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Abstract. The objectives of study were to investigate the ash content, 

carbon content and the higher heating value and modelling of HHV of 

forest and agricultural biomass. Five types of biomass were used for the 

experiments: sunflower husk pellets, wood pellets, straw and hay 

briquettes, and forest chips. The investigated biomass properties (their 

average values) change: for ash content between 1.3% (woods pellets) and 

7.3% (hay briquettes), for carbon content between 37.4% (forest chips) 

and 52.0% (wood pellets), for HHV between 14.8 kJ/kg (forest chips) and 

20.1 kJ/kg (sunflower husk pellets). Two mathematical models from 

literature and model proposed by the authors were used to the HHV 

calculation. The model proposed by the authors gave the best results in 

determination of sunflower husk pellets HHV. 

1 Introduction 

One of the most important global problem nowadays is the worldwide energy crisis 

connected not only with decreasing fossil fuel resources but with global climate changes as 

well [1,2]. Therefore researches are searching for such sources of alternative energy that are 

cheap, abundant, technologically feasible, and have low influence on environment [3]. 

Biomass is one of discussed energy sources. All biologically produced matter such as forest 

and agricultural residues, energy crops and wood is described by term of biomass [4,5]. 

Biomass in contract to fossil fuels, can be regarded as CO2 - neutral fuel, because it absorbs 

almost the same amount of CO2 from atmosphere during photosynthesis as it releases when 

used as a fuel. For these reason, biomass is energy source that reduces greenhouse gases 

[3,6]. 
 The design and operation of biomass combustion systems depend on such biomass 

characteristics as chemical composition, moisture content, ash amounts, and heating value 

[7,8]. Heating values of biomass, especially its higher heating value (HHV), belongs to the 

most important parameters that describes the fuel quality [9]. The HHV of a fuel evaluates 

the amount of heat released during combustion with the original and generated water that is 

in a condensed state. The higher HHV of fuel the higher its energy output [10]. 
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 There are several methods of estimating of the biomass fuels HHV. This parameter can 

be experimentally evaluated applying an adiabatic oxygen bomb calorimeter and measuring 

the changes between the enthalpy of reactants and products [7]. Nowadays, however, 

various correlations for predicting the values of HHV become more and more popular. 

These models give relationship between the biomass HHV and the proximate analysis 

results (contents of moisture, volatile matter, fixed carbon, ash, and sulfur) or ultimate 

analysis (contents of C, H, O, N, S elements ) or results of both analysis respectively [11]. 

Ultimate analysis based models for HHV predicting were applied among others by 

Setyawati et al. [12] for tropical peat and by Ozyuguran et al. [9] for fruit juice pulps and 

fruit, vegetables and nut residues, stalk, stems etc. As far as proximate analysis based 

correlations are concerned Cordero et al. [13] used it for HHV prediction of lignocellulosic 

and carbonaceous materials, whereas Özyuğuran and Yaman [3] applied it for different 

biomass sub-classes. Hybrid analysis based models were used mainly for coal HHV 

estimation [14]. Higher heating value was estimated also applying artificial neural network 

[2]. 
 The objectives of this study were to investigate the ash content, carbon content and the 

higher heating value and modelling of HHV of forest and agricultural biomass. 

2 Material and methods 

Five types of biomass were used for the experiments: sunflower husk pellets, wood pellets, 

straw and hay briquettes, and forest chips. 

 The combustion was conducted in a calorimetric bomb placed in calorimeter LECO 

AC 600. Evaluation of the HHV was performed in accordance with the standard PN-ISO 

1928.2002. The ash and carbon contents were determined using analyzers LECO TGA 701 

and LECO 628 CHN, respectively. 

 HHV was modelled using the formulas taken from literature: 

HHV=x1+x2C    (1) 

HHV=x3+x4A     (2) 

and proposed by the authors:  

HHV=x5+x6A+x7C+x8(AC)   (3) 

where x1-x8 are the models constants, C is the carbon content, wt%, A is the ash content, 

wt%. 

Values of the model (1) constants are shown in Table 1. The constants of the model (2) are 

as follows [7]: x3 =19.914 and x4=-0.2324. 
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Table 1. Constants x1 and x2 of the model (1). 

No. 

Constants of the model (1) 

Reference 

x1 x2 

c1 1.3178 0.3699 [15] 

c2 -0.459 0.4084 [15] 

c3 -1.6701 0.4373 [16] 

c4 3.4597 0.3259 [7] 

The goodness of fit of the models to the experimental data was evaluated with the root 

mean square error RMSE: 
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where n denotes number of data, yexp means experimental value and ypre denotes predicted 

value. 

 Significance of the impact of biomass kind on ash content, carbon content and the 

HHV was determined using ANOVA (after accepting the uniformity test of Lavene’s 

variance). Tukey test HSD was applied for division into uniform groups. Constants of the 

model (3) x5–x8 were found using the regression analyses. Regression analyses and 

ANOVA (p<0.05) were done using the Statistica 13 software. 

3 Results 

3.1 Measurements 

Results of the measurements and statistical analysis are presented in Table 2. 

 The highest average values of ash content contain hay and straw briquettes (7.3% and 

7.0%, respectively) and the difference is statistically insignificant (Table 2). The discussed 

values for sunflower husk pellets, forest chips, and wood pellets were the following: 3.0%, 

2.1%, 1.3%, respectively. The average ash content for sunflower husk pellets differs 

significantly from described values for wood pellets and forest chips. Obtained values of 

ash content are slightly different that reported in the literature [17,18]. 
 The average carbon content is the greatest for wood pellets (52.0%) (Table 2). 

Discussed values are significantly different for wood pellets, sunflower husk pellets, straw 

briquettes, and forest chips (52.0%, 48.4%, 40.0%, 37.4%, respectively). The C content of 

hay briquettes (38.9%) does not differ significantly than described content for straw 

briquettes and forest chips. Obtained values of carbon content are similar for those reported 

in the literature [17–20]. 
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Table 2. The ash and carbon content and the HHV of forest and agricultural biomass and results of 

statistical analysis. 

Material Ash content, wt% Carbon content, wt% HHV, kJ/kg 

forest chips 2.1±0.7a* 37.4±1.6a 14.8±0.7a 

straw briquettes 7.0±0.5b 40.0±0.7b 16.0±0.2b 

hay briquettes 7.3±0.9b 38.9±0.5ab 15.6±0.3ab 

wood pellets 1.3±0.2a 52.0±0.6d 19.8±0.2c 

sunflower husk pellets 3.0±0.3c 48.4±1.6c 20.1±0.6c 

* the same letters indicated homogenous groups (p<0.05) 

 The HHV of sunflower husk pellets and woods pellets are almost the same (20.1 and 

19.8 MJ/kg, respectively) and this difference is statistically insignificant (Table 2). 

Discussed values for hay briquettes and straw briquettes are similar (15.6 and 16.0 MJ/kg, 

respectively) and do not differ significantly, moreover the value of HHV for forest chips is 

the lowest (14.8 MJ/kg). Similar values of the HHV for biomass can be found in the 

literature [20–23].  

3.2. Modelling 

Obtained values of the model (3) constants (for all types of considered biomass) are 

following (p<0.0001): x5= 4.9422 , x6=-2.5170, x7=0.2678, x8=0.0653 with the RMSE equal 

0.384623. 
 Results of statistical analysis of the modelling of higher heating value of forest and 

agricultural biomass are presented in Table 3. 

Table 3. RMSE for HHV modelling. 

Material 

RMSE 

Model (1) with constants 

Model (2) Model (3) 

c1 c2 c3 c4 

sunflower husk 

pellets 
0.7924 0.7368 0.5978 0.7648 1.0128 0.4914 

wood pellets 0.7842 1.0075 1.2973 0.6396 0.3411 0.3570 

straw briquettes 0.1710 0.1786 0.2265 0.5133 2.3361 0.4755 

hay briquettes 0.2130 0.2535 0.3204 0.5679 2.5331 0.2761 

forest chips 0.4005 0.1658 0.1393 0.7850 3.7732 0.3078 

 Model (3) gives good results (RMSE: 0.28-0.49) but it is verified only for considered 

biomass. This model gives the best results for hay briquettes (RMSE=0.28) and is suitable 

for forest chips (RMSE=0.31). Comparing, however, with other considered models, model 
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(3) can be treated as the best for estimation of HHV for sunflower husk pellets 

(RMSE=0.49) and as a suitable for wood pellets (RMSE=0.36).  

 Model (2) is the best for the determination of the HHV of wood pellets (RMSE=0.34) 

but for the estimation discussed property for straw briquettes, hay briquettes, and forest 

chips this model is improper (RMSE>2). 

 Model (1) can be used for all types of considered biomass (RMSE<1.3). The model 

includes four sets of constants x1 and x2 available in the literature (Tab. 1). The best results 

of HHV modelling gives model (1) with constants c1 (RMSE: 0.17-0.79) and a slightly 

worse can be considered discussed model with constants c4 (RMSE: 0.51-0.78). 

Considering four sets of constants it can be accepted that model (1) is the best for forest 

chips (with constants c3 (RMSE=0.14) and c2 (RMSE=0.17)), straw and hay briquettes 

(coefficients c1 (RMSE: 0.17, 0.21, respectively) and c2 (RMSE: 0.18, 0.25, respectively)). 

4 Conclusions 

1. Model (1) with constants c1 and model (3) can be used for estimating the higher heating 

value of all considered forest and agricultural biomass (0.17<RMSE<0.79 and 

0.28<RMSE<0.49, respectively). 

2. Taking into account all considered models it can be stated that: 

2.1. Model (1) is the best for HHV calculation of forest chips (model with constants c3), 

straw and hay briquettes (model with constants c1). 

2.2. Model (2) gives the best results for wood pellets HHV calculation (RMSE=0.34). 
2.3. Model (3) is the best for the determination of HHV for sunflower husk pellets 

(RMSE=0.49). 
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