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Abstract. The purpose of this research was to investigate the energy characteristics of sunflower stalks and their separated tissues, which differ in chemical composition. Due to their adequate calorific value but excessive ash content, the rind and whole sunflower stalks were recommended as components of solid composite fuel. 
Кеуwords: sunflower; rind; pith; filtration drying method; differential thermal analysis (DTA); calorific value; ash content
Introduction 
The search for new alternative energy sources remains a pressing global priority. Among various types of biomass, agricultural residues hold significant potential as a source of lignocellulosic material for solid fuel production due to their rapid renewability, environmental sustainability, and high calorific value. Furthermore, utilizing agricultural waste for energy production also helps address the issue of waste disposal in the agricultural sector.
Sunflower (Helianthus annuus L.) is a rapidly growing, high-yielding crop primarily cultivated for its seeds and oil. Currently, global sunflower seed production reaches 56.7 million metric tons (MMT), and sunflower cultivation covers over 27 million hectares worldwide [1, 2]. Additionally, the substantial above-ground biomass yield of 45–75 tons per hectare leads to considerable post-harvest residue accumulation [3, 4]. However, a large proportion of sunflower stalks is not managed sustainably.
Sunflower stalks, with considerable height (0.6–2.5 m) and stem diameter (2–7 cm), possess a complex, multi-layered anatomical structure unique to this crop. The inner part of the stalk is filled with spongy, thin-walled, large-celled parenchyma tissue known as pith. Thus, the idea emerged to separate sunflower stalks into individual components — the pith and outer tissues (rind) — and to investigate their fuel characteristics separately, comparing them with those of whole stalks.
This study aims to investigate the energy characteristics of sunflower stalk pith and rind as individual tissues, as well as of whole stalks, as potential raw materials for solid fuel production.
Results and Discussion 
Sunflower (Helianthus annuus L.) stalks were collected after the seed harvesting period. The stalks were cut lengthwise to separate the pith from the outer rind tissues. To prepare sunflower stalk rind (SSR), sunflower stalk pith (SSP), and sunflower stalk general (SSG) test samples, the rind, pith, and entire stalks were ground separately in a jaw crusher to a particle size of 0.01–5 mm.
The average contents of lignin, cellulose, and hemicellulose in the SSR, SSP, and SSG samples are presented in Table 1. Notably, the composition of the SSP sample differs significantly from that of the other stalk samples, as it contains lower levels of hemicellulose and lignin but a high pectin content (approximately 23.2% [5]).
Table 1
Composition of sunflower stalk samples, along with their calorific values and ash content
	Samples
	Cellulose,
wt.% d.m.
	Hemicellulose,
wt.% d.m.
	Lignin,
wt.% d.m.
	Calorific values, MJ/kg d.m.
	Ash content, wt.% d.m.

	SSR
	39.4
	28.5
	19.8
	18.2
	8.8

	SSP
	34.2
	6.3 
	3.8
	7.4
	16.1

	SSG
	35.3
	20.4
	15.8
	14.2
	10.2


To reduce the moisture content of the SSR, SSP, and SSG samples, a filtration drying method was applied as an energy-efficient approach [6, 7]. Drying kinetic curves for the sunflower stalk samples are presented in Fig. 1.
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Fig.1. Drying kinetic curves for sunflower stalk samples: 1a, 1b – SSR; 2a, 2b – SSG; 
3a, 3b – SSP.
To examine the dried SSR, SSP, and SSG samples under high-temperature conditions, differential thermal analysis (DTA) was conducted using a Q-1500 derivatograph of the Paulik–Paulik–Erdey system. To predict the calorific values of the samples, a comparison of the DTA curves is shown in Fig. 2.
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Fig. 2. DTA curves of sunflower stalk samples: 1 – SSR; 2 – SSP; 3 – SSG.
As shown by the DTA curves, the SSR sample exhibited the highest calorific value, with combustion of its pyrolytic residue in the temperature range of 377–750°C accompanied by the most pronounced exothermic effect. The SSP sample had the lowest calorific value, as evidenced by the presence of only minor exothermic effects during combustion of its pyrolytic residue at 360–750°C. The calorific value of the SSG sample was lower than that of the SSR sample but higher than that of the SSP sample.
Additionally, the calorific values of the SSR, SSP, and SSG samples were determined using a precision bomb calorimeter B-08-MA, and the results are shown in Table 1. The calorific values of the SSR and SSG samples were consistent with data for herbaceous and agricultural biomass, which typically show calorific values of approximately 14–18 MJ/kg dry matter.
To determine the ash content, 1 g of each sample was carbonized in an oven at 550°C for 3 hours. The SSP sample exhibited the highest ash content (Table 1) due to its high concentration of inorganic substances.
The chemical composition of the ash obtained after combustion of the SSR sample (SSR ash) was determined through X-ray fluorescence (XRF) analysis and is presented in Table 2. Similar information for the ash of the SSP sample is presented in Table 3.
Table 2
Chemical composition of the ash obtained after the combustion of the SSR sample 
and XRF spectras
	Chemical composition of the SSR ash, wt.%
	XRF spectras of SSR ash sample 

	
	Light elements
	Heavy elements

	MgO
	6.1±0.1
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	SiO2
	4.1±0.04
	
	

	P2O5
	3.8±0.02
	
	

	SO3
	2.2±0.01
	
	

	K2O
	38.0±0.1
	
	

	CaO
	44.5±0.3
	
	

	Fe2O3
	0.5±0.01
	
	

	Other oxides
	0.8±0.01
	
	


Table 3
Chemical composition of the ash obtained after the combustion of the SSP sample 
and XRF spectras
	Chemical composition of the SSP ash, wt.%
	XRF spectra of SSP ash sample

	
	Light elements
	Heavy elements

	MgO
	2.7±0.1
	

	


	SiO2
	0.4±0.02
	
	

	P2O5 
	0.2±0.01
	
	

	SO3
	0.5±0.01
	
	

	K2O
	28.6±0.08
	
	

	CaO 
	67.2±0.1
	
	

	Fe2O3 
	0.2±0.01
	
	

	Other oxides
	0.2±0.01
	
	


The chemical compositions of the SSR and SSP ash samples differed slightly as shown by X-ray fluorescence (XRF) analysis.
Conclusions
To reduce the moisture content of the sunflower stalk samples (SSR, SSP, and SSG), a filtration drying method was applied as an energy-efficient approach, and the dried materials were subsequently used for further research. In general, the calorific values of the sunflower stalk samples were found to be directly influenced by their chemical composition, particularly the relative contents of cellulose, hemicellulose, and lignin. The calorific values determined using a bomb calorimeter were 18.2 MJ/kg for the SSR sample, 14.2 MJ/kg for the SSG sample, and 7.4 MJ/kg for the SSP sample. The calorific values of the SSR and SSG samples were consistent with data for herbaceous and agricultural biomass, which typically show calorific values of approximately 14–18 MJ/kg dry matter. The highest lignin content in the SSR sample resulted in its highest calorific value, whereas the low lignin content in the SSP sample led to its lowest calorific value. Additionally, the presence of inorganic compounds played a crucial role in ash formation. The experimentally determined ash contents were 8.8 wt.% for SSR, 10.2 wt.% for SSG, and 16.1 wt.% for SSP. The SSР sample showed the highest ash content caused by the highest content of inorganic substances. The chemical compositions of the SSR and SSP ash samples differed slightly as shown by X-ray fluorescence (XRF) analysis. Given their favorable calorific values but relatively high ash contents, sunflower stalk rind and whole sunflower stalks are recommended as potential components of solid composite fuel based on woody biomass. Conversely, due to its low calorific value and high ash content, sunflower stalk pith is not considered a viable option for solid biofuel production as a standalone material.
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