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ABSTRACT: Civil construction is one of the most important economic and social development areas. In this sector, 

many natural resources are used, generating significant waste. It is estimated that 98% of Brazil’s civil construction 

waste could be recycled, but only 21% has a correct destination. Wood construction waste (WCW) (15% of all 

construction waste) is a prominent biomass source with potential energy use. Further, lignocellulosic biomass is 

considered a carbon-neutral biofuel. However, biomass has some limitations for energy use; it has a high moisture 

content, low calorific value, and low density, among other barriers. In addition, WCW contains contamination, such 

as cement traces, which include elements that increase the ash content. Therefore, the formation of blends is a 

possible solution to take advantage of the residue. In addition, torrefaction treatment provides a solid product with 

higher energy density and better properties for further valuation on thermochemical routes. In this context, this study 

aims to perform the thermal upgrade of biomass blends by applying torrefaction pre-treatment. First, blends were 

established by mixing 50:50 of WCW and Eucalyptus. Then, torrefaction treatment was performed under inert 

conditions at 200, 250, and 300 °C at 50 min (isotherm). Finally, the torrefied product was assessed by investigating 

solid yield evolution, ash content, higher heating value, and energy yield.B250 possesses 1.24% of ash content (less 

than 1.48% of WCW) and an HHV increment of 5%, presenting 20.76 MJ kg–1, being, for instance, the suitable 

treatment for reducing ash content while upgrading HHV. 
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1 INTRODUCTION 

  

 Using energy resources is one of the main factors 

directly affecting the environment[1]. With the growing 

consumption of fossil fuels, there has been a significant 

increase in the concentration of carbon dioxide in the 

atmosphere, causing substantial impacts on the 

environment and the well-being of the population[2,3].

 Biomass is an abundant energy resource that covers a 

large part of the Earth’s surface and has a short life cycle, 

thus being an alternative to replace mineral coal partially 

or entirely [4]. In addition, lignocellulosic biomass has 

enormous potential for sustainable production of second-

generation biofuels[5].On the other hand, the growth of 

the civil construction industry is of great importance for 

maintaining and supporting the Brazilian economy[6]. It 

uses large amounts of natural resources, which generate a 

significant volume of waste, commonly deposited 

improperly, without traceability [7]. The gravimetric 

composition of waste exhibits variations due to the type 

of construction, construction phase, economic region 

where the construction is located, regional differences 

within the country, and the traceability capacity of the 

generated waste, among other relevant factors[8]. 

In Brazil, the recycling potential of construction 

waste (CW) is 98%, but only 21% of these wastes are 

effectively recycled [9]. Brazilian company Eco 

Response, dedicatedto environmental protection 

products, estimates the composition of waste generated 

from construction and renovations. According to their 

data, approximately 40% of these wastes consist of 

concrete, stones, and mortar, 30% are ceramic 

materials, 15% are wood, 7% are metals, and 8% are 

categorized as other materials. 

Civil construction waste can be reused or recycled. 

Wood residue, specifically, is a biomass source that has 

applications of economic value and can be added to the 

market for energy use[10–12]. However, despite the 

sustainability qualities, some factors hinder the use of 

biomass as fuel. For example, some factors such as low 

density, low specific heat, high moisture and oxygen 

content, hygroscopicity and heterogeneity make biofuel 

generated from biomass unattractive[4,13]. In addition 

to the limitations of biomass for energy use, wood 

construction waste (WCW) is contaminated by other 

elements such as cement, mortar, paint, metal, and 

nails. These elements can increase the ash content, 

which is problematic to combustion systems, causing 

corrosion and slag in the equipment (reactor, turbines, 

among others), reducing their useful life and efficiency. 

Waste-to-energy conversion via a thermochemical 

process is one of the most promising alternative 

methods in waste management strategies[13]. 

Therefore, torrefaction, pyrolysis, and gasification have 

gained prominence in the search for possibilities to 

improve biomass characteristics for biofuels[14–16]. 

Furthermore, torrefaction has attracted attention as it 

can effectively upgrade solid biomass and produce coal-

like fuel, having a lower global warming potential 

[4,13]. 

One of the bottlenecks for implementing wood 

residues in the energy matrix in large urban centers is 

the continuous availability of raw materials to meet the 

energy demand. Thus, a possible solution to have a 

constant supply volume is the combination of different 

biomass sources, composing a mixture[3]. In this 

context, the present study aims to assess the blend 

composed of WCW and Eucalyptus as a solid 

renewable biofuel, seeking the energy recovery of this 

biomass. Furthermore, the investigation seeks 

alternatives to reduce the ash content while increasing 

energy density by applying torrefaction pre-treatment. 
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2 MATERIAL AND METHODS 

 

2.1  Feedstock and Chemical Analysis 

The Framework of the present investigation is shown 

in Fig.1. The construction company Tejo 

Engenharialocated in Brasília, Brazil (15°47′38″ S, 

47°52′58″ W), provided the WCW for investigation. 

First, all the nails from the boards were removed and then 

sawn into pieces up to 5 cm wide. Next, these pieces 

were ground in a hammer mill and deposited in a plastic 

bag. Before analysis and blend formation, the waste 

wood was mechanically shaken, and the samples were 

collected at different sections (bottom, center, and surface 

of the package) to obtain a more homogeneous sample. 

 

 
 

Figure 1: Framework of the presented investigation 

 

The Brazilian Forest Service Laboratory, Brazil, 

provided Eucalyptus sp. samples. Separately, the 

biomasses were placed in a Willey knife mill and 

subjected to sieving in a sieve with a 60 mesh (0.25 mm), 

following the ISO 18123:2015 standard. Before 

experiments and analysis, blends were established by 

mixing 50:50 WCW and Eucalyptus, then oven-dried at 

105±2 °C.  

The proximate analysis was conducted to determine 

the volatile matter, ash, and fixed carbon content, 

following the ISO standards 18123-2015 and 18122-

2015, respectively.The calorific analysis was conducted 

with a PARR 6400 bomb calorimeter following ISO 

18125:2017, solid biofuels - Determination of Calorific 

Value. The dry basis was considered for all analyses. The 

morphology of raw biomass was evaluated by scanning 

electron microscopy with dispersive energy spectroscopy 

(SEM–EDX). The sample images were captured with a 

TM-4000Plus from Hitachi, Japan (400X and 1000X 

magnification and 15 kV voltage). 

 

2.2 Torrefaction 

The torrefaction treatment was operated in duplicate. 

The tests were performed for samples of 1.2±0.05g in 

alumina crucibles with a thermogravimetric analyzer 

(Macro-TG Analyzer Navas Instruments, TGA-2000-A). 

 The TG experimental error was controlled below 

0.5%. A linear heating rate of 20 °C min−1 was imposed 

from room temperature to 105 °C and maintained 

isothermally for 30 min to ensure dry conditions. The 

treatment was carried out in an inert atmosphere with a 

constant flow rate (3 L min−1) of nitrogen gas (99.2%) 

and a heating rate of 7 °C min−1. The blends were 

torrefied at 200, 250, and 300 °C (50 min isotherm). 

The torrefaction performance was assessed by 

thesolid yield (𝑆𝑌
(𝑇)

), the energy yield (𝐸𝑌(𝑇)) and the 

energy-mass-coefficient-index (EMCI), defined byEqs. 

(01-03), respectively. 

 

𝑆𝑌
(𝑇)

=
𝑚𝑖(𝑡)

𝑚0
× 100 

(1) 

𝐸𝑌(𝑇) = 𝑆𝑌
(𝑇)

× 𝐸𝐹 (2) 

𝐸𝑀𝐶𝐼 = 𝐸𝑌(𝑇) − 𝑆𝑌(𝑇) (3) 

 

Here 𝑚𝑖 is the constantly measured mass throughout the 

treatment; 𝑚0is the dried mass before torrefaction; 𝑡 is 

the holding time (min), and 𝑇 the reaction temperature 

(°C). The Enhancement Factor (EF) was determined by 

Eq. (04) 

 

𝐸𝐹 =
𝐻𝐻𝑉𝑡𝑜𝑟𝑟𝑒𝑓𝑖𝑒𝑑

𝐻𝐻𝑉𝑟𝑎𝑤
 (4) 

 

Pursuing alternatives for WCW utilization relies on 

finding alternatives to reduce ash content while 

upgrading the energetic properties of the biofuel.Thus, 

the present work proposes blending WCW(Pinus with 

impurities) with biomass with low ash content and 

similar properties for blend homogeneity. Eucalyptusis a 

fast-growing tree that presents low ash content. 

Moreover, Brazil’s central region possesses energetic 

eucalyptus forests for biofuel. Therefore, eucalyptus was 

selected as a blend component with a 50%.  

 

 

3 RESULTS AND DISCUSSIONS 

 

3.1 Blend formation and properties 

Table I presents the feedstock properties. In addition, 

the SEM images of Fig. 2(a) WCW and (b)Pinus allowed 

the identification of the impurities in WCW. 

 

Table I:Proximate (volatile matter (VM), fixed carbon 

(FC), and ash content in %, dry basis), ultimate (CHON 

in %), and calorific (HHV in MJ kg−1) analysis of wood 

construction waste (WCW) and Eucalyptus sp. (EUC) 

and their blend (B50:50). 

 

 WCW EUC B50:50 

Proximate (%)     

Ash 1.48±0.05 0.67±0.03 1.08 ±0.03  

VM 82.48±0.18 85.27±0.79 83.88±0.01 

FC 16.04±0.18 14.06±0.79 15.05±0.05 

Calorific (MJ.kg-1)   

HHV 20.10±0.03 19.42±0.03 19.76± 0.03 

 

The proximate analysis of the WCW revealed 1.48% 

for ash content, 16.12% for FC, 82.40% for VM, and an 

HHVof 20.10 MJ kg–1. Upon analyzing the proximate 

properties and higher heating value, no divergence was 

observed between the WCW and uncontaminated 

biomass (Pinus), except for the ash content, which 

exhibited a 1% increase. 
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Dionizio et al. (2019) analyzed wood waste from the 

construction industry and obtained an ash content of 

2.45%, FC of 17.51%, VM of 80.06%, and anHHV of 

19.31 MJ kg–1[17]. Additionally, Iroba, Baik, and Tabil 

(2017) reported an ash content of 1.83% for demolition 

and construction wood waste [18].  

Eucalyptus sp. wood chips analyses revealed average 

values of 14.06% for FC, 85.27% for VM, 0.67% for ash 

content, and an HHV of 19.41 MJ kg–1. Another study 

conducted by Costa et al. (2015) reported values for the 

same Eucalyptus sp. species of 13.39% for FC, 86.50% 

for VM, 0.12% for ash content, and anHHV of 19.51 

MJ kg–1 [19]. Moreover, Bersch et al. (2018) [20] 

evaluated the energetic characterization of wood from 

three different genetic materials of Eucalyptus sp., 

resulting in FC ranging between 13.27–6.23%, VM 

between 83.17–86.16%, and ash content 0.57–0.60%, in 

line with results. 

 

 
 

Figure 2:SEM images with 400 and 1000X for raw 

WCW (a) and Eucalyptus (b). Red circles indicated the 

cement contamination on WCW. 

 

The blend of a 50:50 ratio of each biomass was also 

characterized, and the results were within the values of 

each biomass (Table I). Mixing the biomass resulted in a 

reduction of ash content from 1.48 to 1.08%, as expected. 

 To improve the HHV of the obtained blend, 

torrefaction was performed, and the results are discussed 

in the next section. 

 

3.2 Experimental wood torrefaction 

Torrefaction results are presented in Fig. 2. The solid 

yield evolution is presented in Fig. 2(a), allowing to 

assess the thermal degradation dynamics throughout 

torrefaction [21]. As previously stated, prior research 

indicated that wood thermo-degradation occurs when the 

treatment temperature exceeds 180 °C [22–24]. 

Therefore, Fig. 2(a) presents the normalized solid yield 

normalized after 160 °C for better visualization.  

The increase in torrefactionseverity (temperature or 

time) promotes the release of volatiles through moisture 

loss and the decomposition of low-molecular-weight 

compounds, primarily hemicelluloses, in the biomass. 

 This devolatilization, in turn, leads to a decrease in 

the SY [25].Considering the 50 min treatment, the SY 

reduces when the torrefaction severity increases, resulting 

in 98.44, 86.88, and 62.93% for the 200, 250, and 300 °C 

treatments, respectively. As can be seen, light 

torrefaction presented a marginal effect (1.56%) on the 

SY. However, as the torrefaction temperature increases, 

the SY reduces to 37.7%.  

Previous work evaluated the torrefaction of 

Eucalyptus grandis[26]. The reported SY for 210, 230, 

250, and 270 °C torrefaction treatment during 60min 

were 96.61, 90.45, 83.43, and 75.55%. Another study 

conducted by Batista et al. 2015 [27] evaluated the 

torrefaction of Pinus Elliottii at temperatures of 220, 250, 

and 300 °C, obtaining yields of 99.47, 95.67, and 67.10% 

for 30 min and 95.46, 84.31, and 45.49%, for 60 min, 

respectively. In addition, Arteaga-Pérez et al. (2015) [28] 

evaluated a combined experimental and modeling 

approach of Pinus radiata and Eucalyptus globulus. 

Torrefaction was carried out for mild (250 °C) and severe 

(280 °C) conditions. For 30 min of treatment, the SY was 

pinus 79.43 and 58.14%, higher than eucalyptus, which 

stated 79 and 56%, respectively. The present work’s 

feedstock comprises 50% of WCW (Pinus contaminated 

with cement and construction impurities) and 50% of 

eucalyptus. Thus, the obtained SYs for the proposed 

blend are consistent with eucalyptus and pinus literature.  

 

 
 

Figure 3:(a) Solid yield (SY) dynamics, (b) physical 

aspect of torrefied blends, B200, B250 and B300. 

 

The torrefaction of biomass is accompanied by a 

significant change in color, an essential physical indicator 

[29,30]. Regarding Fig. 2(b), the color change of B200 

was less pronounced, and the mass reduction was below 

2%. Conversely, B250 and B300 exhibited more 

significant mass reduction and evident color 

modification, suggesting the effectiveness of the 
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torrefaction process.  

During torrefaction, distinct reaction mechanisms 

(decarboxylation, dehydration, and demethylation) 

occurred for each lignocellulosic component[2]. As the 

torrefaction severity increases, the dehydration process of 

biomass releases moisture and light volatiles more 

rapidly and extensively, decreasing its volatile matter 

(VM).Conversely, this process leads to an increase in the 

fixed carbon (FC), which is intrinsically related to the 

HHV and EY of the biofuel. Fig. 4 shows the ternary 

diagram of the raw blend (B) and its torrefied products 

(B200, B250 and B300).  

Considering 200, 250 and 300 °C treatments, FC 

ranged between 15.04–44.42%, proportional to an 

increase of 1.8, 47.81 and 192.28%, compared to raw 

blend (B). Meanwhile, VM varied between 83.88–53.81, 

showing a reduction of 0.3, 8.82 and 35.85%.   

As evidenced by the slight SY reduction and color 

change promoted by the 200 °C treatment (Fig. 3), the 

raw blend and the B200 present an almost identical 

position on the ternary diagram, with a slight 

displacement of B200 forward higher FC. As indicated in 

the diagram, as the torrefaction severity increases, the 

torrefied biomass moves toward the high corner of the 

diagram, indicating an increase in FC and a reduction in 

VM. B300 showed a pronounced displacement within the 

diagram, in line with the high mass loss (lower SY) 

shown in Fig. 3(a).  

 

 
Figure 4: Ternary diagram of proximate analysis for the 

raw blend (B) and its torrefied product (B200, B250, and 

B300). Data for comparison: urban forest waste (raw, 

225, 250, and 275 °C [31]). 

 

The ash content proportion is much lower than FC 

and VM within biomass samples, and its modification is 

not evidenced in the ternary diagram. The experimental 

characterization of the torrefied product revealed the ash 

content ranging from 1.05–1.77%, progressing with 

torrefaction temperature. 

Batista et al. 2015  [27] investigated the torrefaction 

of pinus biomass and reported VM and FC ranging 

between 81.74–67.18% and 18.02–32.55%, for 

torrefaction temperatures between 200–300 °C and 

30min treatment time, in line with the present study.  

Figs. 5(a) and (b) show the EY, the HHV and the 

EMCI. The energy parameters value are also displayed in 

Table II. The raw biomass comprehends structures 

formed by polar carboxyl, carbonyl, and hydroxyl 

groups, contributing to its low HHV (Table I). As 

mentioned earlier, the reduction of VM and increase of 

FC is related to the dehydration of hydroxyls and the 

dissociation of O-acetyls in hemicelluloses, anhydrosugar 

in cellulose, and phenols in lignin throughout torrefaction 

[32]. The release of the associated volatiles decreases 

H/C and O/C ratios,promoting the thermal upgrade of the 

material [32]. 

As expected, the HHV increases as the torrefaction 

temperature grows, ranging between 19.98–24.10 MJ kg–

1 for B200, B250 andB300, respectively. The treatment 

severity is highlighted by the EF of HHV, presenting an 

increase of 1, 5 and 22% compared to raw biomass, 

respectively (Fig. 5(a) and Table II). Results are in line 

with Arteaga-Pérez et al. (2015) [28], that reported an 

HHV of 20.6 and 21 MJ kg–1 for Pine and Eucalyptus 

torrefaction at 280 °C with a holding time of 30 min. The 

result from Batista et al. 2015  [27], which reported an 

HHV of 23.9 MJ kg–1 for 30 min torrefaction at 300 °C, 

also corroborates the obtained HHV. The EMCI can be 

used as a performance indicator of optimum operating 

conditions for biomass torrefaction [33]. Figure 5(b) and 

Table II show an EMCI of 1.11, 4.38 and 13.83, showing 

the energy densification promoted by torrefaction. 

 

 
Figure 5: (a)HHV and enhancement factor (EF), and (b) 

SY, energy yield (EY) and the Energy-mass-coefficient-

index (EMCI) for 200, 250, and 300 °C torrefaction. 

 

The present work aims to evaluate the ash reduction 

promoted by mixing the raw materials (WCW and 

eucalyptus) and the energy upgrade promoted by 

torrefaction. Regarding energetic properties and ash 

content in Table II, it can be inferred that B200 presents 

practically the same ash content as raw material with an 
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increment on HHV of 1%, which was unsuitable for 

upgrading the blended material. 

 

Table II. Solid yield (%), higher heating value (MJ.kg−1), 

enhancement factor (dimensionless), energy yield (%) 

and ash content (%) for50:50%blends (WCW and EUC) 

considering raw (B) torrefied products (B200, B250 and 

B275). 

 

  B (raw) B200 B250 B300 

𝑆𝑌
(𝑇)

 (%) 
100 98.44 86.88 62.93 

HHV (MJ kg–1) 19.76 19.98 20.76 24.10 

𝐸𝐹a - 1.01 1.05 1.22 

𝐸𝑌(𝑇) (%) - 99.55 91.25 76.76 

EMCIa 1 1.11 4.38 13.83 

Ash (%) 1.08 1.05 1.24 1.77 
a dimensionless 

 

On the other hand, B300 has an exciting upgrade on 

HHV with a 22% increase (a consequence of enhanced 

FC), but the ash content % was higher than the raw 

WCW, presenting 1.77%. Finally, B250 possesses 1.24% 

of ash content (less than 1.48% of WCW) and an HHV 

increment of  5%, presenting 20.76 MJ kg–1, being, for 

instance, the suitable treatment for reducing ash content 

while upgrading HHV. 
 

 

4 CONCLUSIONS 

 

The present investigation presents results on the 

thermal upgrading of biomass as biofuel aiming to reduce 

ash content and upgrade calorific power by performing 

torrefaction treatment on a WCW/eucalyptus blend. 

Torrefaction severity and properties modification 

were evaluated, corroborating obtained data with 

literature and providing insights on how torrefaction 

treatment influences the proposed blend regardingthe 

proximate and calorific data. B250 possesses 1.24% of 

ash content (less than 1.48% of WCW) and an HHV 

increment of 5%, presenting 20.76 MJ kg–1, for instance, 

the suitable treatment for reducing ash content while 

upgrading HHV. 

For a proper optimization of biomass as biofuel, 

numerical and statistical models can help to select proper 

operational conditions and blend proportions. Moreover, 

choosing the appropriate biomass as biofuel concerns 

knowing the restrictions of the energy conversion system. 

In addition, selecting specific operational conditions and 

blend proportions evaluating the biofuel properties relies 

on a multicriteria decision problem. Therefore future 

research will be conducted on optimization tools 

(response surface methodology and artificial neural 

networks [34,35]), blend and operational conditions 

definition (multicriteria decision analysis[31,33,36]) and 

analysis of combustion behavior and related 

emissions[37–39]. 

Further investigation on life cycle assessment[40] is 

also recommended since the impacts ofWCW deposition 

on landfills must be evaluated (CH4-related flows [41]) 

within system boundaries to account for the actual 

environmental impact reduction.  
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