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Abstract. The efficient utilization of crop residues as fuel rolls (solid fuel) holds significant potential for advancing
renewable energy systems, reducing agricultural waste, and mitigating environmental impacts. However, the
variability properties of such materials require a comprehensive assessment framework to ensure consistent fuel
quality. This research focuses on optimizing the quality of fuel rolls made from crop residues by developing a
Comprehensive Quality Indicator (CQI). This CQI integrates multiple parameters, including such properties as
moisture content, fuel roll density, as well as the calorific value, ash content and emission levels. Each parameter
is normalized against established benchmarks and weighted according to its impact on overall fuel performance.
The weights are determined using a combination of expert judgment and analytic hierarchy processes.
Experimental validation was performed on fuel rolls produced from various crop residues, such as wheat straw
and flax stems. Key physical properties were measured using standard methods: moisture content was determined
via oven-drying, and ash content through muffle furnace incineration. Combustion properties, including flue gas
composition, were assessed using a gas analyser. These measured values were normalized and aggregated into
CQI. The results demonstrated the effectiveness of the CQI framework in distinguishing high-quality fuels from
suboptimal ones. Furthermore, sensitivity analysis identified the moisture content, calorific value, and emission
levels as critical factors influencing fuel quality, highlighting specific areas for optimizing crop residue processing.
This research contributes to the advancement of environmental and economic sustainability by providing a
scientifically robust and scalable method for assessing and improving the quality of fuel rolls produced from crop
residues.
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Introduction

Agricultural waste burning remains a serious environmental problem, causing air pollution, loss of
organic matter, and a reduction in soil fertility. Scientists in India and South Asia [1; 2] confirm the
negative impact of this phenomenon, including greenhouse gas emissions and deterioration of ecosystem
functions. Instead, efficient processing of crop residues can be an environmentally and economically
viable alternative.

Crop residues, especially flax stems that remain after harvesting with modern technologies [3] can
be used to produce a variety of products, including feed, compost and biofuels [4]. However, among all
the options, the production of solid biofuels is the most rational solution. Scientists from Scotland and
Saudi Arabia [5] explore the possibilities of processing flax stems, particularly in the form of fuel rolls,
which have the potential to become an effective source of renewable energy.

The use of agricultural residues as a raw material for biofuels contributes to reducing dependence
on fossil fuels and lowering CO: emissions. Studies [5; 6] have shown that flax fuel rolls have desirable
characteristics, such as high density, low ash content, and good mechanical strength. The properties of
other fuels have also been investigated [7]. However, the optimal biomass composition for the formation
of fuel rolls remains understudied.

An important aspect according to European researchers is determining sustainable collection rates
for agricultural residues to produce biofuels, as excessive extraction can negatively affect the soil quality
and the balance of organic carbon [8-10]. Organizations such as IEA Bioenergy (USA) emphasize the
need to combine energy efficiency with environmental safety during biofuel production [11].

To assess and optimize the quality of fuel rolls, a Comprehensive Quality Indicator (CQI) is
proposed, which takes into account the following parameters: moisture content, density, calorific value,
ash content, and emission levels. Each parameter is normalized according to established standards, and
its importance is determined based on expert assessments and the method of hierarchical analysis.

The purpose of this study is to develop a Comprehensive Quality Indicator (CQI) for the assessment
and optimization of the composition of fuel rolls made from agricultural residues. This will contribute
to increasing the energy efficiency and environmental sustainability of biofuels, as well as enhancing
Ukraine’s energy independence in the face of modern challenges [12]. The results of this work will help
develop a scientifically sound and practically applicable methodology for assessing the quality of fuel
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rolls. The results of this research align with the National Waste Management Strategy in Ukraine until
2030 [13].

Materials and methods

A batch of compact fuel rolls of various compositions was manufactured on specially designed
equipment. The study examined three different variants of fuel rolls, each with distinct proportional
compositions of raw materials. Table 1 summarizes the fuel roll variants used in the experiments.

Table 1
Fuel roll variants

Proportional composition of
Variant components, % Futel 20“ Fiurﬁlarg“
Flax stems Wheat, rye yp g
1 75 25 1R75/25
2 50 50 2R50/50
3 25 75 3R25/75

The fuel rolls were burned in a small, metal combustion chamber equipped with manual fuel loading
(Fig. 1, a). During the combustion experiments, the qualitative and quantitative composition of the flue
gas emissions was continuously monitored for each variant of the fuel rolls. A portable gas analyser,
Testo 340 (Fig. 1, b), was employed for this purpose [14]. This device is equipped with all the necessary
features to study the combustion parameters of fuel rolls and can be used in harsh environmental
conditions. Key physical properties were measured using standard methods: moisture content was
determined via oven-drying (1SO 18134-1:2022, (ISO 18134-2:2024), and ash content through muffle
furnace incineration (EN 1SO 18122:2022).

Fig. 1. Experimental equipment for combustion testing of fuel rolls from crop residues:
a — combustion chamber with a gas analyser; b — gas analyser Testo 340
(1 — control unit; 2 — analyser unit; 3 - measuring probes)

A standard method was used to determine the Comprehensive Quality Indicator (CQI) [15, 16]. The
CQI is determined using multi-criteria normalization and weighting, according to the following
theoretical model:

cQl = z W, x P, (1)

i=1
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where W; —weight of parameter i, reflecting its influence on the overall fuel quality;
P; — normalized score for parameter i scaled to a dimensionless range (0-1).

The weight of parameters was determined using an expert method [17]. This method involves
engaging specialists to assess the significance of each parameter influencing the overall fuel quality. A
panel of five experts was formed, including specialists in bioenergy, agricultural engineering,
environmental science, and biomass processing. The experts were selected based on their professional
and scientific qualifications, experience in biomass utilization, and prior involvement in similar research
projects. A list of parameters requiring evaluation is created, along with descriptions of their impact on
the fuel quality. The benchmark values were selected based on high-performance solid fuels (e.g. oak
biomass).

Experts rated the significance of each parameter on a predefined scale (e.g. 1 to 10). The collected
evaluations are processed to determine the average rating or median for each parameter. The individual
expert rating S;; for parameter i given by expert j is aggregated as:

1
5= — > sy, @

where S; —average score of parameters i;
S;j— score assigned by the expert j;
m — number of experts.

The obtained scores are then normalized so that the sum of all weight coefficients equals 1. The

weight of each parameter W; is calculated as
W= o (3)
XS

The degree of agreement among expert opinions is analysed using statistical methods.

The normalized score P; for the parameter i is calculated to scale its value into a dimensionless
range between 0 and 1. The normalization formula depends on the correlation between the parameter
value and fuel quality:

Direct Correlation (higher is better) for parameters where a higher value means better quality:

MeasuredValue
P, [ ) (4)
BenchmarkValue
where MeasuredValue — actual value obtained from experiments;

BenchmarkValue — standard or reference value for optimal fuel quality.

Inverse Correlation (lower is better) for parameters where a lower value means better quality:

BenchmarkValue
MeasuredValue
The research was conducted in the boiler room of the Lutsk National Technical University (LNTU),
utilizing solid fuel rolls produced from raw materials cultivated on the university experimental plots.
This setup ensured direct control over both the cultivation conditions and the subsequent processing of
agricultural residues into fuel rolls, enabling a more precise evaluation of their combustion
characteristics under controlled conditions. To ensure the reliability of the results, each measurement
was performed in triplicate, and the average value was recorded. The standard deviation and the
coefficient of variation were calculated to assess repeatability. All instruments were calibrated before
use.

Results and discussion

The study confirms that converting agricultural residues into solid biofuels not only mitigates
environmental hazards associated with open burning but also contributes to energy independence. The
CQI framework developed herein provides a reliable and scientifically sound method for assessing fuel
rolls from crop residues.
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The experimental results obtained for different fuel roll compositions are shown in Table 2. It
should be noted that the thermal efficiency values vary between the options and the emissions tend to
decrease with increasing proportion of flax stems. Nine key parameters — Moisture Content, Thermal
Efficiency, Ash Content, Density and Emission Levels (CO2, Oz, CO, SOz, NOx) were evaluated by five
experts. These scores were averaged and then normalized so that their sum equals 1. Calculations were
made using formulas (2), (3) and the importance of each parameter was determined. Table 2 lists the final
weight (W;) coefficients for each parameter based on expert evaluation S;.

The benchmark value for each parameter was compared against the measured values for three fuel
roll variants: 1R75/25, 2R50/50, and 3R25/75. Depending on whether a parameter’s correlation with
quality is direct (higher is better) or inverse (lower is better), the normalized score P; was computed
using either the ratio of the measured value to the benchmark value (4) or the benchmark value to the
measured value (5).

Table 2
Experimental results of fuel roll quality assessment
Bencmark Measured value .
No. Parameter value | 1R75/25 | 1R50/50 | 1R25/75 | Wi | Correlation
1 MO'St”r&CO”te”t’ 10 11 10 9 0.06 Inverse
Thermal efficiency .
2 1 0.388 0.420 0.394 0.367 0.20 Direct
value, Gcal-hr
3 Ash content, % 2.7 2.3 1.8 1.8 0.12 Inverse
4 Density, kg-m 600 140 130 120 0.03 Direct
Emission levels:

5 CO2, % 8.2 8.61 7.7 6.8 0.12 Inverse
6 02, % 9.6 9.0 10.3 11.5 0.16 Inverse
7 CO, ppm 2604 2131 1210 950 0.14 Inverse
8 SO,, ppm 47 52 44 38 0.03 Inverse
9 NOx, ppm 75 68 62 57 0.16 Inverse

Using the weight coefficients (Table 2) and the normalized scores (computed via formulas (4) and
(5)), the Comprehensive Quality Indicator (CQI) for each fuel roll variant was calculated according to
equation (1). The final CQI values are summarized in Table 3.

Table 3
Comprehensive Quality Indicator (CQI) for fuel roll variants
Fuel roll Type | Proportional composition of components, % CQIl value
1R75/25 75% Flax stems, 25% Wheat/Rye 0.85
2R50/50 50% Flax stems, 50% Wheat/Rye 0.98
3R25/75 25% Flax stems, 75% Wheat/Rye 1.05

The study applied the Comprehensive Quality Indicator (CQI) to evaluate and compare different
fuel roll compositions. The CQI values obtained for the tested variants — 0.84 for 1R75/25, 0.98 for
2R50/50, and 1.05 for 3R25/75 — highlight the overall effectiveness of these fuel rolls. The 3R25/75
composition achieved the highest CQI, indicating that it provides the best balance between combustion
efficiency and emission levels.

The weighting system applied in the CQI assessment revealed that even moderately weighted
parameters, such as ash content, CO emissions, and NOx emissions, have a substantial impact on the
final quality rating when they deviate significantly from benchmark values. This underscores the
importance of comprehensive optimization, ensuring that no individual parameter compromises the
overall performance of the fuel rolls.

The 3R25/75 variant demonstrated the best performance due to its lower levels of ash content, CO,
and NOx emissions while maintaining acceptable values for the moisture content and thermal efficiency.
This highlights the critical role of balancing combustion parameters with environmental parameters to
achieve an optimal fuel composition.
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Moisture levels directly influence the combustion efficiency and emissions. The tested fuel rolls
exhibited acceptable moisture content, contributing to stable combustion performance. The thermal
efficiency values showed minimal variation across different fuel roll compositions.

While the sulfur content was slightly higher than that of oak firewood, the total emissions (CO and
NOx) were significantly lower. This makes the tested fuel rolls an environmentally friendly option,
reducing harmful air pollutants compared to conventional wood fuels.

Although the density of these fuel rolls is lower than that of traditional wood, it remains within an
acceptable range for efficient combustion. The slightly reduced density may influence storage and
handling but does not diminish the fuel’s practical usability.

One of the most compelling advantages of these fuel rolls is their sustainability and renewability.
As they are made from agricultural residues rather than primary forest resources, they contribute to
waste reduction and circular economy principles. Additionally, their lower total emissions, compared to
both fossil fuels and traditional firewood, reinforce their environmental benefits.

From a practical standpoint, the adoption of these fuel rolls could significantly reduce dependency
on wood-based biomass, particularly in rural and agricultural regions. Their cost-effectiveness and
availability further enhance their attractiveness as a viable alternative fuel.

Conclusions

The resulting CQI values were 0.84, 0.98, and 1.05 for 1R75/25, 2R50/50, and 3R25/75 variants,
respectively. Notably, the 3R25/75 composition attained the highest CQI, indicating superior overall
performance among the tested samples. Contributing factors to this outcome include relatively favorable
values for ash content, CO, and NOx emissions, as well as acceptable moisture content and thermal
efficiency.

Although the density of these fuel rolls is lower compared to that of conventional wood fuels and
the sulfur content is slightly higher than that found in oak firewood, the overall emissions are lower.
This suggests that the fuel rolls, despite being produced from agricultural residues, provide a balanced
profile of combustion efficiency and environmental performance. The lower density, while potentially
affecting handling and storage, does not compromise the overall quality as indicated by CQI. Instead, it
reflects the nature of the raw materials used, which are residues rather than purpose-grown biomass.

The weighting scheme employed in calculating CQI reveals that even moderately weighted
parameters, such as density and sulfur content, can significantly influence the final indicator if their
values deviate substantially from the benchmarks. Therefore, for further optimization, it is crucial to
control the moisture content and enhance the combustion efficiency. Improvements in compaction
techniques to increase the density of fuel rolls could also be beneficial, provided that emission levels
remain within acceptable limits.
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