the 

Fig. 1. Current solar thermal applications and each as a function of year. 



energy produced around the world. Solar thermal technology for various industrial heat 

applications is briefed in Table 1 [11]. 

Fig. 2. Global solar energy production between (a) 2010 and 2021. (b) Percentage of solar energy 

produced by different countries, continents, and the world (c) Comparison of total solar energy produced 

by different countries between 2010 and 2021 with increment in percentage. Data were taken from 

International Renewable Energy Agency[12].  

                            
                                                                    

      
    

       
       

    
       

    
       

     
     

     
     

                                                                                                          

                          
                                                                    

      
    

      
      

    
      

    
      

     
     

     
     

                                                                                                          

        

   
   

    
    

    

     

                         
    

          

        

       
   

      
    

                           
                                                                     

      
    

      
      

    
       

    
      

     
     

     
     

                                                                                                          

   

      



Table 1 Solar industrial applications & technology used [11]. 

The advancement in nanomaterials promotes the performance of solar technology almost in all 

cases; photovoltaic (PV), photothermal (PT), and photovoltaic-thermal (PVT). The porous 

media which processes a complex three-dimensional geometry allow the solar radiation to 

penetrate the structure and be gradually absorbed. Porous materials, particularly aerogels, are 

widely discussed in the literature concerning insulating and preserving energy [13]. This is 

visible in the increasing number of articles published and patents over the period 2011 to 2020 

as depicted in Fig. 3. and Fig. 4. Porous materials such as aerogels are characterized by their 

low density, large porosity (>99%), high specific surface area, low thermal and electric 

conductivity. Owing to these unique and useful properties, aerogels are widely employed in the 

manufacturing process. [14]. Inorganic, organic, and carbon are the three classifications of 

aerogels. Various inorganic materials including silica, clay, and certain metals such as Cr and 

Fe are used to fabricate aerogels. Nevertheless, the negative aspects of these kinds of aerogel 

are the exploitation of non-renewable sources and solid waste generation. Silica aerogels are 

exciting, but due to their extreme fragility and inherent hydrophilia, they have weak mechanical 

Industrial application Technology Type of system 

Solar water heater • Thermosyphon systems
• Direct circulation
• Indirect water heating systems

Passive 
Active 
Active 

Solar desalination • Solar stills
• Multistage flash
• Vapour compression

Passive 
Active 
Active 

Space heating and 
cooling 

• Space heating and service hot water
• Air systems
• Heat pump systems
• Absorption systems

Active 
Active 
Active 
Active 

Solar thermal power 
generation 

• Parabolic trough collector systems
• Parabolic tower systems
• Parabolic dish systems
• Solar furnaces

Active 
Active 
Active 
Active 



properties and a limited range of applications [15]. To combat the aforementioned shortcomings 

of silica-based aerogels, organic aerogels such as polymer-based aerogels (such as polyimide, 

poly(vinyl alcohol), polyurea, resorcinol-formaldehyde, and melamine-formaldehyde) and bio-

based aerogels (such as cellulose, starch, and pectin) have been created. Studies have reported 

that, owing to the specific characteristics of the organic fibres, it can improve the mechanical 

strength and modulus of the aerogels. This enables the aerogels synthesized with organic fibres 

to be employed in a wider application spectrum [16]. However, the aerogel synthesized by 

organic fibres has certain disadvantages like high operation costs derived from the complicated 

apparatus and precursors used. The overall higher time consumption also contributed to an 

expensive preparation process. These problems can be addressed by preparing 1-dimensional 

nanofibrous polymeric aerogel and composites. This polymeric aerogel can form a chemically 

cross-linked 3D network or physical interlinking that is derived from the nano-fibrillar 

structure. This added flexibility in comparison with the interconnected solid frameworks 

formed by inorganic aerogels reduces the stress concentration in the whole 3D network within 

the aerogel microstructures.[17].  

Issues such as greenhouse gas emissions, embodied energy, toxicity, and the sustainability of 

materials are becoming increasingly significant to society. To minimize the environmental 

impacts and to create a sustainable future, low-cost and energy-efficient carbon-based green 

materials are being increasingly explored as candidates to replace conventional materials in the 

fabrication of energy devices. Our desire for sustainable development is motivated by our 

understanding of the need to protect nonrenewable resource depletion. One of the most 

important classes of carbon-based materials made from natural resources is cellulose. Relative 

to inorganic aerogels, cellulose aerogels are generally less brittle, even flexible, and easily 

compressed to a larger strain of more than 50% without disintegration, especially for the 

nanocellulose aerogels consisting of native cellulose I crystals with very high modulus and 



strength. The properties listed above make nanocellulose particularly suitable for the 

development of lightweight porous materials. Cellulose nanofibers (CNF) can be synthesized 

from various raw materials like; wood, natural fibres, and non-processed and processed waste 

from agricultural and industrial residues that mainly contain lignocellulosic biomass. Various 

pre-treatment processes like enzymatic, chemical, or ionic-liquid can be applied for the 

extraction of cellulose from cellulosic biomass. In addition, several mechanical treatments such 

as high-pressure homogenization, ultra-sonication, or cryo-crushing techniques can be applied 

to fibrillate the pre-treated cellulose into nano-dimensional cellulosic fibres. From the 

environmental point of view, nano-fibrillated cellulose aerogel would be a promising candidate 

to replace inorganic and petroleum-based aerogel. The reasoning behind the advantages gained 

by flexible nanocellulose-based aerogel over the brittle silica-based aerogel counterparts is 

beyond the inherent physical and  chemical properties, sustainability, and renewability, it is 

because of the physical dissolution and regeneration technique from non -derivatizing cellulose 

solvents is simple, “green”, easy for industrialization that possessing great potentials [18]  

The scope of the article is to explore the current studies that investigate the use of cellulose 

aerogels in solar applications that potentially would impact day-to-day life. This review will 

provide an in-depth understanding of cellulose nanofiber aerogel-based materials as they apply 

to solar thermal technology. The summary of this section is schematically represented in Fig 5. 

The nanocellulose based can be utilized in concentrating optics devices to replace conventional 

non-sustainable material as well as enhancing their performances. 



   
 

   
 

   
 

   
 

   
    
 

   
 

   
 

   
 

   
 

  
   

   
  

   
 

   
 

   
    
 

   
 

   
    
    

  

          
               

     
     

     

          

          
               

     
     

     
          

                                        

 
  

  
 

  
  

  
  

 

     

                                                             

Fig.  3. Number of scientific articles published in nanocellulose (blue bar), aerogel (orange bar) and 

nanocellulose based aerogel in solar application (Source: scopus) 
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Fig. 4. Number of patents published on different solar technologies: PV-thermal hybrids (green bar), 

solar thermal (maroon) and solar photovoltic (blue bar) and total petants (black squares) between 2011 

and 2020 (Source: Patents Evolution (irena.org)). 



Fig. 5. The summary of the introduction section. 

2. Solar thermal technology

Solar thermal technology works by absorbing solar radiation and turning it into heat energy, 

which is then transferred to a moving fluid below. It is different from solar photovoltaic which 

uses semiconducting materials to generate electricity. The efficiency of the solar thermal 

collection system could be improved by increasing solar thermal energy absorption and 

reducing the heat loss from solar energy receivers [19]. The primary solar collector (also known 

as the solar field), the solar receiver, and the power block make up a Concentrated Solar Power 

plant. Fig. 6. illustrates the schematic of a CSP Plant [20].



Fig. 6. Schematic flow diagram of a CSP Plant [20]. Modified with permission.

The receiver is the component that is placed at the collector's focus, which absorbs the solar 

radiation to heat the working fluid. The solar collector is the component that concentrates solar 

energy at the focus. The power block has heat engines that use the heated working fluid to turn 

the power cycle which leads to power generation [21]. The essential element that transforms 

and collects concentrated solar radiation that is incident from solar optical concentrating 

systems is a solar receiver. Solar receivers can be categorized using a variety of factors, 

including the receiver geometry, the heat transfer medium's phase (gas, liquid, or particle), 

whether the heat transfer medium comes into direct or indirect contact with solar radiation, and 

whether chemical reactions are included or not. 



A receiver is designed to maximize the receiver absorption effi i en y ηrec defined as the ratio 

of the absorbed radiative power Qnet in heat transfer media or chemical materials to the total 

radiative power Qin reflected from solar concentrators [22]. The solar thermal receiver is 

frequently incorporated to receive the most out of concentrated solar thermal radiation. It acts 

as a thermal source for the working fluid. Commercial solar concentrating collectors are 

depicted in Fig. 7. A Parabolic Trough Receiver (PTR) has an absorber tube housed in an 

evacuated glass envelope. External tubular receivers mounted in CRS are made up of several 

panels of parallel absorber tubes. Linear Fresnel consists of an array of long parallel curved/flat 

mirrors/reflectors and a focal cavity receiver. The parabolic dish collectors focus the solar 

radiations on the receiver placed at the centre of the parabola curve [23]. One can increase 

receiver absorption efficiency by optimizing receiver geometries, increasing the concentration 

ratio provided by solar concentrators, decreasing the view factors from the inner surfaces of the 

receiver to the surroundings, and increasing the absorptivity of receiver surface materials. 

Fig.  7. Major CSP Technologies [24] 



Two key parameters significantly affect absorber performance: material and geometrical 

properties.  The efficiency and output temperature can be significantly influenced by the 

geometric properties of the absorber, porosity (the ratio of void volume to entire volume), and 

the number of pores per inch (PPI) of the porous absorber [25]. The major energy losses from 

solar thermal receivers are caused by convection, reflection, and radiative emission. Spillage 

and conduction through the supporting structure cause minor losses. The contributions of the 

various loss components to the total loss are affected by several factors, including receiver 

design, operating temperature, and atmospheric conditions. The limitations and trends of these 

combined influences are illustrated by considering: an ideal solar receiver (no 

convection/conduction heat losses and blackbody absorption).  

The dependence of radiation losses on the fourth power of temperature also has important 

implications on the material and shape of the receiver. Radiation losses from a solar receiver 

can be managed by careful choice of surface material [7]. More research has been conducted to 

localize heat and use thermally insulated structures to reduce heat loss. These structures should 

share three key characteristics. The first efficiently absorbs the sunlight to produce heat. The 

second is a material with low thermal conductivity, which prevents heat from transporting away 

from the absorber surface. The third is a hydrophilic wicking surface to promote fluid flow to 

the surface. The efficiencies of solar thermal conversion are obtained from 57% to 85% by 

those structures in a certain intensity of solar irradiance [26]. Thermal radiation loss impedes 

high-efficiency solar receiver operation at high temperatures. The receiver geometries play an 

important role in optimizing all heat transfer modes (conductive, convective, and radiative). 

The position, geometry, and material of the absorber influence the performance of the solar 

collector used [27]. For any solar receiver, the receiver efficiency is defined as the where Qrec 

is energy available at the receiver surface and QL is heat losses from the receiver.  



𝜂𝑟𝑒𝑐  =  
𝑄𝑟𝑒𝑐  −  𝑄𝐿

𝑄𝑟𝑒𝑐

High solar absorption, small thermal losses, and high optical concentration all contribute to a 

high receiver efficiency. Table 2 presents the various modelling strategies for evaluating the 

performance of solar receivers with governing equations used in each. 

In general, the thermal efficiency of the solar thermal collector is given as: 

𝜂𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =  
𝑚𝐶𝑝 ( 𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛

)

𝐺𝐴
[28]. 

where m is the mass flow rate, cp is the specific heat of the heat transfer fluid, Tout is the fluid 

outlet temperature, Tin is the fluid inlet temperature, G is the solar irradiance and A the aperture 

area. 

So, the major challenge is the heat loss, energy transfer, storage performance, and containment 

of materials of the receiver hindering efficiency improvement, cost-effectiveness & safe 

operation. Receiver and thermal storage devices designed through efficiency-improving 

approaches and fabricated with durable materials should be developed to keep up efficient and 

reliable operation [29]. An optimal receiver material exhibits high transmission in the solar 

spe t rum (≈95%, λ < 2.7 μm) and high absorption in the emitted IR spe trum  (≈100%, λ > 2.7 

μm). 

 The key properties required for solar thermal technology application include high porosity, 

mechanical strength, optical properties, thermal stability, and thermal conductivity. 
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3. Basic concept in a porous solar thermal receiver

Material Pore size 
(μm) 

Porosity 
(%) 

Specific 
surface area 

(m2/g) 

Absorption 
(%) 

Thermal 
Conductivity 
(W m–1 K–1) 

Reference 

Fibre mesh 0.008 95.3 0.08 [30] 

SiC catalyst 2000 -- 0.001 96.0 -- [30] 

Carbonized 
mushrooms 

3.6 90 312.5 96 0.45 [31] 

Plasmonic 
wood 

5-50 -- -- 99 0.45 [32] 

Carbonized 
melamine foam 

150 -- -- 96.46 0.03 [33] 

CNT-MoS2 
film 

0.02-0.2 -- -- 95 0.06 [34] 

Silica aerogels 0.02-0.1 85-99 600-1000 76-88 0.01-0.02 [35] 

Carbon 
aerogels 

0.002 98 300 96 -- [36] 

Biomass 
aerogels 

-- 95 -- -- -- [37] 

Cellulose 
aerogels 

-- 98 5.2-92.3 98  0.017-0.036 [38] 

Table 3 Performance of different kinds of porous materials in solar thermal technology. 

The hierarchical pore structure is one of the foremost significant aspects of high-performance 

energy storage. Pore size distribution is a very important criterion to characterize an aerogel. 

Porous materials provide a decent solution for improving the heat transfer characteristics in 

solar systems [39]. Table 3 summarizes the properties of the various investigated porous 

materials. In general, aerogels are solid lightweight materials with extremely low density 

Table 2 Modelling strategies adopted  for porous structures in solar thermal receiver. 



between 0.001 and 0.2 g/cm3, with over 90% porosity with the most prevalent pore diameter of 

2–50 nm prepared by replacing the solvent of a gel with gas with very moderate shrinkage of 

gel solid network [40]. Aerogel refers particularly to the porous material with strict micropore 

sizes (pore diameters <2 nm.). These air-filled pores enhance the physicochemical properties 

and therefore the structural characteristics in the macro scale furthermore integrate typical 

characteristics of aerogels. The robust porous structures of the aerogel can ensure storage 

without subsequent leakage and may provide good thermal insulation for maintaining the 

temperature at the desired level [41]. Depending on the type/class of aerogel and fabrication 

method, the density of aerogels could range between 3 and 280 kg/m3 attributable to their high 

porosity in nature. McEnaney et al. [42] predicted to use of aerogel-based solar receivers which 

could reduce radiation losses and boost solar thermal conversion that spans a broad range of 

operating temperatures and optical concentrations, than vacuum-gap receivers. Aerogels enable 

a system to function at higher receiver efficiencies or to achieve the same receiver efficiencies 

at lower optical concentrations by minimizing heat losses while maintaining high solar 

transparency. Fig. 8. shown below is a schematic of an aerogel-based solar receiver. Strobach 

et al. [43] developed an optically transparent, thermally insulating monolithic silica aerogel, 

well-suited for solar thermal applications finding that receiver efficiency can be increased by 

1%. He demonstrated that annealing duration affects the aerogels' solar transmittance and 

radiative characteristics, which can be leveraged to improve the aerogel's performance for CSP 

applications. Peng Mu et al. [44] synthesized conjugated microporous polymer (CMP) aerogel-

based solar steam generators that show high porosity of greater than 94% mechanical properties 

with a compressive strength of up to 0.54 MPa under loading of 75% strain. The designable 

flexibility of CMPs creates a new opportunity for the rational design and construction of new 

CMP-based solar steam generators. This flexibility allows for the fine-tuning of the porosity 



and chemical composition of the final CMP product using only a few changes to the CMP 

building blocks through a straightforward one-pot reaction. 

Fig. 8. Schematic of an aerogel-based receiver [45]. 

High mechanical strength often results from a high-density structure. The aerogels were 

reported to be physically robust and can support a static load of the maximum amount of 1 kg 

without any compression of the initial height [44]. Aerogel can maintain its elastic property 

even after ten compression cycles, which indicates high mechanical strength and good 

flexibility. The high operating temperature of the solar thermal application often requires the 

receiving materials to be thermally stable. Improving the performance of concentrated solar 

power (CSP) can be realized through the application of thermally stable aerogel as a solar 

thermal receiver with either minimal cost impact or design change.  

The key parameter to differentiate the potential light-to-heat conversion performance of aerogel 

is its ability to capture an abundance of light while retaining the heat internally. A perfect 

absorber surface eliminates the transmittance and reflectance while exhibiting maximum 

absorption over a broad spe tral range. The solar irradiation on the earth’s surfa e is divided 



into three parts as follows; 1) 5% for the ultraviolet region, which lies within 300 nm–400 nm, 

2) 43% for the visible light region, which lies between 400 nm and 700 nm and 3) 52% for

near-infrared (NIR) region lies within 700 nm–2500 nm wavelength span as shown in Fig. 9. 

The optical behaviour of aerogel focused on basic material properties, such as refraction index, 

transparency, and scattering. The latter is well present in aerogel; it was observed since the 

material’s dis overy and in or porates a relevant impa t  on radiation transfer. Aerogels have 

higher transmittances within the solar spectrum [46]. 

The photothermal materials must have a wide absorption capability covering the complete solar 

spectrum range (250–2500 nm).  

Fig. 9. Solar Irradiation Spectrum [19]. 

For aerogels, the absorption can be calculated by using the following equation 

α = −1 R T 

Where α represents absorption, R is the refle ti on, and T is the transmission [47] For most of 

the dense solid materials, the refractive indexes are larger than 1.3. Aiming to reduce the 

               
                               



refractive index, porous solid material in which air replaces part of the solid is a good choice 

originating from the decreased electron density and permissivity [48]. Aerogel studies in the 

field started in the early 1990s, and aimed towards assessing relevant properties: transmittance, 

reflectance both spectrally and in the relevant bands of the solar spectrum, and the g-value (also 

named Solar Heat Gain Coefficient SHGC and Total Solar Energy Transmittance TSET). 

Except when noted, the optical properties refer to hemispherical values (which include the 

radiation transmitted/reflected in regular and scattering modes) [49]. Aerogel can naturally be 

opaque or transparent to solar radiation. It is transparent across the solar spectrum and opaque 

in the IR. Unique features in aerogel such as high porosity and low pore volume facilitate 

aerogels’ potential in in reasing the performan e of solar thermal absorbers with minimal heat 

loss due to scattering. Scattering is resulting from the interaction between the incident light and 

the inhomogeneity of the receiver structure [50]. 

Thermal conductivity is a parameter used to predict insulator thermal performance. This 

parameter is achieved by a summary of three thermal conductivities: solid thermal conductivity 

(λs), gaseous thermal  o ndu ti vity (λg), and radiation thermal  ondu tivity (λr). The thermal 

conductivity of porous media depends on the random nature of the microstructure. The unique 

combination of the multiscale porous sheath and ultra-low density, aerogel collaboratively 

minimizes thermal conductivity by all these three mechanisms [51]. Aerogels have a gas phase 

that reduces the number of collisions between molecules, lowering thermal conductivity and 

limiting convective mass transfer. The thermal conductivity decreases with an increase in 

density and a decrease in porosity [49]. The aerogel’s mi ros opi    losed  el lular stru ture 

prevents the gas currents that cause macroscopic convection, and the low density implies that 

there is very little material to conduct heat [52] for an aerogel as depicted in Fig.10. Aerogels 

are solid materials with 3D nanoporous structures. Therefore, the scattering of phonons by the 

solid-solid or solid–gas interfaces in an aerogel structure will reduce the  ontribution of λsc to 



thermal conductivity. Due to a large number of multilevel solid–solid interfaces, aerogels 

always show strong phonon scattering characteristics, thereby leading to an occasional solid 

 ondu t ivity.  s for thermal  onve tion (λc), its contribution to the thermal conductivity of 

aerogel is sort of negligible. This is often because the pore size in aerogels is typically at the 

nanometer scale, therefore the heat transfer area of the surface is extremely small. The 

contribution of radiation (λr) to thermal conductivity for an aerogel under ambient temperature 

and pressure can almost be ignored. But under vacuum conditions, the contribution of radiation 

must be taken seriously. Under most atmospheri   onditions, gas  ondu t ion (λgc) features a 

dominant contribution to the thermal conductivity of aerogel materials. The gas conduction is 

governed by the average pore size in aerogels and the mean free path of air molecules. For 

aerogels, the mesoporous (2–50 nm) pore favours the Knudsen effect, which means the 

circulation of air molecules is confined inside pores (i.e., pore size smaller than the mean free 

path of air molecules), thus leading to low gas conduction [53]. These properties make aerogels 

excellent insulators, although at higher temperatures radiation within the aerogel can have a 

major impact on the effective thermal conductivity.  

Recently, there have been innovative approaches that are widely being employed 

beyond conventional freeze drying and CO2 drying for developing solar thermal receivers. Li 

et al. [54] have developed a dynamic photothermal coating for steam generation devices that 

demonstrates flexible switching between different installations with stable photothermal 

conversion ability using gallic acid (GA), Fe(III) and hydrophilic poly(vinylidene fluoride) 

(PVDF) via simple deposition of gallic acid (GA) and Fe(III) on the surface of the PVDF 

membrane. The resulting coating has achieved an excellent evaporation rate of 1.539 kg m–2 h–

1 and with a steam generation efficiency of 90.2% under 1 sun illumination. Moreover, it can 

be recovered in acid washing and is reusable for up to 150 cycles. This demonstrates a new 

direction for new nanocomposite for solar applications. Zhange et al.[55] have adopted another 



approach of using sustainable and relatively inexpensive materials for the development of solar 

evaporators. They used tannic acid and iron (III) and fabricated the solar evaporator via three-

dimensional (3D) printing. Owing to the better control of the technique, they have used a 

conical array surface structure to promote the light-harvesting capacity. By optimizing the 

height of the conical arrays and other parameters, they have managed to obtain an outstanding 

high evaporation rate of 1.96 kg m–2 h−1 under one sun illumination, with a photothermal 

conversion efficiency of 94.4%. This works demonstrates the importance of pore characteristics 

and optimization, also the competency of natural materials for solar application where most of 

the studies revolve around expensive materials. 

Fig. 10. The schematic diagram of the thermal conduction mechanism of an aerogel [53]. 

https://www.sciencedirect.com/topics/engineering/evaporation-rate
https://www.sciencedirect.com/topics/engineering/sun-illumination
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/photothermal-conversion
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/photothermal-conversion


Higher absorption and optimum light scattering within the solar material are important 

characteristics necessary for an aerogel for solar applications. Hence, materials with high 

transparency and optical haze values are normally preferred. Silica aerogels which currently 

dominate the solar application typically scatter electromagnetic radiation in the ultraviolet 

wavelengths severely, causing high optical loss, which eventually offsets their performance as 

receiver applications. Whereas, the nanocellulose aerogels have highly reactive OH groups that 

allow facile surface modification and high-performance bonding with conductive fillers via 

covalent or hydrogen bonds. Owing to these reactive surface groups, chemical modification and 

higher stability of nano cellulose can be achieved [56]. For the further advancement of versatile 

energy storage systems to develop solid film/aerogel substrates, nanocellulose fibres with a 

high aspect ratio, such as those extracted from higher plants or that build entangled web-like 

structures, can be used. The ability of cellulose nanofiber aerogels to exhibit well-defined pore 

morphologies and selective sorption properties has drawn significant interest for extremely high 

specific surface areas due to their anisotropic structure which is necessary for energy storage 

application [57].  

4. Significance of nanocellulose and cellulose aerogels

The study of green and biodegradable aerogel has piqued the interest of researchers, who are 

increasingly concerned about the sustainability of technologies. Nanocellulose aerogels 

demonstrate extraordinary mechanical properties as a function of density. CNF is easily 

assemblable into a 3D porous aerogel structure with high structural integrity and resilience. 

Traditional aerogel materials such as silica (SiO2), carbon, and tin dioxide, which have been 

favoured by several researchers as inexpensive and environmentally friendly alternative 

materials for aerogel synthesis, can also be compensated for by nanocellulose-based aerogels 

due to their brittleness, complex equipment and renewable[58]Fig. 13. presents the synthesis 

route of porous cellulose nanofiber aerogel. 



From a strict chemistry point of view, nanocellulose is a syndiotactic homopolymer 

polysaccharide that has β-1,4-anhydroglucopyranose as the repeating unit. In general, different 

biomasses are the main resource for nanocellulose. However marine animals such as 

urochordates and microorganisms like bacteria are also sources of nanocellulose [59,60]. 

Interestingly, bacteria-based nanocellulose is among the purest form of nanocellulose and is 

extensively used in biomedical applications. Regardless owing to the abundance of biomass, 

cellulose is known to be the most abundant natural polysaccharide followed by chitin which is 

extracted mostly from marine living organisms [61]. Nanocellulose can be classified into mainly 

three classes and they are cellulose nanocrystals (CNC), cellulose nanofibers (CNF), and 

bacterial cellulose (BC). Fig. 11. Demonstrates the extraction of nanocellulose from biomass. 

However, bacterial cellulose is nanocellulose extracted from bacteria that have fibrillar and 

crystal structures similar to CNFs and CNCs extracted from biomass respectively. Thus from 

the overall characteristics, cellulose can be referred to as cellulose nanofibers and cellulose 

nanocrystals. However, from a solar application perspective, the nanocellulose employed is 

Fig. 11. Schematic illustration of extraction of nanocellulose from biomass. 

Fig. 11. Schematic illustration of extraction of nanocellulose from biomass. 



mostly biomass-derived nanocellulose owing to its relative economical appeal [62,63]. In terms 

of both length and diameter, CNCs have dimensions in the nano range, whereas CNFs have a 

length in the micrometre and a diameter in the nanometer. With the development of 

nanotechnology, the selection of more specific nanomaterial suited for the application has 

greater importance that has developed in identifying a new type of nanocellulose such as 

cellulose hollow fibres [64,65]. Hence differentiating cellulose types are important for the 

selection of suitable nanocellulose uniquely for solar application. While different types of 

cellulose nanofibers are available in the domain, the cellulose nanofibers derived from biomass 

have been dominating the solar application. 

Cellulose nanofibers (CNF) are natural nanoscale fibres, consisting of purely cellulose 

molecules. Regardless of the origin, biomass-derived cellulose is fibrous, strong, and linear that 

has features attributing to the resultant fibres with varying characteristics. Moreover, depending 

on the source and the chemical processing, parameters including shape, aspect ratio, surface 

chemistry, crystal structure, and degree of crystallinity can be controlled. These fibres have 

shown remarkable mechanical properties compared with other natural fibres as well as glass 

and carbon fibres [66]. In the microstructure, the cellulose materials have the propensity to self-

associate and form an extensive network consisting of both intramolecular and intermolecular 

hydrogen bonding derived from the surface hydroxyl groups as seen in Fig. 12 [67,68]. These 

hydroxyl groups enable modifications that further diversify the application potential of 

cellulose nanofiber that has previously been thoroughly explored [69]. Among the inherent 

characteristics, the mechanical property, film-forming capacities, transparency, and low 

thermal conductivity are the main properties that have been mostly explored.  



Fig. 12. Synthesis of nanocellulose-based aerogel [70]. 

NFCs typically range in length from 5 to 100 nm and in diameter from hundreds of nanometers 

to a few mi ro metres. The bulk density (ρ), measured by dividing the weight (m, mg) by the 

volume (v, cm3), of lightweight and porous nanocellulose aerogels, usually fluctuates between 

1 and 100 mg cm−3 [58]. The CNF aerogel derived from rice-straw cellulose exhibits high 

porosity, measuring up to 41.8 μm average pores size[71].  

Owing to the excellent mechanical characteristics and film-forming capacity, a robust, stable, 

porous, flexible, and insulating material can be fabricated with cellulose nanofibers. This is 

evident in numerous articles that have been published with neat nanocellulose as the reference 

material [72,73]. This was enabled by extensive studies that were carried out on cellulose 

nanofiber leading to the extraction of cellulose fibre with excellent mechanical characteristics. 

For instance, the cellulose nanofibrils extracted from the flax exhibit mechanical strength as 

high as 1830 MPa. This when compared with synthetic fibre like E-glass which has a 

mechanical strength of 2000 MPa, demonstrates the huge application potential of the cellulose 



nanofiber. Moreover, cellulose nanofiber exhibited a lower density of 1.5 g/cm3 compared to 

the 2.5 g/cm3 of the E-glass [74]. In terms of film-forming capacity, the characteristics are 

mostly derived from the fibular structure in combination with reactive hydroxyl groups that 

participates in intermolecular interactions. The strong physical interaction, as well as fibrillar 

entanglement, helps nanocellulose to form composites [75]. Thermal conductivity and thermal 

insulation characteristics of cellulose fibres are derivatives of four parameters such as crystallite 

thickness, fibre orientation, and interfacial thermal resistance between fibres and small pores. 

Uetani et al.[76] have studied in depth and summarized these aspects specifically for cellulose 

nanofibers. Finally, the transparency of nanocellulose fibres is ambiguous as nanocellulose 

fibre is referred to as both opaque and transparent. Several articles have been published on 

nanocellulose fibre modification that leads to enhanced transparency has also been published 

[77,78]. However, the unmodified nanocellulose fibre films that demonstrated transparency 

have undergone strong mechanical treatment that has resulted in reduced mechanical strength. 

In comparison, the unmodified cellulose films have higher haze values [79,80]. Hence, higher 

transparency is generally achieved with chemical modifications. 

Because of the high strength of nanocellulose and the stable porous structure of the 

formed aerogel, nanocellulose aerogels frequently exhibit good mechanical performances under 

an external force, including compressive strength, Young's modulus, and flexibility, 

outperforming traditional brittle SiO2 aerogels, which are typically broken easily under pressure 

[81]. The CNF comprises parts of the crystal structure that are crystalline and amorphous. 

Young's modulus of the CNF aerogel is generally superior. Nanofibrils have a much smaller 

lateral dimension and a higher aspect ratio, which can aid in the formation of a strong entangled 

network. In the axial direction, Young’s single-crystal cellulose I module achieves up to 134 

GPa[82]. Young’s single C F wood modulus and tensile strength are 30–40 and 2–3 GPa, 

respectively [83]. CNF is widely used as a building block for the development of robust aerogels 



due to its high modulus and strength. Despite being free of cross-linkers, the CNF aerogels 

exhibit a high compressive strain of around 70%. Physical entanglement and retained chemical 

intramolecular hydrogen bonding provide high mechanical efficiency. Numerous attempts have 

been made to enhance the performance and improve the mechanical strength of cellulose 

aerogels by adding inorganic fillers such as TiO2[84], nano-silica[85], hydroxyapatite [86], and 

graphene [87]. Pragya et al. prepared nano-fibrillated cellulose aerogel from pinewood which 

displayed cyclic compression of 70% at 25% strain. This is mainly due to the densification of 

aerogel at a higher strain rate and the dense assembled structure of the aerogel [88]. Ya Liu et 

al. prepared CNF aerogel with excellent mechanical properties which displayed 0.25 MPa 

compressive strength. The high compressive strength was due to the hydrogen bonding 

interactions between CNF and BNNs  [89]. Zhu Wu et al. [90] prepared covalently cross-linked 

CNF aerogels through silane condensation and freeze-drying. It showed outstanding underwater 

mechanical toughness due to the anisotropic lamellar structure which exhibited random porous 

structures in both axial and radial directions. Fig. 13 (a) – (i) illustrates the mechanical 

properties such as density, lightweight, and flexibility of the CNF aerogel. 



Fig. 13 (a) Scheme illustrating the fabrication of covalent-cross-linked CNF-based aerogels 

through condensation between CNF and BTMSE and subsequent freeze-drying. (b) Dry Si-

CNF aerogel standing on top of a dog tail grass. (c) Si-CNF aerogels with diverse shapes. Photos 

showing water-swollen Si-CNF aerogel: (d) twisted along the axial direction, (e) knotted, (f) 

folded, and (g) with a tensile load of 200 g. Photos showing shape recovery of Si-CNF aerogel 

in water: (h) folded and (i) compressed to 20% of the original height along the axial direction 

[90]. 

Owing to the superior optical characteristics of nanocellulose in comparison to the inorganic 

counterparts, nanocellulose-based aerogels are considered to be an appropriate alternative to 

inorganic polymer-based aerogels. Nanocellulose aerogels have been examined for the 

production of transparent solar receivers. A higher level of transparency can be achieved by 

pre-treatments such as TEMPO oxidation, carboxylation, etc. CNF has a very smooth surface 

morphology, hence no polishing or surface planarization is required for solar cell production. 

Nanocellulose aerogels with a unique 3D-ordered liquid crystalline structure were recently 



reported to combine toughness and transparency [91]. The unique properties of nanocellulose, 

including its high aspect ratio, abundant hydroxyl groups, and tunability, make it well-suited 

for creating lightweight, durable, and flexible aerogels. By incorporating crosslinkers or 

introducing compatible materials, the strength of the NC aerogel can be enhanced, while 

additional functional groups can be introduced to further expand its range of applications. The 

nanocellulose aerogel has been evolving owing to the generation of new groups or components 

generated in the aerogel system. This can be summarized into 3 basic groups: 1. Direct addition, 

2. Coprecipitation and 3. Coating. This has helped to impact various new characteristics of the

nanocellulose aerogels such as electricity, thermal performance, hydrophobicity, magnetism etc 

[92]. This makes the nanocellulose aerogels suitable as a versatile material that can be used for 

many applications including flexible sensors for monitoring the daily behaviours of the human 

body, biomaterials for wound dressing, scaffolds for tissue culture, and drug delivery systems, 

EMI shielding, Thermal and electrical insulation, sensors, batteries and super capacitors etc. 

Among them, nanocellulose-based aerogels with or without modifications for solar applications 

also gained significant attention in recent times [93]. 

5. Cellulose Nanofiber aerogel for solar application

Cellulose has low solid thermal conductivity, which makes nanocellulose-based lightweight 

porous materials have broad application prospects in thermal insulation. High-performance 

aerogel fibres for low thermal conductivity are only explored to a very limited extent. However, 

these limitations have been addressed in different research works where nanocellulose aerogels 

have been synthesised along with a suitable material. Bai et al. [94] have developed nano 

cellulose and lignin-based aerogel for steam production and electricity generation. The authors 

have claimed to achieve a high evaporation rate was a hi eved up to 3.93 kg m−2h−1 under one 

sun irradiation and continuously generate electricity with an output voltage of 77 mV. The 



reported work has employed carbonizing (modification) of lignin to improve solar adsorption 

and combined it will a nanocellulose aerogel. This type of approach can be complex and require 

higher operation costs. However, the other main approach includes the preparation of a 

composite with the material having suitable properties. Zou et al. [95] have developed a mussel-

inspired, low-cost, polydopamine-filled cellulose aerogel that is employed for solar-driven 

water remediation. In this work, by effectively utilizing the numerous functional groups present 

in the polydopamine surface that includes catechols, amines, and imines to enable the 

interaction with nanocellulose. Moreover, the PDA has shown strong light-harvesting 

capabilities and photothermal conversion performance, making the nanocomposite aerogel 

useful for solar-powered water desalination and overcoming the limitation of the nanocellulose. 

Ding et al. [96] have developed nanocellulose-based aerogel for solar-thermal desalination and 

humidity sensing applications. Here in this work, the authors have used exfoliated Ti3C2Tx 

nanosheets and polyvinyl alcohol (PVA) to enhance the properties of the aerogel. Normally the 

aerogel with an oriented porous structure usually exhibits relatively high thermal conductivity 

(over 300 mWm-1K-1) in the evaporation direction. This was further enhanced by the use 

of  Ti3C2Tx nanosheets, which possessed stronger solar absorption and polyvinyl alcohol. The 

use of PVA here in this work is mostly aimed at cross-linking applications. The improved 

structural stability can provide a synergetic effect for the nanocomposite aerogel.  

By regenerating in a high-concentration aqueous solution of AMIMCl (1-allyl-3- 

methylimidazolium chloride) and then drying with supercritical CO2. Mi, et al. [97] hence 

created flexible and transparent nanocellulose aerogels from an AMIMCl solution of cellulose. 

Because the presence of AMIMCI modifies the gelation process of nanocellulose resulting in a 

uniform nanoporous structure. By changing the regeneration bath from water to AMIMCI the 

transparency increased. Hence the porous network structure of cellulose aerogel contributes to 

the high absorbance of solar radiation by effectively blocking reflectance. Fibre-based hybrid 



aerogels exhibit more than 97% light absorption from the ultraviolet region to the infrared 

region [98]. Nanocellulose aerogels have been reported to present a thermal conductivity below 

25 mW m−1 K− 1, close to air thermal conductivity [70].  Since the "mean free path" of air 

(between 60 and 100 nm) is much bigger than the pores of cellulose-based aerogels, there is no 

convection and very little gas conduction via the air molecules. Since the contribution of the 

solid network to thermal conductivity decreases with increasing porosity whereas due to air in 

pores increases, aerogels tend to have a minimum in the thermal conductivity versus porosity 

dependence. The CNF aerogel's cellular structure restricts airflow, making it an effective 

convective inhibitor, while its low transparency to infrared light prevents radiative 

transmission. For cellulose and cellulose-based hybrid aerogels, this is within 87–96%, 

depending on  o mposition, where thermal  ondu t ivities ≈ of 40–50 mW K−1 m−1 can be 

achieved [99] as shown in Fig. 14. In another study, Li et al. [100] have developed highly 

ordered and anisotropic hybrid materials by freeze-drying cellulose nanofibrils and silver 

nanowires. The resulting composite phase change materials (PCMs) exhibited a 72.7% increase 

in thermal conductivity which claimed to be near-theoretical thermal enthalpy. The approach 

can develop thermally stable composites that offer insights into the anisotropic thermal 

transmission and are potential candidates for renewable thermal energy storage. These studies 

demonstrate the influences of both the mean free path and the material selected for the 

nanocomposite preparation. 



Fig. 14. (a) The application of transparent wood as the light-harvesting building material (b) 

Schematic representation of heat conduction along the wood cell walls as axial heat transfer, 

(c) heat conduction across the cell walls and hollow channels (d) Measured thermal

conductivity of the nanowood from room temperature to 65 °C. (e) Measured thermal 

conductivity of the original wood from room temperature to 80 °C (f) Comparison of the 

thermal conductivity of the natural wood and nano wood at room temperature [101].  



Thermal conductivity, in particular, is impacted by the various pore arrangements in 

cellulose aerogels.; Aerogels with no pore alignment had lower thermal conductivity than 

aerogels prepared with oriented pore distribution at about 0.024 W/m K [102]. Jian Zhou et al. 

[103] have successfully engineered highly porous and strong coaxial cellulose-rich fibres

consisting of multiscale porous CA/PAA sheath and CNF aerogel core as novel thermal 

insulation materials. The better insulation performance obtained can be attributed to the 

introduction of aerogel in the core thereby restraining the air circulation to limit convective heat 

transfer. Jiménez-Saelices et al. [104] also evaluated the thermal properties of cellulose aerogels 

as a function of different pore organizations. The aerogels were formed from cellulose 

nanofibril suspensions by freeze-drying, using two different moulds subjected to different 

temperature gradients. Two instances were examined: an aerogel with oriented pore channels 

and an aerogel without pore alignment. Aerogels manufactured without pore alignment had 

more effective thermal insulating capabilities than aerogels with oriented pore distribution, and 

they obtained the lowest thermal conductivity at a fixed density of 0.024 W·m−1 ·K −1 as they 

have a cellular structure [105]. 

Another main area of cellulose nanofiber aerogel for solar application is solar 

evaporators. Even though carbon materials are recommended in this domain owing to their low 

cost and stability, cellulose-based hydrogel/aerogel and wood are also gaining attraction. The 

advantage of nano cellulose is that its assembled substrates offer easier structure regulation. 

The evaporation speed must be improved by reducing the evaporation enthalpy for the 

nanocellulose-based aerogel to be more efficient [106]. Wei et al. [107] developed a two-

dimensional (2D) evaporator using layer-by-layer self-assembly and freeze-drying techniques. 

The evaporator consisted of cellulose nanofibers (CNF), Ti3C2Tx (MXene), lignin (PL) and 

polydopamine-modified lignin (PL) materials. The introduction of lignin improved the light 

absorption and photothermal conversion performance of the evaporator owing to the strong 



 onjuga tion and π-π mole ular intera ti ons. This  ontribut ed to the C F/MXene/PL aerogel 

having enhanced light absorption performance (surface temperature could be reached to 39 °C 

under 1 sun irradiation) and higher evaporation rate (1.60 kg m−2 h−1). Li et al. [108] have 

developed a cellulose aerogel-based composite for efficient solar evaporation. In the work, they 

controlled the pore size of the aerogel was adjusted by controlling its carboxymethyl 

nanocellulose content. They have observed a direct correlation between the channel diameter 

of the aerogel-based evaporator and the water transport rate when the channel diameter of the 

aerogel in reased from 21.6 to 91.9 μm, the water transport rate in reased from 31.94 to 75.84 

g min–1. This key information could pave the way for future studies however it's important to 

note the use of expensive materials like Mxene, Graphene derivatives in these approaches. 

As studies with nanocellulose have increased exponentially, numerous research works 

on this particular area have been published. The below-mentioned table 4 summarises recent 

works published on nanocellulose-based aerogel for solar applications.  

Composition Drying method Structural 
characteristics 

Porosity (%) 

Surface area(m2/g) 

Solar 

efficiency 

(%) 

Application Reference 

CNF + CNT Freeze drying Porosity: 99.4-99.5 97.5 Solar steam 

generation 

[109] 

CNF Freeze drying Porosity: 99.4-98.6 

Surface area: 15.2- 

92.3 

-- Thermal 

insulation 

[88] 

CNF+ 

PEDOT: PS 

Freeze drying Porosity: 99.4 

Surface area: 5.2-

92.3 

98 Solar steam 

generation 

[110]



CNF+RGO+S

A 

Freeze drying Porosity: 48.9- 65.9 91.5-93 Solar 

evaporation 

[111] 

CNF Freeze drying 95.9 Solar steam 

generation 

[112] 

CNF+CNT Freeze drying 96 Solar steam 

generation 

[113] 

CNF+BNNS Freeze drying Surface area: 99.49 -- Thermal 

insulation 

[89] 

CNF+PLA+P

DAN 

Freeze drying Porosity: 98 90 Solar 

evaporation 

[114] 

CNF+CS Freeze drying Porosity:90 .16 94.3 Solar 

evaporation 

[115] 

CNF Freeze drying 90.09 Solar 

desalination 

[116] 

CNF+PLA+P

ANI 

Freeze drying Porosity:98 94.6 Solar 

evaporation 

[117] 

CNF+BP Freeze drying 87.6 Solar thermal 

conversion 

[118] 

CNF Freeze drying Porosity: 97.8 -- Thermal 

insulation 

[119] 

CNF Spray freeze 

drying 

Porosity: 99 

Surface area:80-100 

-- Thermal 

insulation 

[120] 

CNF+PI+PR Porosity: 92.28 

Surface area: 86.23 

82.5 Solar thermal 

conversion 

[121] 

Table 4 Properties of interest of cellulose nanofiber aerogel in solar thermal application 



6. Conclusions and future outlook

Nanocellulose has the potential to address the global energy crisis and environmental 

deterioration caused by our reliance on fossil fuels. The ease of availability along with striking 

features including biodegradability, sustainability, low toxicity, high mechanical strength and 

flexibility are important characteristics that are necessary for a futuristic material. This review 

reports the advancements in the employment of CNF-based aerogels for solar energy-based 

applications. CNF-based aerogel has the potential in replacing current materials owing to its 

thermal insulation characteristics, film-forming capacity, and outstanding mechanical strength. 

It is also important to know that nanocellulose is among the most explored materials in terms 

of extraction and modification. Nanocellulose has revolutionized many industries such as 

biomedical applications, water purification, thermal and electrical insulation, EMI shielding, 

etc. The ever-expanding nature along with global green movements could further accelerate the 

potential development of nanocellulose in many more areas such as solar energy applications. 

As countries are looking for fossil fuels due to any reason including geopolitics, accessible 

green energy resources like nanocellulose could be at the forefront. 

 Market research and exploding scientific studies are pointing towards a further increase in 

nanocellulose production and development that could result in nano cellulose being less 

expensive, addressing the major drawback. Some of the major drawbacks that persist include 

non-transparency, low thermal stability, the requirement for modification, non-ecofriendliness 

of the current extraction technique, etc. Several approaches have been employed to address the 

drawbacks. For instance, the non-transparency or low transparency has been addressed by 

modifications such as acetylation, TEMPO modification, Copolymerization with suitable 

materials like PMMA, and solution casting or regeneration of cellulose [122,123]. The low 

thermal stability of the nanocellulose has also been addressed with modifications such as 

phosphorylation, chlorination or the addition of thermally stable materials like phosphates, 



carbon derivatives, and inorganic additives, etc [124–126]. In general, the chemical modification 

of the nano-cellulosic material as well as the use of appropriative additives could address many 

of the current drawbacks associated with certain characteristics of nanocellulose in the solar 

application. However, these requirements for a chemical modification itself often create certain 

problems. The modification demands the use of harsh acidic chemicals or toxic materials which 

are needed to be disposed of with great caution and often compromise the greener approach 

itself. The incorporation of suitable additive materials into the composite instead of complex 

modification could be an approach. Another method is the emerging scientific interest in the 

development of a greener method itself using sustainable resources. The solar thermal systems 

must work in all weather. At present, almost all efforts are concentrated on the generation of 

steam during the daytime. Natural solar radiation can be reduced in strength due to many 

factors, including weather, climate, and geographical circumstances. The development of a 

system that can produce steam at all times of day must be considered to take solar thermal 

technology to a broader aspect and future. The summary of the current situation and the future 

perspectives of nanocellulose aerogel for solar application is schematically represented in 

Fig.15. 

The prevalent employment of such a biodegradable and sustainable aerogel derived from nano 

cellulosic materials is the future. However, certain areas need to improve to enable applications 

in wider areas. Furthermore, the investigation and exploration of the development of different 

types of nanocellulose, the scale of nanocellulose production, and methods of production are 

pointing toward nanocellulose being the futuristic material of choice. Moreover, the ever-

growing need for energy demand in connection with climate change, geopolitics, greener 

movements, and policies directs sustainable energy sources like solar energy generation as the 

upcoming breakthrough technology. Hence the combination of nanocellulose in various areas 

of solar-based energy applications needs to be studied.  



Despite several major advantages, CNF aerogel-based solar thermal technology is faced with 

important challenges. There is a mismatch between current state-of-the-art and practical 

applications. To gain acceptance from potential customers, low-cost and large-scale 

manufacturing must be developed. There is currently no report on the estimation of 

manufacturing scalability and cost of materials, structure, and system, which creates a barrier 

to practical applications. Cost estimation and sizable scalability become a new potential method 

for presenting novel research conclusions. The stability of the system is still a challenge for the 

development of real devices. The long-term stability of solar-absorber materials has received 

little consideration. It is of great interest because it is working against high-temperature sources 

of heat and weather. Fabrication of large systems with stable performance for a long period 

should be paid attention to. The ability to design new materials and structures is still limited by 

a better understanding of the dynamic kinetics of these processes and the associated structure-

property relationships. Fully understanding light transfer, thermal diffusion behaviours, and 

kinetics are crucial for optimizing materials, and structural designs. The light transfer is highly 

related to pore structure and surface properties while the thermal diffusion behaviours consist 

of conduction, radiation, and convection which focuses on minimizing heat loss. 

This review article offers a thorough overview of the various aerogels that can be used 

in solar thermal technology as porous receiver layers. It covers the techniques of drying and 

precursor materials used in their synthesis. These aerogels' distinctive qualities, namely their 

transparency and hydrophilicity, are emphasized as important aspects that improve their 

appropriateness for incorporation into solar thermal collection systems. The transparency and 

hydrophilicity of these highlighted aerogels need to be improved further to ensure the 

practicality of solar thermal systems. Additionally, it is recommended to conduct additional 

studies to assess the technical and economic feasibility of incorporating aerogels into hybrid 



systems.

Fig. 15. The summary of the future outlook of nanocellulose aerogels in solar 
applications. 

REFERENCES 

[1] M. V. Dambhare, B. Butey, S. V. Moharil, Solar photovoltaic technology: A review of different

types of solar cells and its future trends, J Phys Conf Ser. 1913 (2021) 012053.

https://doi.org/10.1088/1742-6596/1913/1/012053.

[2] D. Kraemer, B. Poudel, H.P. Feng, J.C. Caylor, B. Yu, X. Yan, Y. Ma, X. Wang, D. Wang, A. Muto,

K. McEnaney, M. Chiesa, Z. Ren, G. Chen, High-performance flat-panel solar thermoelectric

generators with high thermal concentration, Nat Mater. 10 (2011) 532–538.

https://doi.org/10.1038/NMAT3013.

[3] H.G. Nguyen, T.A.H. Nguyen, D.B. Do, X.N. Pham, T.H. Nguyen, H.L.T. Nghiem, M.V. Nguyen,

T.T. Pham, Natural Cellulose Fiber-Derived Photothermal Aerogel for Efficient and Sustainable

Solar Desalination, Langmuir. 13 (2023) 57.

https://doi.org/10.1021/ACS.LANGMUIR.3C00297/ASSET/IMAGES/LARGE/LA3C00297_0008.J

PEG.

[4] M.M. Yashim, M.H. Sainorudin, M. Mohammad, A. Fudholi, N. Asim, H. Razali, K. Sopian,

Recent advances on lightweight aerogel as a porous receiver layer for solar thermal

technology application, Solar Energy Materials and Solar Cells. 228 (2021) 111131.

https://doi.org/10.1016/J.SOLMAT.2021.111131.



[5] F.S. Awad, H.D. Kiriarachchi, K.M. Abouzeid, Ü. Özgür, M.S. El-Shall, Plasmonic Graphene

Polyurethane Nanocomposites for Efficient Solar Water Desalination, ACS Appl Energy Mater.

1 (2018) 976–985. https://doi.org/10.1021/ACSAEM.8B00109/ASSET/IMAGES/LARGE/AE-

2018-00109U_0010.JPEG.

[6] C. Garnier, T. Muneer, J. Currie, Numerical and empirical evaluation of a novel building

integrated collector storage solar water heater, (2018).

https://doi.org/10.1016/j.renene.2018.03.041.

[7] G.J. Nathan, M. Jafarian, B.B. Dally, W.L. Saw, P.J. Ashman, E. Hu, A. Steinfeld, Solar thermal

hybrids for combustion power plant: A growing opportunity, Prog Energy Combust Sci. 64

(2018) 4–28. https://doi.org/10.1016/j.pecs.2017.08.002.

[8] Q. Li, Y. Zhang, Z.X. Wen, Y. Qiu, An evacuated receiver partially insulated by a solar

transparent aerogel for parabolic trough collector, Energy Convers Manag. 214 (2020)

112911. https://doi.org/10.1016/j.enconman.2020.112911.

[9] Y.L. He, K. Wang, Y. Qiu, B.C. Du, Q. Liang, S. Du, Review of the solar flux distribution in

concentrated solar power: Non-uniform features, challenges, and solutions, 2019.

https://doi.org/10.1016/j.applthermaleng.2018.12.006.

[10] I. Renewable Energy Agency, RENEWABLE CAPACITY STATISTICS 2023 STATISTIQUES DE

CAPACITÉ RENOUVELABLE 2023 ESTADÍSTICAS DE CAPACIDAD RENOVABLE 2023 About IRENA,

(2023). www.irena.org (accessed June 30, 2023).

[11] J. Gong, K. Sumathy, Active solar water heating systems, Advances in Solar Heating and

Cooling. (2016) 203–224. https://doi.org/10.1016/B978-0-08-100301-5.00009-6.

[12] IRENA – International Renewable Energy Agency, (n.d.). https://www.irena.org/ (accessed

June 16, 2023).

[13] X. Hou, R. Zhang, D. Fang, Polyimide Aerogel Membranes with Adjustable Transparency and

High Flexibility for Highly Efficient Solar Thermal Collection, ACS Sustain Chem Eng. 9 (2021)

7638–7648. https://doi.org/10.1021/acssuschemeng.1c02042.

[14] Y. Qiu, Y. Zhang, Q. Li, Y. Xu, Z.X. Wen, A novel parabolic trough receiver enhanced by

integrating a transparent aerogel and wing-like mirrors, Appl Energy. 279 (2020) 115810.

https://doi.org/10.1016/j.apenergy.2020.115810.

[15] R. Baetens, B. Petter Jelle, A. Gustavsen, Aerogel insulation for building applications: A state-

of-the-art review, Energy Build. 43 (2011) 761–769.

https://doi.org/10.1016/j.enbuild.2010.12.012.

[16] X. Dong, L. Cao, Y. Si, B. Ding, H. Deng, X. Dong, H. Deng, L. Cao, Y. Si, B. Ding, Cellular

Structured CNTs@SiO2 Nanofibrous Aerogels with Vertically Aligned Vessels for Salt-Resistant

Solar Desalination, Advanced Materials. 32 (2020) 1908269.

https://doi.org/10.1002/ADMA.201908269.

[17] S. Jiang, S. Agarwal, A. Greiner, Low-Density Open Cellular Sponges as Functional Materials,

Angewandte Chemie International Edition. 56 (2017) 15520–15538.

https://doi.org/10.1002/ANIE.201700684.

[18] S. Wang, A. Lu, L. Zhang, Recent advances in regenerated cellulose materials, Prog Polym Sci.

53 (2016) 169–206. https://doi.org/10.1016/j.progpolymsci.2015.07.003.



[19] M.M. Yashim, M.H. Sainorudin, M. Mohammad, A. Fudholi, N. Asim, H. Razali, K. Sopian,

Recent advances on lightweight aerogel as a porous receiver layer for solar thermal

technology application, Solar Energy Materials and Solar Cells. 228 (2021) 111131.

https://doi.org/10.1016/j.solmat.2021.111131.

[20] E.W. Ramde, E.T. Tchao, Y.A.K. Fiagbe, J.J. Kponyo, A.S. Atuah, Pilot Low-Cost Concentrating

Solar Power Systems Deployment in Sub-Saharan Africa: A Case Study of Implementation

Challenges, Sustainability. 12 (2020). https://doi.org/10.3390/su12156223.

[21] P. Dutta, High temperature solar receiver and thermal storage systems, Appl Therm Eng. 124

(2017) 624–632. https://doi.org/10.1016/J.APPLTHERMALENG.2017.06.028.

[22] W. Lipiński, E. Abbasi-Shavazi, J. Chen, J. Coventry, M. Hangi, S. Iyer, A. Kumar, L. Li, S. Li, J.

Pye, J.F. Torres, B. Wang, Y. Wang, V.M. Wheeler, Progress in heat transfer research for high-

temperature solar thermal applications, Appl Therm Eng. 184 (2021).

https://doi.org/10.1016/j.applthermaleng.2020.116137.

[23] S. Caron, J. Garrido, J. Ballestrín, F. Sutter, M. Röger, F. Manzano-Agugliaro, A comparative

analysis of opto-thermal figures of merit for high temperature solar thermal absorber

coatings, Renewable and Sustainable Energy Reviews. 154 (2022).

https://doi.org/10.1016/j.rser.2021.111818.

[24] X. Xu, K. Vignarooban, B. Xu, K. Hsu, A.M. Kannan, Prospects and problems of concentrating

solar power technologies for power generation in the desert regions, Renewable and

Sustainable Energy Reviews. 53 (2016) 1106–1131.

https://doi.org/10.1016/J.RSER.2015.09.015.

[25] M. Sedighi, R.V. Padilla, R.A. Taylor, M. Lake, I. Izadgoshasb, A. Rose, High-temperature, point-

focus, pressurised gas-phase solar receivers: A comprehensive review, Energy Convers Manag.

185 (2019) 678–717. https://doi.org/10.1016/j.enconman.2019.02.020.

[26] A. Raza, J.Y. Lu, S. Alzaim, H. Li, T. Zhang, Novel receiver-enhanced solar vapor generation:

Review and perspectives, Energies (Basel). 11 (2018). https://doi.org/10.3390/en11010253.

[27] D.R. Rajendran, E. Ganapathy Sundaram, P. Jawahar, V. Sivakumar, O. Mahian, E. Bellos,

Review on influencing parameters in the performance of concentrated solar power collector

based on materials, heat transfer fluids and design, J Therm Anal Calorim. 140 (2020) 33–51.

https://doi.org/10.1007/s10973-019-08759-8.

[28] K. Ravi Kumar, N.V.V. Krishna Chaitanya, N. Sendhil Kumar, Solar thermal energy technologies

and its applications for process heating and power generation – A review, J Clean Prod. 282

(2021). https://doi.org/10.1016/j.jclepro.2020.125296.

[29] Y. He, Y. Qiu, K. Wang, F. Yuan, W. Wang, M. Li, Perspective of concentrating solar power,

Energy. 198 (2020) 117373. https://doi.org/10.1016/j.energy.2020.117373.

[30] T. Fend, B. Hoffschmidt, R. Pitz-Paal, O. Reutter, P. Rietbrock, Porous materials as open

volumetric solar receivers: Experimental determination of thermophysical and heat transfer

properties, Energy. 29 (2004) 823–833. https://doi.org/10.1016/S0360-5442(03)00188-9.

[31] N. Xu, X. Hu, W. Xu, X. Li, L. Zhou, S. Zhu, J. Zhu, Mushrooms as Efficient Solar Steam-

Generation Devices, Advanced Materials. 29 (2017) 1–5.

https://doi.org/10.1002/adma.201606762.



[32] M. Zhu, Y. Li, F. Chen, X. Zhu, J. Dai, Y. Li, Z. Yang, X. Yan, J. Song, Y. Wang, E. Hitz, W. Luo, M.

Lu, B. Yang, L. Hu, Plasmonic Wood for High-Efficiency Solar Steam Generation, Adv Energy

Mater. 8 (2018) 1–7. https://doi.org/10.1002/aenm.201701028.

[33] X. Lin, J. Chen, Z. Yuan, M. Yang, G. Chen, D. Yu, M. Zhang, W. Hong, X. Chen, Integrative solar

absorbers for highly efficient solar steam generation, J Mater Chem A Mater. 6 (2018) 4642–

4648. https://doi.org/10.1039/c7ta08256h.

[34] X. Yang, Y. Yang, L. Fu, M. Zou, Z. Li, A. Cao, Q. Yuan, An Ultrathin Flexible 2D Membrane

Based on Single-Walled Nanotube–MoS2 Hybrid Film for High-Performance Solar Steam

Generation, Adv Funct Mater. 28 (2018). https://doi.org/10.1002/adfm.201704505.

[35] U. Berardi, The benefits of using aerogel-enhanced systems in building retrofits, Energy

Procedia. 134 (2017) 626–635. https://doi.org/10.1016/j.egypro.2017.09.576.

[36] J.H. Lee, S.J. Park, Recent advances in preparations and applications of carbon aerogels: A

review, Carbon N Y. 163 (2020) 1–18. https://doi.org/10.1016/j.carbon.2020.02.073.

[37] Y. Wang, F. Xiang, W. Wang, W. Wang, Y. Su, F. Jiang, S. Chen, S. Riffat, Sound absorption

characteristics of KGM-based aerogel, International Journal of Low-Carbon Technologies. 15

(2020) 450–457. https://doi.org/10.1093/IJLCT/CTAA005.

[38] A. Mirtaghavi, J. Luo, R. Muthuraj, Recent advances in porous 3d cellulose aerogels for tissue

engineering applications: A review, Journal of Composites Science. 4 (2020).

https://doi.org/10.3390/jcs4040152.

[39] M.T. Noman, N. Amor, A. Ali, S. Petrik, R. Coufal, K. Adach, M. Fijalkowski, Aerogels for

biomedical, energy and sensing applications, Gels. 7 (2021) 1–17.

https://doi.org/10.3390/gels7040264.

[40] C. Jiménez-Saelices, B. Seantier, B. Cathala, Y. Grohens, Spray freeze-dried nanofibrillated

cellulose aerogels with thermal superinsulating properties, Carbohydr Polym. 157 (2017) 105–

113. https://doi.org/10.1016/j.carbpol.2016.09.068.

[41] A. Muhammad, D. Lee, Y. Shin, J. Park, Recent progress in polysaccharide aerogels: Their

synthesis, application, and future outlook, Polymers (Basel). 13 (2021).

https://doi.org/10.3390/polym13081347.

[42] K. McEnaney, L. Weinstein, D. Kraemer, H. Ghasemi, G. Chen, Aerogel-based solar thermal

receivers, Nano Energy. 40 (2017) 180–186. https://doi.org/10.1016/J.NANOEN.2017.08.006.

[43] E. Strobach, B. Bhatia, S. Yang, L. Zhao, E.N. Wang, High temperature annealing for structural

optimization of silica aerogels in solar thermal applications, J Non Cryst Solids. 462 (2017) 72–

77. https://doi.org/10.1016/J.JNONCRYSOL.2017.02.009.

[44] P. Mu, W. Bai, Z. Zhang, J. He, H. Sun, Z. Zhu, W. Liang, A. Li, Robust aerogels based on

conjugated microporous polymer nanotubes with exceptional mechanical strength for

efficient solar steam generation, J Mater Chem A Mater. 6 (2018) 18183–18190.

https://doi.org/10.1039/c8ta05698f.

[45] K. Mcenaney, L. Weinstein, D. Kraemer, H. Ghasemi, G. Chen, Nano Energy Aerogel-based

solar thermal receivers, Nano Energy. 40 (2017) 180–186.

https://doi.org/10.1016/j.nanoen.2017.08.006.



[46] T. Kolås, A. Røyset, M. Grandcolas, M. ten Cate, A. Lacau, Cool coatings with high near

infrared transmittance for coil coated aluminium, Solar Energy Materials and Solar Cells. 196

(2019) 94–104. https://doi.org/10.1016/j.solmat.2019.03.021.

[47] X. Hu, J. Zhu, Tailoring Aerogels and Related 3D Macroporous Monoliths for Interfacial Solar

Vapor Generation, Adv Funct Mater. 30 (2020) 1–17.

https://doi.org/10.1002/adfm.201907234.

[48] Y. Gu, X. Mu, P. Wang, X. Wang, J. Liu, J. Shi, A. Wei, Y. Tian, G. Zhu, H. Xu, J. Zhou, L. Miao,

Integrated photothermal aerogels with ultrahigh-performance solar steam generation, Nano

Energy. 74 (2020) 104857. https://doi.org/10.1016/J.NANOEN.2020.104857.

[49] C. Buratti, E. Belloni, F. Merli, M. Zinzi, Energy & Buildings Aerogel glazing systems for building

applications : A review, Energy Build. 231 (2021) 110587.

https://doi.org/10.1016/j.enbuild.2020.110587.

[50] T. Xia, H. Yang, J. Li, C. Sun, C. Lei, Z. Hu, Y. Zhang, Synthesis and physicochemical

characterization of silica aerogels by rapid seed growth method, Ceram Int. 45 (2019) 7071–

7076. https://doi.org/10.1016/j.ceramint.2018.12.209.

[51] J. Zhou, Y.-L. Hsieh, Nanocellulose aerogel-based porous coaxial fibers for thermal insulation,

Nano Energy. 68 (2020) 104305. https://doi.org/10.1016/j.nanoen.2019.104305.

[52] K. Mcenaney, L. Weinstein, D. Kraemer, H. Ghasemi, G. Chen, Nano Energy Aerogel-based

solar thermal receivers, Nano Energy. 40 (2017) 180–186.

https://doi.org/10.1016/j.nanoen.2017.08.006.

[53] Q. Liu, D. Wang, K. Yan, J. Chen, M. Xia, C. Wu, Y. Xie, M. Li, K. Liu, Recent advances in novel

aerogels through the hybrid aggregation of inorganic nanomaterials and polymeric fibers for

thermal insulation, (2021) 1–27. https://doi.org/10.1002/agt2.30.

[54] N. Li, Y. Zou, X. Zhang, Z. Jin, Y. Yang, L. Yang, G. Duan, Y. Xu, Y. Li, Degradable and Recyclable

Solar Desalination Membranes Based on Naturally Occurring Building Blocks, 07 (2023) 27.

https://doi.org/10.1021/acs.chemmater.2c02230.

[55] X. Zhang, Y. Yan, N. Li, P. Yang, Y. Yang, G. Duan, X. Wang, Y. Xu, Y. Li, Article A robust and 3D-

printed solar evaporator based on naturally occurring molecules, (n.d.).

https://doi.org/10.1016/j.scib.2023.01.017.

[56] S. Mondal, Preparation, properties and applications of nanocellulosic materials, Carbohydr

Polym. 163 (2017) 301–316. https://doi.org/10.1016/j.carbpol.2016.12.050.

[57] N. Awang, A.M. Nasir, M.A.M. Yajid, J. Jaafar, Journal of Environmental Chemical Engineering

A review on advancement and future perspective of 3D hierarchical porous aerogels based on

electrospun polymer nanofibers for electrochemical energy storage application, J Environ

Chem Eng. 9 (2021) 105437. https://doi.org/10.1016/j.jece.2021.105437.

[58] Y. Chen, L. Zhang, Y. Yang, B. Pang, W. Xu, G. Duan, S. Jiang, K. Zhang, Recent Progress on

Nanocellulose Aerogels: Preparation, Modification, Composite Fabrication, Applications,

Advanced Materials. 33 (2021). https://doi.org/10.1002/adma.202005569.

[59] A. Khalil, M.A. Iskandar, E. Bashir Yahya, H.P. S Abdul Khalil, A.A. Rahman, M.A. Ismail, T.M.

Saga Sdn Bhd, J. Melaka Perdana, T. Melaka Perdana, A. Gajah, Recent Progress in



Modification Strategies of Nanocellulose-Based Aerogels for Oil Absorption Application, 

Polymers 2022, Vol. 14, Page 849. 14 (2022) 849. https://doi.org/10.3390/POLYM14050849. 

[60] D.A. Gopakumar, S. Thomas, F.A.T. Owolabi, S. Thomas, A. Nzihou, S. Rizal, H.P.S.A. Khalil,

Nanocellulose Based Aerogels for Varying Engineering Applications, Encyclopedia of

Renewable and Sustainable Materials. 2 (2020) 155–165. https://doi.org/10.1016/B978-0-12-

803581-8.10549-1.

[61] S. Peter, N. Lyczko, D. Gopakumar, H.J. Maria, A. Nzihou, S. Thomas, Nanocellulose and its

derivative materials for energy and environmental applications, J Mater Sci. 57 (2022) 6835–

6880. https://doi.org/10.1007/s10853-022-07070-6.

[62] Y. Zhang, N. Hao, X. Lin, S. Nie, Emerging challenges in the thermal management of cellulose

nanofibril-based supercapacitors, lithium-ion batteries and solar cells: A review, Carbohydr

Polym. 234 (2020) 115888. https://doi.org/10.1016/J.CARBPOL.2020.115888.

[63] V. Revin, E. Liyaskina, M. Nazarkina, A. Bogatyreva, M. Shchankin, Cost-effective production of

bacterial cellulose using acidic food industry by-products, Brazilian Journal of Microbiology. 49

(2018) 151–159. https://doi.org/10.1016/J.BJM.2017.12.012.

[64] W.L. Chou, D.G. Yu, M.C. Yang, The preparation and characterization of silver-loading cellulose

acetate hollow fiber membrane for water treatment, Polym Adv Technol. 16 (2005) 600–607.

https://doi.org/10.1002/PAT.630.

[65] L. Lei, A. Lindbråthen, M. Sandru, M.T.G. Gutierrez, X. Zhang, M. Hillestad, X. He, Spinning

Cellulose Hollow Fibers Using 1-Ethyl-3-methylimidazolium Acetate–Dimethylsulfoxide Co-

Solvent, Polymers 2018, Vol. 10, Page 972. 10 (2018) 972.

https://doi.org/10.3390/POLYM10090972.

[66] N. Chand, M. Fahim, Green tribology and tribological characterization of biocomposites,

Tribology of Natural Fiber Polymer Composites. (2021) 207–212.

https://doi.org/10.1016/B978-0-12-818983-2.00009-8.

[67] C. Costa, B. Medronho, A. Filipe, I. Mira, B. Lindman, H. Edlund, M. Norgren, Emulsion

Formation and Stabilization by Biomolecules: The Leading Role of Cellulose, Polymers 2019,

Vol. 11, Page 1570. 11 (2019) 1570. https://doi.org/10.3390/POLYM11101570.

[68] B. Medronho, A. Romano, M.G. Miguel, L. Stigsson, B. Lindman, Rationalizing cellulose

(in)solubility: Reviewing basic physicochemical aspects and role of hydrophobic interactions,

Cellulose. 19 (2012) 581–587. https://doi.org/10.1007/S10570-011-9644-6/FIGURES/1.

[69] M. Jorfi, E.J. Foster, Recent advances in nanocellulose for biomedical applications, J Appl

Polym Sci. 132 (2015) 41719. https://doi.org/10.1002/APP.41719.

[70] Y. Sun, Y. Chu, W. Wu, H. Xiao, Nanocellulose-based lightweight porous materials : A review,

Carbohydr Polym. 255 (2021) 117489. https://doi.org/10.1016/j.carbpol.2020.117489.

[71] J. Zhou, Y. Lo Hsieh, Nanocellulose aerogel-based porous coaxial fibers for thermal insulation,

Nano Energy. 68 (2020) 104305. https://doi.org/10.1016/j.nanoen.2019.104305.

[72] X. He, T. Chen, T. Jiang, C. Wang, Y. Luan, P. Liu, Z. Liu, Preparation and adsorption properties

of magnetic hydrophobic cellulose aerogels based on refined fibers, Carbohydr Polym. 260

(2021) 117790. https://doi.org/10.1016/J.CARBPOL.2021.117790.



[73] J. Wang, S. Liu, Remodeling of raw cotton fiber into flexible, squeezing-resistant macroporous

cellulose aerogel with high oil retention capability for oil/water separation, Sep Purif Technol.

221 (2019) 303–310. https://doi.org/10.1016/J.SEPPUR.2019.03.097.

[74] K.L. Pickering, M.G.A. Efendy, T.M. Le, A review of recent developments in natural fibre

composites and their mechanical performance, Compos Part A Appl Sci Manuf. 83 (2016) 98–

112. https://doi.org/10.1016/J.COMPOSITESA.2015.08.038.

[75] X. Yang, E. Jungstedt, M.S. Reid, L.A. Berglund, Polymer Films from Cellulose Nanofibrils -

Effects from Interfibrillar Interphase on Mechanical Behavior, Macromolecules. 54 (2021)

4443–4452.

https://doi.org/10.1021/ACS.MACROMOL.1C00305/ASSET/IMAGES/LARGE/MA1C00305_000

6.JPEG.

[76] K. Uetani, K. Hatori, Thermal conductivity analysis and applications of nanocellulose materials,

Http://Www.Tandfonline.Com/Action/JournalInformation?Show=aimsScope&journalCode=tst

a20#.VmBmuzZFCUk. 18 (2017) 877–892. https://doi.org/10.1080/14686996.2017.1390692.

[77] V.A. Barbash, O. v. Yashchenko, A.S. Gondovska, I.M. Deykun, Preparation and

characterization of nanocellulose obtained by TEMPO-mediated oxidation of organosolv pulp

from reed stalks, Applied Nanoscience (Switzerland). 12 (2022) 835–848.

https://doi.org/10.1007/S13204-021-01749-Z/FIGURES/9.

[78] Z. Fang, G. Hou, C. Chen, L. Hu, Nanocellulose-based films and their emerging applications,

Curr Opin Solid State Mater Sci. 23 (2019) 100764.

https://doi.org/10.1016/J.COSSMS.2019.07.003.

[79] M. Rajinipriya, M. Nagalakshmaiah, M. Robert, S. Elkoun, Homogenous and transparent

nanocellulosic films from carrot, Ind Crops Prod. 118 (2018) 53–64.

https://doi.org/10.1016/J.INDCROP.2018.02.076.

[80] M.C. Hsieh, H. Koga, K. Suganuma, M. Nogi, Hazy Transparent Cellulose Nanopaper, Scientific

Reports 2017 7:1. 7 (2017) 1–7. https://doi.org/10.1038/srep41590.

[81] C. Li, X. Cheng, Z. Li, Y. Pan, Y. Huang, L. Gong, Mechanical, thermal and flammability

properties of glass fiber film/silica aerogel composites, J Non Cryst Solids. 457 (2017) 52–59.

https://doi.org/10.1016/j.jnoncrysol.2016.11.017.

[82] M. Jakob, A.R. Mahendran, W. Gindl-Altmutter, P. Bliem, J. Konnerth, U. Müller, S. Veigel, The

strength and stiffness of oriented wood and cellulose-fibre materials: A review, Prog Mater

Sci. 125 (2022) 100916. https://doi.org/10.1016/j.pmatsci.2021.100916.

[83] F. Wang, L.T. Drzal, The use of cellulose nanofibrils to enhance the mechanical properties of

graphene nanoplatelets papers with high electrical conductivity, Ind Crops Prod. 124 (2018)

519–529. https://doi.org/10.1016/j.indcrop.2018.08.019.

[84] Y. Li, Y. Liu, Y. Liu, W. Lai, F. Huang, A. Ou, R. Qin, X. Liu, X. Wang, Ester Crosslinking Enhanced

Hydrophilic Cellulose Nanofibrils Aerogel, ACS Sustain Chem Eng. 6 (2018) 11979–11988.

https://doi.org/10.1021/acssuschemeng.8b02284.

[85] B. Yuan, J. Zhang, Q. Mi, J. Yu, R. Song, J. Zhang, Transparent Cellulose-Silica Composite

Aerogels with Excellent Flame Retardancy via an in Situ Sol-Gel Process, ACS Sustain Chem

Eng. 5 (2017) 11117–11123. https://doi.org/10.1021/acssuschemeng.7b03211.



[86] H. Sehaqui, M. Salajková, Q. Zhou, L.A. Berglund, Mechanical performance tailoring of tough

ultra-high porosity foams prepared from cellulose i nanofiber suspensions, Soft Matter. 6

(2010) 1824–1832. https://doi.org/10.1039/b927505c.

[87] M. Mariana, H.P.S. Abdul Khalil, E.B. Yahya, N.G. Olaiya, T. Alfatah, A.B. Suriani, A. Mohamed,

Recent trends and future prospects of nanostructured aerogels in water treatment

applications, Journal of Water Process Engineering. 45 (2022) 102481.

https://doi.org/10.1016/j.jwpe.2021.102481.

[88] P. Gupta, B. Singh, A.K. Agrawal, P.K. Maji, Low density and high strength nanofibrillated

cellulose aerogel for thermal insulation application, Mater Des. 158 (2018) 224–236.

https://doi.org/10.1016/j.matdes.2018.08.031.

[89] Y. Liu, Y. Zhang, T. Liao, L. Gao, M. Wang, X. Xu, X. Yang, H. Liu, Boron nitride–nanosheet

enhanced cellulose nanofiber aerogel with excellent thermal management properties,

Carbohydr Polym. 241 (2020). https://doi.org/10.1016/j.carbpol.2020.116425.

[90] Z. Wu, H. Sun, Z. Xu, H. Chi, X. Li, S. Wang, T. Zhang, Y. Zhao, Underwater Mechanically Tough,

Elastic, Superhydrophilic Cellulose Nanofiber-Based Aerogels for Water-in-Oil Emulsion

Separation and Solar Steam Generation, ACS Appl Nano Mater. (2021).

https://doi.org/10.1021/acsanm.1c01597.

[91] Y. Kobayashi, T. Saito, A. Isogai, Aerogels with 3D Ordered Nanofiber Skeletons of Liquid-

Crystalline Nanocellulose Derivatives as Tough and Transparent Insulators ** Angewandte,

(2014) 1–5. https://doi.org/10.1002/ange.201405123.

[92] Y. Chen, L. Zhang, Y. Yang, B. Pang, W. Xu, G. Duan, S. Jiang, K. Zhang, Y. Chen, G. Duan, S.

Jiang, L. Zhang, Y. Yang, B. Pang, K. Zhang, W. Xu, Recent Progress on Nanocellulose Aerogels:

Preparation, Modification, Composite Fabrication, Applications, Advanced Materials. 33

(2021) 2005569. https://doi.org/10.1002/ADMA.202005569.

[93] F. Ji, Z. Sun, T. Hang, J. Zheng, X. Li, G. Duan, C. Zhang, Y. Chen, Flexible piezoresistive pressure

sensors based on nanocellulose aerogels for human motion monitoring: A review, Composites

Communications. 35 (2022) 101351.

https://doi.org/https://doi.org/10.1016/j.coco.2022.101351.

[94] L. Bai, H. Zhang, R. Lou, J. Li, M. Chi, J. Sha, X. Zhou, A biomass-based bilayer aerogel for

efficient solar-driven steam production and electricity generation, Chemical Engineering

Journal. 455 (2023) 140934. https://doi.org/10.1016/J.CEJ.2022.140934.

[95] Y. Zou, J. Zhao, J. Zhu, X. Guo, P. Chen, G. Duan, X. Liu, Y. Li, A Mussel-Inspired Polydopamine-

Filled Cellulose Aerogel for Solar-Enabled Water Remediation, ACS Appl Mater Interfaces. 13

(2021) 7617–7624.

https://doi.org/10.1021/ACSAMI.0C22584/ASSET/IMAGES/LARGE/AM0C22584_0006.JPEG.

[96] M. Ding, W. Ma, P. Liu, J. Yang, K. Lan, D. Xu, Creating aligned porous structure with cobweb-

like cellulose nanofibrils in MXene composite aerogel for solar-thermal desalination and

humidity response, Chemical Engineering Journal. 459 (2023) 141604.

https://doi.org/10.1016/J.CEJ.2023.141604.

[97] Q. Mi, J. Yu, J. He, J. Zhang, Flexible and Transparent Cellulose Aerogels with Uniform

Nanoporous Structure by a Controlled Regeneration Process, (2016).

https://doi.org/10.1021/acssuschemeng.5b01079.



[98] F. Jiang, H. Liu, Y. Li, Y. Kuang, X. Xu, C. Chen, H. Huang, C. Jia, X. Zhao, E. Hitz, Y. Zhou, R. Yang,

L. Cui, L. Hu, Lightweight, Mesoporous, and Highly Absorptive All-Nano fi ber Aerogel for E ffi

cient Solar Steam Generation, (2018). https://doi.org/10.1021/acsami.7b15125.

[99] N. Lavoine, L. Bergström, B. Bergström, Nanocellulose-based foams and aerogels: processing,

properties, and applications, (2017). https://doi.org/10.1039/c7ta02807e.

[100] Y. Li, Y. Chen, X. Huang, S. Jiang, G. Wang, Anisotropy-functionalized cellulose-based phase

change materials with reinforced solar-thermal energy conversion and storage capacity,

Chemical Engineering Journal. 415 (2021) 129086.

https://doi.org/10.1016/J.CEJ.2021.129086.

[101] S. Sen, A. Singh, C. Bera, S. Roy, K. Kailasam, Recent developments in biomass derived

cellulose aerogel materials for thermal insulation application: a review, Cellulose. 29 (2022)

4805–4833. https://doi.org/10.1007/s10570-022-04586-7.

[102] D. Illera, J. Mesa, H. Gomez, H. Maury, Cellulose Aerogels for Thermal Insulation in Buildings:

Trends and Challenges, Coatings. 8 (2018). https://doi.org/10.3390/coatings8100345.

[103] J. Zhou, Y. Lo Hsieh, Nanocellulose aerogel-based porous coaxial fibers for thermal insulation,

Nano Energy. 68 (2020) 104305. https://doi.org/10.1016/j.nanoen.2019.104305.

[104] C. Jiménez-Saelices, B. Seantier, B. Cathala, Y. Grohens, Effect of freeze-drying parameters on

the microstructure and thermal insulating properties of nanofibrillated cellulose aerogels, J

Solgel Sci Technol. 84 (2017) 475–485. https://doi.org/10.1007/s10971-017-4451-7.

[105] D. Illera, J. Mesa, H. Gomez, H. Maury, Cellulose aerogels for thermal insulation in buildings:

Trends and challenges, Coatings. 8 (2018) 1–13. https://doi.org/10.3390/coatings8100345.

[106] W. Wu, Y. Xu, X. Ma, Z. Tian, C. Zhang, J. Han, X. Han, S. He, G. Duan, Y. Li, REVIEW www.afm-

journal.de Cellulose-based Interfacial Solar Evaporators: Structural Regulation and

Performance Manipulation, (2023). https://doi.org/10.1002/adfm.202302351.

[107] Z. Wei, Z. Wan, C. Cai, Y. Fu, Cellulose-based evaporator with dual boost of water

transportation and photothermal conversion for highly solar-driven evaporation, Int J Biol

Macromol. 242 (2023) 125018. https://doi.org/10.1016/J.IJBIOMAC.2023.125018.

[108] Z. Li, Y. Zhang, Q. Huang, Z. Chen, W. Wang, W. Li, Tailorable Lignocellulose-Based Aerogel to

Achieve the Balance between Evaporation Enthalpy and Water Transport Rate for Efficient

Solar Evaporation, ACS Appl Mater Interfaces. 15 (2023) 11827–11836.

https://doi.org/10.1021/ACSAMI.2C22615/ASSET/IMAGES/LARGE/AM2C22615_0006.JPEG.

[109] F. Jiang, H. Liu, Y. Li, Y. Kuang, X. Xu, C. Chen, H. Huang, C. Jia, X. Zhao, E. Hitz, Y. Zhou, R. Yang,

L. Cui, L. Hu, Lightweight, Mesoporous, and Highly Absorptive All-Nanofiber Aerogel for

Efficient Solar Steam Generation, ACS Appl Mater Interfaces. 10 (2018) 1104–1112.

https://doi.org/10.1021/ACSAMI.7B15125/ASSET/IMAGES/AM-2017-15125U_M004.GIF.

[110] S. Han, T.P. Ruoko, J. Gladisch, J. Erlandsson, L. Wågberg, X. Crispin, S. Fabiano, Cellulose-

Conducting Polymer Aerogels for Efficient Solar Steam Generation, Adv Sustain Syst. 4 (2020).

https://doi.org/10.1002/adsu.202000004.

[111] D.P. Storer, J.L. Phelps, X. Wu, G. Owens, N.I. Khan, H. Xu, Graphene and Rice-Straw-Fiber-

Based 3D Photothermal Aerogels for Highly Efficient Solar Evaporation, ACS Appl Mater

Interfaces. 12 (2020) 15279–15287. https://doi.org/10.1021/acsami.0c01707.



[112] Z. Wu, H. Sun, Z. Xu, H. Chi, X. Li, S. Wang, T. Zhang, Y. Zhao, Underwater Mechanically Tough,

Elastic, Superhydrophilic Cellulose Nanofiber-Based Aerogels for Water-in-Oil Emulsion

Separation and Solar Steam Generation, ACS Appl Nano Mater. (2021).

https://doi.org/10.1021/acsanm.1c01597.

[113] M. He, M.K. Alam, H. Liu, M. Zheng, J. Zhao, L. Wang, L. Liu, X. Qin, J. Yu, Textile waste derived

cellulose based composite aerogel for efficient solar steam generation, Composites

Communications. 28 (2021) 100936. https://doi.org/10.1016/j.coco.2021.100936.

[114] S. Li, D. Liu, Y. He, M. Li, X. Yang, Y. He, L. Zhou, H. Xie, H. Liu, Multifunction Hybrid Aerogel

Capable of Reducing Silver Ions during Solar-Driven Interfacial Evaporation, ACS Sustain Chem

Eng. 10 (2022) 7463–7472. https://doi.org/10.1021/acssuschemeng.1c08702.

[115] Y. Zhang, X. Guo, S. Liao, D. Wu, P. Lv, Q. Wei, Multi-scale structure synergistic strategy: A

transpiration inspired hierarchical aerogel evaporator for highly efficient solar-driven clean

water production, J Environ Chem Eng. 10 (2022) 107934.

https://doi.org/10.1016/j.jece.2022.107934.

[116] Q. Zhang, L. Li, B. Jiang, H. Zhang, N. He, S. Yang, D. Tang, Y. Song, Flexible and Mildew-

Resistant Wood-Derived Aerogel for Stable and Efficient Solar Desalination, ACS Appl Mater

Interfaces. 12 (2020) 28179–28187. https://doi.org/10.1021/acsami.0c05806.

[117] S. Li, Y. He, Y. Wang, D. Liao, H. Liu, L. Zhou, C. Wei, C. Yu, Y. Chen, Simple Hierarchical

Interface Design Strategy for Accelerating Solar Evaporation, Macromol Mater Eng. 306 (2021)

1–10. https://doi.org/10.1002/mame.202000640.

[118] X. Du, J. Qiu, S. Deng, Z. Du, X. Cheng, H. Wang, Flame-retardant and form-stable phase

change composites based on black phosphorus nanosheets/cellulose nanofiber aerogels with

extremely high energy storage density and superior solar-thermal conversion efficiency, J

Mater Chem A Mater. 8 (2020) 14126–14134. https://doi.org/10.1039/d0ta05078d.

[119] M. Yan, Y. Pan, X. Cheng, Z. Zhang, Y. Deng, Z. Lun, L. Gong, M. Gao, H. Zhang, “robust-Soft”

Anisotropic Nanofibrillated Cellulose Aerogels with Superior Mechanical, Flame-Retardant,

and Thermal Insulating Properties, ACS Appl Mater Interfaces. 13 (2021) 27458–27470.

https://doi.org/10.1021/acsami.1c05334.

[120] C. Jiménez-Saelices, B. Seantier, B. Cathala, Y. Grohens, Spray freeze-dried nanofibrillated

cellulose aerogels with thermal superinsulating properties, Carbohydr Polym. 157 (2017) 105–

113. https://doi.org/10.1016/j.carbpol.2016.09.068.

[121] Z. Zheng, T. Shi, H. Liu, D. Wu, X. Wang, Polyimide/phosphorene hybrid aerogel-based

composite phase change materials for high-efficient solar energy capture and photothermal

conversion, Appl Therm Eng. 207 (2022) 118173.

https://doi.org/10.1016/j.applthermaleng.2022.118173.

[122] G. Zhao, X. Lyu, J. Lee, X. Cui, W.N. Chen, Biodegradable and transparent cellulose film

prepared eco-friendly from durian rind for packaging application, Food Packag Shelf Life. 21

(2019) 100345. https://doi.org/10.1016/J.FPSL.2019.100345.

[123] N. Isobe, T. Kasuga, M. Nogi, Clear transparent cellulose nanopaper prepared from a

concentrated dispersion by high-humidity drying, RSC Adv. 8 (2018) 1833–1837.

https://doi.org/10.1039/C7RA12672G.



[124] P. Jusner, E. Schwaiger, A. Potthast, T. Rosenau, Thermal stability of cellulose insulation in

electrical power transformers – A review, Carbohydr Polym. 252 (2021) 117196.

https://doi.org/10.1016/J.CARBPOL.2020.117196.

[125] P. Tao, Z. Wu, C. Xing, Q. Zhang, Z. Wei, S. Nie, Effect of enzymatic treatment on the thermal

stability of cellulose nanofibrils, Cellulose. 26 (2019) 7717–7725.

https://doi.org/10.1007/S10570-019-02634-3/TABLES/4.

[126] S. Torgbo, P. Sukyai, Biodegradation and thermal stability of bacterial cellulose as biomaterial:

The relevance in biomedical applications, Polym Degrad Stab. 179 (2020) 109232.

https://doi.org/10.1016/J.POLYMDEGRADSTAB.2020.109232.

[127] A. Mirtaghavi, J. Luo, R. Muthuraj, Recent Advances in Porous 3D Cellulose Aerogels for Tissue

Engineering Applications: A Review, Journal of Composites Science 2020, Vol. 4, Page 152. 4

(2020) 152. https://doi.org/10.3390/JCS4040152.

[128] A.L. Avila-Marin, J. Fernandez-Reche, A. Martinez-Tarifa, Modelling strategies for porous

structures as solar receivers in central receiver systems: A review, Renewable and Sustainable

Energy Reviews. 111 (2019) 15–33. https://doi.org/10.1016/J.RSER.2019.03.059.



Model Concept Equation Advantage Disadvantage Referen
ce 

Conceptual Amount of radiation passed 
through the aerogel is an 
exponential function of thickness 
of the aerogel. 

𝑘𝑔  
𝑇𝑔,𝑖  −  𝑇𝑔,𝑜

𝐿𝑔
 = ℎ( 𝑇𝑔,𝑜  −  𝑇𝑎𝑚𝑏)  

+ 𝜎𝜀𝑔( 𝑇4
𝑔,𝑜  −  𝑇4

𝑎𝑚𝑏) 

• Ideal case
• Less expensive

• Not Realistic [120] 

Detailed Radiation intensity inside the 
aerogel is decreased due to 
absorption, out scattering and 
increased due to thermal 
expansion, in scattering. 

cos 𝜃
𝑑𝐼Ω,

𝑑𝑧
 = −( 𝜅 + 𝑆 )𝐼Ω,  + 𝐾𝐼𝑏  

+  
𝑆

4𝜋
 ∫ ΦΩ→Ω,

4𝜋

ΙΩ 𝑑Ω

• Accurate Method
• Acceptable

availability of
computing
resources.

• High
computational
cost.

• Reconstruction
of real geometry
is complex.

[39] 

Rosseland 
Diffussion 

Heat transfer inside the aerogel is 
considered to be one dimensional. 𝜌𝒸

𝜕Τ

𝜕𝑡
 =  

𝜕𝑞𝑐𝑜𝑛𝑑

𝜕𝓏
 +  

𝜕𝑞𝑟𝑎𝑑

𝜕𝓏

• Simple
• Can be used for

optically thick
media.

• Limited
Accuracy

[120] 

Homogeneou
s Equivalent 

 It considers the volume of the 
absorber as a porous continuum. 

1

𝜙

𝜕(𝜌𝑓𝜈𝒟)

𝜕𝑡
 +  

1

𝜙2
 ∇( 𝜌𝑓  𝜈𝐷 𝜈𝐷)  

=  − ∇ (𝑃)𝑓
𝑓

 +  
𝜇𝑓

𝜙
∇2𝜈𝐷

− [
𝜇𝑓

Κ1
 −

𝜌𝑓

Κ2

|𝜈𝐷|]  𝜈𝐷

• Less time
consuming.

• Limited
Accuracy.

• Selection of
appropriate
empirical terms
is difficult.

[121] 

Table 2 Modelling strategies adopted  for porous structures in solar thermal receiver. 
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