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Preface

This Special Issue reprint explores the sustainable energy potential of liquid waste and biomass

through a multidisciplinary lens. Aimed at advancing both scientific and practical understanding of

waste-to-energy systems, it responds to the urgent need for low-carbon energy solutions. Intended

for researchers, students, and policymakers, the volume promotes innovation, circularity, and

environmental responsibility.

Timothy Sibanda

Guest Editor
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Abstract: This study aims to identify an equation for predicting the calorific value for heat-treated
biomass using structural analysis. Different models were constructed using 129 samples of cellulose,
hemicellulose, and lignin, and calorific values obtained from previous studies. These models were
validated using 41 additional datasets, and an optimal model was identified using its results and
following performance metrics: the coefficient of determination (R2), mean absolute error (MAE),
root-mean-squared error (RMSE), average absolute error (AAE), and average bias error (ABE). Finally,
the model was verified using 25 additional data points. For the overall dataset, R2 was ~0.52, and the
RMSE range was 1.46–1.77. For woody biomass, the R2 range was 0.78–0.83, and the RMSE range was
0.9626–1.2810. For herbaceous biomass, the R2 range was 0.5251–0.6001, and the RMSE range was
1.1822–1.3957. The validation results showed similar or slightly poorer performances. The optimal
model was then tested using the test data. For overall biomass and woody biomass, the performance
metrics of the obtained model were superior to those in previous studies, whereas for herbaceous
biomass, lower performance metrics were observed. The identified model demonstrated equal or
superior performance compared to linear models. Further improvements are required based on a
wider range of structural biomass data.

Keywords: woody biomass; herbaceous biomass; prediction model; calorific value

1. Introduction

Biomass is used as a countermeasure against environmental pollution. Research has
been conducted to use biomass as fuel [1], remove environmental pollution [2], or use it as
an environmental improvement agent [3]. These biomass can be analysed using various
methods, including elemental, proximate, and structural analyses. In the context of biomass
composition, structural analysis refers to the method of analysing the contents of cellulose,
hemicellulose, and lignin, which make up the biomass [4–6]. Cellulose is represented as
[C6H10O5]n and consists of linear chains composed of hundreds to thousands of D-glucose
units connected by beta (1→4) glycosidic bonds, as shown in Figure 1. Hemicellulose
is composed of hexose sugars, such as glucose, mannose, galactose, and rhamnose, and
pentose sugars, such as arabinose and xylose. They are classified based on the main sugar
residues in their backbones, which can be xylan, mannan, or glucan, as shown in Figure 2.
Lignin refers to hydrophobic phenolic molecules found in various components of woody
plants, such as conifers and hardwoods. Precursor molecules like p-coumaryl alcohol (H),
coniferyl alcohol (G), and sinapyl alcohol (S) (Figure 3) form complex three-dimensional
polymer structures via β-O-4 or carbon-carbon linkages [7,8].

Energies 2023, 16, 7896. https://doi.org/10.3390/en16237896 https://www.mdpi.com/journal/energies1
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Figure 1. Structure of cellulose.

 

Figure 2. Structure of hemicellulose (arabinoglucuronoxylans).

 
Figure 3. Structure of (a) p-coumaryl alcohol; (b) coniferyl alcohol; and (c) sinapyl alcohol.

Previous studies have predicted calorific values of different biomass considering based
on their structural characteristics. Howard [9] investigated the variation in calorific values
based on different parts of pinewood and highlighted the correlation between extractives
and calorific values. Tillman [10] utilised a single variable in a model to estimate the
higher heating value (HHV) of wood, which was expressed as dry weight as well as
on a dry ash-free basis. White [11] introduced four equations, one of which calculated
the calorific value of wood-containing extractives, whereas the other three calculated the
calorific values of woods without extractives. Additionally, White proposed a fifth equation
inspired by Tillman’s work. Callejón-Ferre et al. [12] predicted a correlation between the
structural analysis and calorific values of plant residues within greenhouses in Almería,
Spain. Subsequently, predictive equations for the heating value based on structural analysis
were also proposed for various biomass and thermally treated biomass. Table 1 summarizes
some of the previous studies that predicted HHV by analysing the structure.

Table 1. Models used in previous studies to predict a higher heating value (HHV) using struc-
ture analysis.

Model Biomass Reference

HHV = 19.307 + 0.118[E] Pine [9]

HHV = 0.17389[Ho] + 0.26629(100 − [Ho]) Extractive-free wood [10]

HHVB = 17.9017 + 0.0744[L] + 0.0661 [E] Unextracted wood, four softwoods and
four hardwoods

[11]
HHVB = 17.7481 + 0.0800[L∗](100 − [E]) + 0.0886[E]

HHVB = 17.6132 + 0.0853[L∗] Extractive-free wood

HHVB = 17.4458 + 0.0907[L∗] Extractive-free softwood

HHVB = 18.0831 + 0.0637[L∗] Extractive-free hardwood

2
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Table 1. Cont.

Model Biomass Reference

HHVB = 0.0889[L] + 16.8218 Extractive-free wood and non-wood

[13]HHVB = 0.0893[L] + 16.9742 Extractive-free lignocellulosic materials

HHVB = 0.0877[L] + 16.4951 Extractive-free non-wood

HHVB = 0.0864[L] + 16.6922
Extractive-free sunflower shells, almond shells,

hazelnut shells, wood bark, olive husks,
hazelnut kernel husks, and walnut shells

[14]

HHV = 0.0979[L] + 16.292
Corn stover, corn cobs, sunflower shells, beech
wood, Ailanthus wood, hazelnut shells, wood

bark, olive husks, and walnut shells
[15]

HHV = 10.955 + 0.692[L]

Greenhouse crops [12]HHV = 8.211 + 0.150[H] + 0.767[L]

HHV = 7.405 + 0.163[H] + 0.065[C] + 0.682[L]

HHV = 16.1964 + 0.0555[L] Twenty biomass samples of agro-forestry
wastes and industrial wastes

[16]
HHV = 17.0704 − 0.0202[H] + 0.0449[L]

HHV = 19.393 + 0.039[E]

Tree species from Oaxaca, Mexico [17]HHV = 23.527 − 0.059[C]

HHV = 22.582 − 0.051[C] + 0.032[E]

HHV = 17.893 + 0.068[L] Mixture of eight untreated and
heat-treated woods [18]

B converted from Btu/lb; * extractive free; [C] cellulose; [H] hemicellulose; [L] lignin; [E] extractive.

Equations for predicting the calorific value of heat-treated biomass have been proposed
for elemental and proximate analyses [19,20]. However, few equations are available to
predict the calorific value of heat-treated biomass based on structural analyses. Therefore, in
this study, we aimed to present an equation for predicting the calorific value of heat-treated
biomass based on structural analysis.

2. Materials and Methods

2.1. Collection of Data

From previous studies, 111 structural analyses and calorific value data were collated
for 59 woody and herbaceous biomass samples of 52 herbaceous plants [21–35]. All data
are summarised in Table S1. The distributions of the structural composition and calorific
value of the biomass are shown in Figures 4 and 5.

 
Figure 4. Scatter plot of structural composition of biomass.
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Figure 5. Histogram of calorific value.

2.2. Pearson Correlation Coefficient

The study employed the Pearson correlation coefficient (Equation (1)) to assess the rela-
tionships compositional (Cell, Hemi, and Lig) analyses and calorific value. This coefficient,
as defined in Equation (1), was employed to evaluate the extent of correlation between
two sets of data. It ranges from −1 to 1, where positive and negative values indicate a
direct and inverse relationship, respectively. Values closer to −1 or 1 signify a stronger
linear correlation, while those closer to 0 suggest a weaker correlation [36]. The analysis
involved deriving correlation equations with varying goodness-of-fit values through linear
and non-linear regressions applied to the final analysis data using IBM SPSS version 22.0.
However, for exponential and logarithmic regression models, they were not applied due to
the possibility of certain structural components becoming zero during thermal treatment.
The data analysis in this study employed a combination of the “stepwise” and “enter”
methods within the SPSS software. The input variables included C, H, L, squared (C2, H2,
and L2), and squared roots (C0.5, H0.5, and L0.5).

R =

(
∑n

i=1
(
Xi − X

)(
Yi − Y

))
√

∑n
i=1

(
Xi − X

)2
√

∑n
i=1

(
Yi − Y

)2
(1)

2.2.1. Linear Regression

Linear regression is a statistical approach frequently employed to ascertain the value
of a dependent variable using an independent variable [37]. This method relies on a
mathematical equation that yields a single value by considering a combination of input
characteristics. The linear regression equation is represented as follows [38]:

ŷ = βO + x1β1 + x2β2 + x3β3 + . . . + xnβn (2)

2.2.2. Polynomial Regression

Polynomial regression is a statistical technique in which data are approximated using
a polynomial function [39]. It entails the incorporation of higher-order terms of variables to
estimate the polynomial regression and construct a curved response surface [40]. As there
is no universally applicable polynomial equation, the equation should be derived based on
the specific problem under consideration. The general expression for a polynomial function
is as follows [38]:

f (x) = co + c1x + c2x2 + . . . + cnxn (3)

4
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2.3. Model Evaluation

The suitability of the model was assessed using different performance metrics. Four
performance metrics were used, namely the coefficient of determination (R2), mean ab-
solute error (MAE), root-mean-squared error (RMSE), average absolute error (AAE), and
average bias error (ABE). R2 was employed because of its advantage in facilitating relative
performance comparisons using Equation (4). This quantifies the proportion of variance
in the dependent variable that is predictable from the independent variables [39]. MAE
was used because it measures the absolute difference between the observed and predicted
values in the same units (Equation (5)), which makes it intuitive and straightforward to
interpret. RMSE has the advantage of reducing the distortion in the values resulting from
squaring the errors (Equation (6)). However, its drawback is that errors < 1 become even
smaller owing to squaring, whereas errors > 1 become larger. AAE and ABE represent
the average errors in the correlation equation (Equations (7) and (8)). ABE is evaluated
such that positive values are rated higher, indicating a better fit, whereas negative values
suggest a somewhat lower fit [37,38]. These metrics provide a comprehensive evaluation of
the performance of a model by considering different aspects of its accuracy and fit.

R2 = 1 − ∑n
i=1 ValueM − ValueP

∑n
i=1 ValueM − ValueP

, (4)

MAE =
∑n

i=1(ValuleM − ValueP)

n
, (5)

RMSE =

√(
1
n

)
∑n

i=1(ValueM − ValueP)
2 (6)

AAE =
1
n∑n

i=1

∣∣∣∣ValueP − ValueM

ValueM

∣∣∣∣, (7)

ABE =
1
n∑n

i=1

[
ValueP − ValueM

ValueM

]
, (8)

Validation of the optimal conditions was conducted based on the performance metrics
mentioned above, using the data listed in Table 2.

Table 2. Validation data for suggested model.

Biomass Type Cell [%] Hemi [%] Lig [%] HHV [MJ/kg] Ref.

Mixed waste wood Woody 38.30 25.50 22.00 17.50

[27]

Torrefied mixed waste wood (200 ◦C) Woody 41.10 26.30 26.50 19.20

Torrefied mixed waste wood (250 ◦C) Woody 43.70 7.70 31.40 19.90

Torrefied mixed waste wood (300 ◦C) Woody 36.20 5.30 43.70 20.80

Oak waste wood Woody 38.30 25.50 22.00 18.60

Torrefied Oak waste wood (200 ◦C) Woody 41.10 26.30 26.50 19.10

Torrefied Oak waste wood (250 ◦C) Woody 43.70 7.70 31.40 21.20

Torrefied Oak waste wood (300 ◦C) Woody 36.20 5.30 43.70 22.50

Miscanthus Herbaceous 41.40 19.70 22.60 16.41

Torrefied miscanthus (200 ◦C) Herbaceous 41.90 21.20 23.10 19.15

Torrefied miscanthus (250 ◦C) Herbaceous 44.10 8.40 41.60 21.10

Torrefied miscanthus (300 ◦C) Herbaceous 35.00 3.20 52.30 21.28

5
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Table 2. Cont.

Biomass Type Cell [%] Hemi [%] Lig [%] HHV [MJ/kg] Ref.

Hops Herbaceous 42.2 0 26.20 16.59

Torrefied hops (200 ◦C) Herbaceous 42.9 0 26.80 18.80

Torrefied hops (250 ◦C) Herbaceous 47.00 0 35.10 18.90

Torrefied hops (300 ◦C) Herbaceous 39.90 0 38.70 20.70

Torrefied pine chip (225 ◦C) Woody 41.23 12.87 38.42 19.48

[41]

Torrefied pine chip (250 ◦C) Woody 41.90 6.93 45.70 20.08

Torrefied pine chip (275 ◦C) Woody 39.54 0.99 53.30 21.82

Torrefied pine chip (300 ◦C) Woody 12.84 0.56 79.99 25.38

Logging residue chip Woody 37.49 13.26 26.15 18.79

Torrefied logging residue chip (225 ◦C) Woody 41.04 14.77 33.20 19.79

Torrefied logging residue chip (250 ◦C) Woody 38.57 5.87 42.49 21.21

Torrefied logging residue chip (275 ◦C) Woody 34.08 5.23 52.80 22.03

Torrefied logging residue chip (300 ◦C) Woody 6.10 1.04 85.06 26.41

Torrefied Cotton Balls Herbaceous 29.44 24.22 34.20 18.73
[42]

Torrefied Sunflower Herbaceous 31.00 29.35 24.73 19.65

Wet torrefied bamboo
(180 ◦C 30 min 0 M HCl) Herbaceous 42.61 25 23.18 17.79

[43]
Wet torrefied bamboo

(180 ◦C 15 min 0.2 M HCl) Herbaceous 34.97 0 33.94 24.19

Wet torrefied bamboo
(180 ◦C 30 min 0.2 M HCl) Herbaceous 13.96 0 36.98 24.86

Corn straw Herbaceous 39.12 30.95 10.73 18.61

[44]Torrefied corn straw (160 ◦C) Herbaceous 38.03 28.86 10.12 19.17

Torrefied corn straw (180 ◦C) Herbaceous 37.11 28.12 9.87 19.79

Torrefied oat hull (285 ◦C) Herbaceous 33.52 0.72 45.65 22.45 [29]

Torrefied bamboo (280 ◦C 10 min) Herbaceous 49.76 8.60 39.79 19.88

[45]Torrefied bamboo (280 ◦C 30 min) Herbaceous 49.40 5.56 43.12 20.11

Torrefied bamboo (280 ◦C 60 min) Herbaceous 47.40 2.03 50.40 20.42

Sweet sorghum bagasse Herbaceous 29.80 24.40 5.24 17.30

[46]Torrefaction
sweet sorghum bagasse Herbaceous 19.90 4.80 16 23

To compare the optimal model selected based on the validation data with those of
previous studies, we used the test dataset provided in Table 3 for verification.

Table 3. Verification test dataset for comparison validation model and previous studies.

Biomass Type Cell [%] Hemi [%] Lig [%] HHV [MJ/kg] Ref.

Softwood Woody 47.40 13.80 23.50 18.00

[47]Torrefied softwood Woody 36.60 2.65 23.20 22.30

Torrefied hardwood Woody 46.70 1.20 15.70 22.40

6
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Table 3. Cont.

Biomass Type Cell [%] Hemi [%] Lig [%] HHV [MJ/kg] Ref.

Norway spruce Woody 41.70 26.00 30.90 20.37

[46]Torrefied Norway spruce (260 ◦C 8 min) Woody 42.30 23.20 30.40 20.65

Torrefied Norway spruce (260 ◦C 25 min) Woody 40.10 13.50 33.90 21.51

Corn straw Herbaceous 39.12 30.95 10.73 18.61
[44]

Torrefied corn straw (160 ◦C) Herbaceous 38.03 28.86 10.12 19.17

Torrefied miscanthus (230 ◦C 15 min) Herbaceous 44.50 18.50 26.80 19.30

[48]

Torrefied miscanthus (250 ◦C 15 min) Herbaceous 44.90 12.20 32.80 19.70

Torrefied miscanthus (250 ◦C 30 min) Herbaceous 43.30 9.90 36.20 19.90

Torrefied willow (230 ◦C 15 min) Woody 39.70 18.10 28.70 19.60

Torrefied willow (250 ◦C 15 min) Woody 40.50 15.30 30.30 19.90

Torrefied willow (270 ◦C 15 min) Woody 41.10 12.90 33.40 20.20

Torrefied willow (230 ◦C 30 min) Woody 39.30 16.80 29.60 19.60

Torrefied willow (250 ◦C 30 min) Woody 40.30 14.70 31.40 19.80

Torrefied willow (270 ◦C 30 min) Woody 41.60 14.20 32.90 20.50

Bamboo Herbaceous 48.03 24.13 27.83 19.00

[49]

Wet torrefied bamboo (200 ◦C) Herbaceous 50.22 22.68 27.10 19.40

Wet torrefied bamboo (220 ◦C) Herbaceous 49.88 25.09 25.03 19.60

Dry torrefied bamboo (180 ◦C) Herbaceous 43.13 25.04 31.84 19.10

Dry torrefied bamboo (200 ◦C) Herbaceous 36.78 27.96 35.25 19.40

3. Results and Discussion

3.1. Result of Pearson Correlation Coefficient

The results of the Pearson’s correlation coefficient are summarized in Figure 6. In the
case of cellulose, a positive correlation was observed with hemicellulose, while a negative
correlation was found with calorific value. The reason for the positive correlation between
hemicellulose and cellulose is likely because they share precursor structures composed of
pentose or hexose sugar monomers. For hemicellulose, there was a negative correlation
with calorific value and lignin. Particularly, the strong negative correlation of −0.7668
with lignin suggests that in heat-treated samples, the presence of hemicellulose decreases
while the lignin content increases due to the decomposition of hemicellulose. In the case of
cellulose, it decomposes at high temperatures and decreases like hemicellulose, which is
inversely proportional to the increase in HHV. However, due to lower decomposition rate
compared with hemicellulose, it has a negative correlation, but it appears to be a weaker
correlation than the correlation between hemicellulose and HHV. Lignin, on the other
hand, exhibited a strong positive correlation of 0.6518 with the calorific value. This can be
attributed to the fact that lignin is a polymer with a high carbon content, and in heat-treated
samples, the lignin content tends to be higher, leading to an increase in calorific value.

7
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Figure 6. Result of Pearson correlation coefficient.

3.2. Prediction Model Using Total Biomass

The equations for predicting the calorific value of the overall biomass are summarised
in Table 4. Given the diverse characteristics of the various biomass samples, they exhibited
substantial variations, which likely contributed to the lower R2 values. Various input
variables were applied, and the highest R2

P value of 0.5814 was obtained for T3.

Table 4. Calorific value prediction model using overall lignocellulosic biomass.

No. Equation R2
P [-] 1 RMSEP [-] 2 MAEP [%] 3 AAEP [%] 4 ABEP [%] 5

T1 HHV = 22.011 − 0.649H0.5 + 0.0000424L2 0.5423 1.3858 1.1006 5.3455 0.4302

T2

HHV = −4.205 −0.003C2 + 0.576C − 1.931C0.5

+0.003H2 − 0.589H + 7.491H0.5

+0.007L2 − 1.337L + 10.134L0.5

+0.013CH − 1.313CH0.5

0.5719 1.5215 1.1764 5. 7280 2.1895

T3
HHV = −2.918 +0.228C − 0.269H + 5.553H0.5

−1.115L + 0.006L2 + 8.469L0.5

+0.01CH − 1.138CH0.5
0.5814 1.5455 1.1924 5.8641 2.9964

1 coefficient of determination, 2 root mean square error, 3 mean absolute error, 4 average absolute error, 5 average
bias error.

T1 and T2 had an R2
P value of 0.5423 and 0.5719, respectively. T3 had the highest

value of RMSEP at 1.5455, whereas T1 had the lowest RMSEP of 1.3858. AAEP for T1 was
calculated as 5.3455%. However, T2 and T3 exhibited an error rate of 5.7280% and 5.8641%,
respectively. Furthermore, among the prediction models that used the overall biomass, the
predicted values were higher, resulting in positive ABEP values. T1 exhibited the lowest
ABEP of 0.4302%. Hence, T2 predicted more accurately than the ABEP of T2 and T3, which
were 2.1895% and 2.9964%, respectively. Given that the performance metrics did not meet
the desired level of accuracy, a decision was made to enhance the model’s performance
by separating the predictions for woody and herbaceous biomass. This separation was
undertaken as the simultaneous prediction of both hardwoods and softwoods may have
contributed to the reduced accuracy observed in the model.

3.3. Prediction Model Using Woody Biomass

Three prediction models for woody biomass are presented in Table 5. When compared
to the previous prediction models for lignocellulosic biomass, the R2

P values for woody
biomass were notably higher, ranging from 0.82 to 0.83. Similarly, the RMSEP values for
these models fell within the range of 0.96 to 1.18.
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Table 5. Calorific value prediction model using woody biomass.

No. Equation R2
P [-] RMSEP [-] MAEP [%] AAEP [%] ABEP [%]

W1
HHV = 31.257− 0.039C + 0.001C2 − 0.88C0.5

+0.074H − 0.001H2 − 1.738H0.5

−0.001L2 + 0.463L0.5
0.7811 1.2810 1.0860 5.3534 2.8879

W2
HHV = 31.027+ 0.000316C2 − 1.118C0.5 − 1.398H0.5

−0.001L2 + 0.462L0.5 0.8222 1.1888 0.8724 4.0008 −1.7930

W3 HHV = 27.567 − 0.28C0.5 − 1.333H0.5 0.8392 0.9626 0.7238 3.5106 0.2286

Interestingly, in most cases, an increase in the number of input variables tended to
result in higher R2

P values, which could indicate a risk of overfitting. However, it is
worth noting that for the prediction models of woody biomass, the model with the highest
number of input variables, W1, exhibited the lowest R2

P value and the highest RMSEP.
On the contrary, the model with the fewest input variables, W3, demonstrated reasonable
performance, boasting an R2

P of 0.8392 and an RMSEP of 0.9626.

3.4. Prediction Model for Herbaceous Biomass

The prediction models for herbaceous biomass are outlined in Table 6. The R2
P values

for these models varied in the range of 0.82 to 0.87. Interestingly, the model with the fewest
input variables, H1, had the lowest R2

P, whereas the model with the most input variables,
H3, had the highest R2

P. However, when considering the RMSEP, H1 had the highest value
at 1.2958. In terms of ABEP, only H2 had a positive value, while H1 and H3 had negative
values, indicating an underestimation in the latter cases. The reason for the low accuracy of
herbaceous biomass was due to be extractive and non-uniformity compared with woody
biomass. In general, it is known that the extractive and ash content of herbaceous biomass
is higher than that of woody biomass [50,51]. Because this was not considered in this study,
it was determined to be low.

Table 6. Calorific value prediction model using herbaceous biomass.

No. Equation R2
P [-] RMSEP [-] MAEP [%] AAEP [%] ABEP [%]

H1
HHV = 24.918 +0.002Ho2 − 1.36Ho0.5 + 2.813H0.5

−0.003L2 + 0.165L − 0.67CH0.5 0.8256 1.2958 1.1723 5.9563 −5.8252

H2
HHV = 15.513 +0.002C2 − 1.283C0.5 − 0.297H

+0.007H2 + 2.688H0.5 − 0.388L
+4.23L0.5 + 0.003CH − 0.504CH0.5

0.8561 0.6294 0.5243 2.7030 1.8674

H3
HHV = 14.738 +0.002C2 − 1.246C0.5 + 0.007H2

−0.31H + 2.8H0.5 − 0.429L
+4.524L0.5 + 0.003CH − 0.521CH0.5

0.8739 0.4836 0.3698 1.8929 −0.2333

3.5. Validation of Calorific Value Prediction Models

A validation process was carried out to determine the most suitable model among
the presented models. Table 7 displays the validation outcomes for overall lignocellulosic
biomass. The validation results reveal that T2 achieved the highest R2

CV, standing at
0.7870. However, it also displayed the lowest RMSECV, which was 1.1258. Both T1 and T3
demonstrated R2

CV values of approximately 0.4920. Comparing MAECV and AAECV, T2
demonstrated satisfactory performances. In conclusion, based on the validation results, T2
emerged as the optimal model.
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Table 7. Validation of the results obtained from the model using overall lignocellulosic biomass.

R2
CV [-] RMSECV [-] MAECV [%] AAECV [%] ABECV [%]

T1 0.4920 1.9178 1.3871 6.6409 0.3278
T2 0.7870 1.1258 0.9180 4.3728 0.3878
T3 0.4902 1.9198 1.4490 7.0107 1.2695

Regarding woody biomass (Table 8), most models displayed R2
CV values within the

range of 0.60 to 0.69. However, W3 stood out with the highest R2
CV value of 0.8108. The

RMSECV values generally fell between 1.44 and 1.45 for most models, although W1 had a
slightly higher RMSECV at 2.0387. When considering ABECV, W3 had the highest value,
reaching 5.2810, compared to W1 and W2 with values of 3.7659. Despite its higher ABECV,
W3 was deemed the optimal choice due to its combination of a high R2

CV, low RMSECV,
and a reduced number of input variables.

Table 8. Validation of the results obtained from the model using woody biomass.

R2
CV [-] RMSECV [-] MAECV [%] AAECV [%] ABECV [%]

W1 0.6217 2.0387 1.8632 9.1077 7.6093
W2 0.6933 1.4568 1.2382 5.9518 3.7659
W3 0.8108 1.4423 1.2070 5.9422 5.2810

In the case of herbaceous biomass (Table 9), the R2
CV values were notably higher,

increasing within the range of 0.528 to 0.8959. Additionally, their RMSECV values ranged
from 1.3266 to 2.1312, respectively. The R2

cv of H1 was the highest at 0.8959, but RMSECV
was 2.1312, higher than H2’s 1.3266. H2 and H3 showed better performance in RMSECV,
MAECV, AAECV, and ABECV. Despite a lower R2

cv, H2 was determined to be optimal.

Table 9. Validation of the results obtained from the model using woody biomass.

R2
CV [-] RMSECV [-] MAECV [%] AAECV [%] ABECV [%]

H1 0.8959 2.1312 1.9740 9.4032 −9.3217
H2 0.8528 1.3266 1.0707 5.0002 −3.5535
H3 0.8672 1.5457 1.3415 6.2997 −5.3494

3.6. Comparison of the Model with Previous Models

Using a verification dataset, we conducted a comparison between the calorific value
prediction model developed in our study and models from previous research. For this study,
we chose the model by Demirbaş [13], which was based on non-wood biomass, and the model
by Domingos et al. [18], which utilized equations formulated using heat-treated biomass.

The biomass test results are outlined in Table 10. The RMSE values for T2, Demir-
baş [13], and Domingos et al. [18] were recorded as 0.7702, 1.3534, and 1.1298, respectively.
The T2 model proposed in our study exhibited the lowest RMSE. In the case of torrefied
biomass, Domingos et al. [18] displayed a lower RMSE compared to Demirbaş [13]. The R2

values were relatively low due to the variations in biomass properties, with a notably low
R2 value of 0.0059 observed in previous studies. Since both previous studies predicted only
lignin as a variable, R2 was observed to have the same value. In the case of previous studies,
it was predicted based on lignin alone, but other studies indicate that there are other prop-
erties that have significant weight in changes in HHV in addition to lignin [50,52]. Through
actual analysis, it was confirmed that cellulose and hemicellulose affected HHV. In all
model, a negative ABE was noted, indicating an underestimation, as depicted in Figure 7a.
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Table 10. Validation of the results obtained from the model using overall biomass.

Equation R2 RMSE MAE AAE ABE

T2

HHV = −4.205 −0.003C2 + 0.576C − 1.931C0.5

+0.003H2 − 0.589H + 7.491H0.5

+0.007L2 − 1.337L + 10.134L0.5

+0.013CH − 1.313CH0.5

0.5171 0.7702 0.5768 2.9346 −0.2742

Demirbaş [13] HHVB = 0.0877[L] + 16.4951 0.0058 1.3534 0.8719 4.2037 −3.1029

Domingos et al. [18] HHV = 17.893 + 0.068[L] 0.0058 1.1299 0.7384 3.5927 −0.4441

Figure 7. Scatter plot for predicted and observed calorific values when different biomass types were
used: (a) overall lignocellulosic biomass, (b) woody biomass, (c) herbaceous biomass [13,18].

In the case of woody biomass (Table 11), the W3 model proposed in our study dis-
played the lowest RMSE. Conversely, the Demirbaş equation had a higher RMSE of 1.7427
compared to the other two equations. Also, the R2 value was higher for W3, measuring
0.4152. When considering ABE, W3 was the only equation with a positive value, while that
of Demirbaş exhibited a significantly negative value of −4.8843%, indicating an underesti-
mation. Consequently, as depicted in Figure 7b, W3 is represented by a positive trendline,
whereas the two equations from previous studies exhibit negative trends.

Table 11. Comparison of the model with those defined in previous studies by using woody biomass
test dataset.

Equation R2 RMSE MAE AAE ABE

W3 HHV = 27.567 − 0.28C0.5 − 1.333H0.5 0.4152 1.2668 1.0902 5.3992 2.7024

Demirbaş
[13] HHVB = 0.0877[L] + 16.4951 0.0894 1.7427 1.2145 5.7017 −4.8843

Domingos et al.
[18] HHV = 17.893 + 0.068[L] 0.0894 1.4359 0.9479 4.4850 −2.3996

For herbaceous biomass (Table 12), H1 showed an RMSE of 0.5176, whereas Domin-
gos et al. [18] reported an RMSE of 0.5784. The Demirbaş equation exhibited the highest
RMSE among the three at 0.6208. However, the R2 value for the Demirbaş and Domin-
gos et al. equation was the highest. Regarding the ABE, only the H1 and Demirbaş equation
showed negative values, whereas the Domingos et al. equation had positive values. This
is illustrated in Figure 7c. The trend line of Domingos et al. exhibited an upward positive
trend, suggesting that predictions from the equations tended to overestimate the values. In
contrast, the Demirbaş equation and H1 resulted in an underestimation.
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Table 12. Comparison of the model with those defined in previous studies by using herbaceous
biomass test dataset.

Equation R2 RMSE MAE AAE ABE

H1

HHV = 15.513 +0.002C2 − 1.283C0.5 − 0.297H
+0.007H2 + 2.688H0.5

−0.388L + 4.23L0.5 + 0.003CH
−0.504CH0.5

0.0830 0.5176 0.4677 2.4114 −0.8891

Demirbaş
[13] HHVB = 0.0877[L] + 16.4951 0.4382 0.6208 0.4608 2.4060 −0.9652

Domingos et al.
[18] HHV = 17.893 + 0.068[L] 0.4382 0.5784 0.4869 2.5220 1.9026

4. Conclusions

In this study, the calorific value of lignocellulose using structural analyses was pre-
dicted. Building on previous research, we predicted the calorific value by classifying
biomass as overall lignocellulose biomass, woody biomass, and herbaceous biomass. When
using the overall biomass dataset, the presented models yielded relatively low R2

P values,
ranging from 0.5423 to 0.5814. However, when analysing the models separately for woody
and herbaceous biomass, R2 values of woody biomass ranged from 0.7811 to 0.8392, and
those of herbaceous biomass ranged from 0.8256 to 0.8739.

The optimal model was identified after validation. Equations (9)–(11) were identified
as the optimal model equations.

HHV = −4.205 −0.003C2 + 0.576C − 1.931C0.5 + 0.003H2 − 0.589H
+7.491H0.5 + 0.007L2 − 1.337L + 10.134L0.5 + 0.013CH
−1.313CH0.5

(9)

HHV = 27.567 − 0.28C0.5 − 1.333H0.5 (10)

HHV = 24.918 +0.002Ho2 − 1.36Ho0.5 + 2.813H0.5 − 0.003L2 + 0.165L
−0.67CH0.5 (11)

Furthermore, the chosen equations were assessed using a test dataset, revealing that T1
and W3 exhibited improved performance compared to previous studies, while H1 showed
lower performance compared to prior research. Although the R2 of H1 was low, the RMSE
was low compared to previous studies, so it is seemed to be sufficiently usable. In the case
of other studies, they were conducted in an extractive-free biomass, but it is important
to note that this study presented a calorific value prediction model that did not consider
extractive-free biomass. Also, the accuracy of the model using cellulose, hemicellulose, and
lignin was confirmed to be higher than that of the conventional lignin-based calorific value
prediction model.

This study aimed to encompass various biomass types but was based on a dataset of
111 biomass samples for model construction. However, the prediction rates for calorific
values were relatively low for herbaceous and lignocellulosic biomass datasets. Future
research should prioritize the development of models capable of predicting cellulose,
hemicellulose, lignin, and calorific values across various biomass types and a wide range
of heat treatment conditions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/en16237896/s1, Table S1: Data from previous studies, 111 structural
analyses and calorific value data.
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Abstract: Wood ash is sometimes used as an alternative to mineral fertilizers; however, there is still
a paucity of reliable data concerning its effect on plants—and on biological properties of soil. The
present study aimed to determine the possible extent of soil pollution with ash from Salix viminalis
that does not disturb the growth of Zea mays L., intended for energetic purposes, in order to identify
how the increasing ash doses affect biochemical and physicochemical properties of soil and to finally
to establish the neutralizing effects of soil additives, i.e., compost and HumiAgra preparation, on
this soil pollutant. The study demonstrated that the heating value of Zea mays L. was stable and
not modified by the excess content of ash from Salix viminalis in the soil. This finding points to the
feasibility of Zea mays L. cultivation on soils contaminated with ash from Salix viminalis and its use
in bio-power engineering. The biomass of the aboveground parts of Zea mays L. was significantly
reduced after soil contamination with Salix viminalis ash dose of 20 g kg−1 d.m. soil, whereas the
smaller ash doses tested (5–10 g kg−1 d.m. soil) did not impair either the growth or the development
of Zea mays L. The ash inhibited activities of all analyzed soil enzymes but increased soil pH and
sorption capacity. Fertilization with compost proved more effective in neutralizing the adverse effect
of ash on enzymatic activity of the soil.

Keywords: ash; soil; plant; soil enzymes; heat of combustion; heating value

1. Introduction

Zea mays L. belongs to the Poaceae family. Due to its high yield potential and nutritional
value, it is cultivated in many regions across the world for food and feed production
purposes [1,2]. It is also commonly used as a main energy crop for biogas production. In a
major part of Europe, it is treated as a “green energy” for biogas plants [3,4]. In addition,
it may be grown for energetic purposes [5] on marginal soil and under stress-triggering
conditions [6]. These stress conditions may be induced by excessive soil fertilization
with wood ash obtained from, e.g., osier (Salix viminalis). S. viminalis is a fast-growing
species with few soil requirements [7]. It may be cultivated in areas of low agricultural
productivity and wastelands [5]. Finally, osier (Salix viminalis) has been reported to ensure
the best performance among the energy crops [8] and has also been found effective in soil
remediation [9].

Wood ash is a product of the combustion of wood materials containing organic and in-
organic compounds [10,11]. Ash from biomass has strongly alkaline pH values (pH > 12.5)
and is enriched with specified forms of minerals (like quartz and calcite) and nutrients (P,
K, Ca, Mg) [12–15]. It contains oxides, hydroxides, carbonates, and silicates but is poor in
nitrogen, which volatilizes during combustion [16]. In addition, its fine-grained (powdered)
structure (some fractions are even smaller than <1 μm) ensures a very large reactive surface
capable of interacting with heavy metals (cadmium, zinc, copper) [14].
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Furthermore, ash exhibits various properties, depending on the type and origin of
combusted biomass [17–19]. In general, wood-based ashes (the so-called type C ashes) have
higher contents of calcium, magnesium, and manganese and higher pH values than those
from annual plants (the so-called type K ashes) enriched in potassium, phosphorus, sulfur,
and chlorine [20]. Ashes from wood biomass may differ significantly in terms of elemental
composition (heavy metals) [18] and content of organic compounds (e.g., PAHs) [21,22].
Apart from essential nutrients, like phosphorus, potassium, calcium, and magnesium,
which play an important physiological role in the synthesis of chlorophyll; nucleotides;
phosphatides; alkaloids; and multiple enzymes, hormones, and vitamins [23], ash con-
tains certain toxic substances, including organic compounds (chlorobenzenes, PAHs, and
chlorophenols), as well as radioactive (137Cs) and toxic (arsenic, cobalt, copper, nickel, lead,
zinc) elements, which adversely affect the natural environment [24] and may be toxic to
plants [25,26]. Due to its high toxicity and mobility, cadmium has been claimed the most
hazardous metal in wood ash [27,28]. Therefore, soil amendment with high doses of ash
may disturb nutrient cycling, which regulates organic matter content, and by this means
may adversely affect plant growth and development [29]. Given these vast differences in
ashes, great caution should be exercised when applying them as soil quality promoters,
especially in agrosystems, because—under specified conditions—they may pose a threat to
the natural environment (e.g., elution of heavy metals) [18,20] or may exert adverse health
effects (e.g., increased uptake of heavy metals from soil by plants) [21,22].

The effects of applying wood-based ashes resemble those of calcium-based fertilizers,
namely, they both regulate soil pH, but the ash offers an additional advantage, as it pro-
vides nutrients. However, both the wood-based ash and calcium fertilizers are strongly
alkaline and may cause damage to crops when applied in excess doses [30]. The use
of ash in crop cultivation may elicit both positive and negative outcomes. A study con-
ducted by Liu et al. [1] demonstrated its positive effect when applied to soil in doses of
20 and 40 g kg−1 d.m. soil on the growth of Zea mays L. and the enzymatic activity of lead-
polluted soil. Romdhane et al. [31] also demonstrated its positive impact (26 g kg−1 d.m.
soil) on shoot growth and leaf number in two analyzed hybrids of Zea mays L. In turn,
Pukalchik et al. [32] showed that an ash dose of 44.1 g kg−1 d.m. soil negatively affected
the enzymatic activity of soil. The positive effects of ash may be ascribed to the greater avail-
ability of its P and K, whereas its adverse effects may be due to the reduced N content [13].
Given the high pH and chemical composition of wood-based ash, its application in agricul-
ture has been studied for years [33,34]. Its deposition and irrational use in agriculture may
result in environmental contamination [35,36].

In view of the above, an innovation of the present study was the application of ash
from Salix viminalis aimed to establish the doses eliciting positive effects on plants as well as
enzymatic activity and physicochemical properties of soil, and also to determine the doses
causing soil contamination. In addition, compost and HumiAgra were applied to determine
their efficacy in neutralizing the potential adverse effect of ash from Salix viminalis.

Taking into account the above data, the following research hypotheses were formu-
lated: (a) up to a certain level (dose), ash from Salix viminalis exerts a positive effect on
the biomass of aboveground parts and roots, heat of combustion, and heating value of
Zea mays L. as well as on the activities of soil enzymes and physicochemical properties of
soil; (b) once a certain level (dose) of osier ash is exceeded, it becomes a contaminant and
elicits adverse effects on plants as well as enzymatic activity and physicochemical properties
of soil; and (c) the adverse effects of high doses of ash on Zea mays L. biomass and activity
of soil enzymes may be neutralized by soil amendment with compost and HumiAgra.

The major goal of this study was to evaluate the effect of ash from Salix viminalis on the
growth and development of Zea mays L. and its heating value. Additional study aims were
to determine the impact of increasing ash doses on the biochemical and physicochemical
properties of soil and to establish the usability of soil fertilization with compost and
HumiAgra preparation on the neutralization of the adverse effects of ash.
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2. Materials and Methods

2.1. Characteristics of Soil and Composition of Ash from Salix viminalis, Compost, and
Humic Acids

The soil used to establish the experiment was collected form the arable-humus horizon
(0–20 cm) of soil in Tomaszkowo village, Olsztyn commune, Warmia and Mazury Province,
Poland (53.7161◦ N, 20.4167◦ E). The soil was air-dried and sieved through a screen with
0.5 cm mesh diameter. Then, it was assessed for its fraction size composition and basic
chemical and physicochemical properties. Soil properties and the design of the vegetation
pot experiment are presented in Table 1.

Table 1. Design of the experiment.

Type of Analysis Pot Vegetation Experiment

Soil characteristics

Sandy clay: sand 69.41%, silt 27.71%, clay 2.88%;
Contents: organic carbon—6.18 g kg−1 d.m. soil, total
nitrogen—1.27 g kg−1 d.m. soil;
pHKCl—6.09;
Hydrolytic acidity (HAC)—8.81 mmol(+) kg−1 d.m. soil;
Sum of exchangeable base cations (EBC)—24.00 mmol(+) kg−1 d.m. soil;
Cation exchange capacity (CEC)—32.81 mmol(+) kg−1 d.m. soil;
Extent of saturation with base cations (BS)—73.14%.

The mass of soil in the pot 3.5 kg

Experimental plant Zea mays L. variety LG 32.58 (4 plants in one pot)

Fertilization in mg kg−1 d.m. of soil

N—150 in the form of CO(NH2)2
P—70 in the form of KH2PO4
K—120 in the form of KCl + KH2PO4
Mg—15 in the form of MgSO4 × 7H2O

Dose of ash from Salix viminalis in g kg−1 d.m. of soil 0, 5, 10, 20

The content of elements in the ash (Figure 1a) in % d.m. C—51.04, H—5.87, S—0.02, N—0.38; Cl—0.02; P—0.09; K—0.17;
Mg—0.03; Ca—0.41; Na—0.009

pH in KCl 12.50

Compost

Manufacturer: Ekokonsorcjum-Effekt company (Cracow, Poland;
license no. 21/02) from green waste (grass, bushes) gathered in parks,
squares, and home gardens; fruit and vegetables picked at market
squares; and organic waste from food processing plants.
Chemical composition in % of d.m.: Corg—23.20; NTotal—1.30; P—0.26;
K—1.24; Mg—0.30; and Ca—1.43.

HumiAgra
Manufacturer: AgraPlant, Kielce, Poland.
Chemical composition in % of d.m.: 90% humic acids (50% humins and
50% fulvic acids), 6% K, and 3% S.

Dose of compost and HumiAgra in g kg−1 d.m. of soil 0 and 2.5

Experiment duration in days 60

Number of replications Four repetitions per combination

Conditions in the vegetation hall
The average temperature was 17.5 ◦C, air humidity reached 78.5%, and
day length was from 13 h 4 min to 15 h 30 min.
The soil moisture content—50% of the water capillary capacity.

Investigations conducted by Romdhane et al. [31], Błońska et al. [36], Mundała et al. [37],
and Núñez-Delgado et al. [38] have demonstrated that the content of cobalt in wood ash
ranged from 3.37 to 5.00 mg kg−1, that of chromium from 12.70 to 28.0 mg kg−1, that of
copper from 82.50 to 129 mg kg−1, that of nickel from 5.28 to 27.30 mg kg−1, that of lead
from 23.30 to 527.00 mg kg−1, that of zinc from 281.60 to 732 mg kg−1, and that of cadmium
from 0.22 to 0.55 mg kg−1. According to Someshwar [39], the content of organic substances,

18



Energies 2023, 16, 8037

including biphenyl, naphthalene, and phenanthrene, in wood ash is negligible and does
not pose threat to the natural environment.

2.2. Study Design

Zea mays L. (Figure 1b) was harvested on day 60 of the experiment (at the BBCH
39 stage) and assessed for the biomass yield of aboveground parts and roots. The above-
ground parts of Zea mays L. were also analyzed for the heat of combustion and heating
value. The leaf greenness index of Zea mays L. was evaluated three times throughout
the experimental period. In turn, selected soil samples were analyzed for activities of
soil enzymes: dehydrogenases, catalase, urease, acid phosphatase, alkaline phosphatase,
β-glucosidase, and arylsulfatase. In addition, after crop harvest, the soil samples were
analyzed for the following chemical properties: contents of organic carbon (Corg) and total
nitrogen, and for the following physicochemical properties: pH, hydrolytic acidity (HAC),
sum of exchangeable base cations (EBC), total cation exchange capacity (CEC), and extent
of saturation with base cations (BS).

(a) (b) 

Figure 1. (a) Ash from Salix viminalis. (b) View of the experiment with Zea mays L. in the vegetation hall.

2.3. Biochemical, Chemical, and Physicochemical Analyses of Soil

The experiment included determinations of the activity of soil enzymes as well as
basic chemical and physicochemical properties of soil. Analyses of the biochemical soil
properties included determinations of activities of: dehydrogenases (Deh) —with Lenhard’s
method modified by Öhlinger [40]; catalase (Cat)—with Alef and Nannipieri’s method [41];
urease (Ure)—with Alef and Nannipieri’s method [41]; acid phosphatase (Pac) and alkaline
phosphatase (Pal)—with Alef and Nannipieri’s method [41]; arylsulfatase (Aryl)—with
Alef and Nannipieri’s method [41], and β-glucosidase (Glu)—with Alef and Nannipieri’s
method [41]. Analyses of the chemical properties of soil included determinations of
the contents of organic carbon (Corg) and total nitrogen (NTotal) by means of the Vario
MaxCube CN elemental microanalyzer (Hanau, Germany). In turn, the physicochemical
soil properties analyzed included: pH—with the potentiometric method in a 1 mol·dm−3

aqueous KCl solution, hydrolytic acidity (HAC), and sum of exchangeable base cations
(EBC) with the Kappen’s method [42]. The HAC and EBC values obtained were used to
determine the total cation exchange capacity of soil (CEC) and the extent of its saturation
with base cations (BS).

The heating value of Zea mays L. was estimated with the combustion method in a
C-2000 calorimeter (IKA WERKE, Northchase Pkwy Se, Wilmington, USA). The heat of
combustion (Q) was determined acc. to the Polish standard PN-EN ISO 18125:2017 IKA
C2000 [43], and the heating value acc. to Kopetz et al. [44]. Contents of carbon, hydro-
gen, and sulfur were determined by means of an ELTRA CHS 500 automatic analyzer
(Neuss, Germany), following PN-G-04584 and PN-G-04517 standard methods [45]. Nitro-
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gen content was determined with the Kjeldahl method (ISO 11261) [46]. Contents of P, K,
Mg, and Ca levels in Salix viminalis wood ash were determined using inductively coupled
plasma (ICP) spectroscopy (ICP—OES ThermoiCAP 6500 DUO, ThermoFisher Scientific,
Cambridge, UK), after sample mineralization in a mixture of concentrated nitrogen and
perchloric acid. The leaf greenness index was determined using a Spectrum Technologies,
Inc., Chlorophyll Meter (KONICA MINOLTA, Inc., Chiyoda, Japan).

Biochemical, chemical, and physicochemical analyses were conducted in three repli-
cations. A detailed procedure for enzymatic activity determination was provided in a
work by Zaborowska et al. [47], whereas the procedures of determinations of chemical and
physicochemical parameters were provided in our previous works [48,49]. In turn, the
heating value of Zea mays L. was described in the study by Wyszkowska et al. [50].

2.4. Computations and Statistical Analysis

One of the computations included calculating the index of the Salix viminalis ash
effect on activities of soil enzymes. A detailed description of its concept was provided
in our previous works [51,52]. Using analysis of variance (ANOVA), the obtained data
were statistically analyzed at the significance level of p ≤ 0.05 using the STATISTICA
13 program [53]. Homogenous groups were computed using the Tukey’s test for the
following variables: biomass yield of the aboveground parts and roots of Zea mays L., heat
of combustion, and heating value. Coefficients of the linear Pearson’s correlation between
the variables were computed, and the coefficient of percentage variability of all analyzed
variables (η2) was calculated by means of the analysis of variance (ANOVA). In turn, the
principal component analysis (PCA) was applied to analyze activities of soil enzymes.

3. Results

3.1. Biomass and Heating Value of Zea mays L. Cultivated in Soil with the Addition of Ash from
Salix viminalis

The percentage distribution of variable factors revealed the strongest effect (50.51%) of
Salix viminalis ash dose on the yield of Zea mays L. roots. In turn, the aboveground parts of
the experimental plant were most strongly affected (as much as 54.83%) by soil amendment
with compost and HumiAgra (Table 2).

Table 2. Coefficient of observed variation η2 (%).

Variable Factors
Plant Yield * Enzymes **

AP R Deh Cat Ure Pac Pal Glu Aryl

Ash dose 26.23 50.51 93.47 80.84 87.01 95.64 68.42 92.92 57.13
Additives 54.83 31.47 2.64 15.85 5.00 3.15 21.99 4.69 36.22

Ash * Additives 7.95 5.50 1.07 2.72 7.89 0.93 6.04 2.19 6.55
Error 10.97 12.51 2.83 0.59 0.10 0.28 3.55 0.20 0.10

* AP—aboveground parts; R—roots; ** Deh—dehydrogenases; Cat—catalase; Ure—urease; Pac—acid phosphatase;
Pal—alkaline phosphatase; Glu—β-glucosidase; Aryl—arylsulfatase.

A significant decrease in the biomass of aboveground parts of Zea mays L. was noted af-
ter soil treatment with a Salix viminalis ash dose of 20 g kg−1 d.m. soil (Figure 2a,b). Smaller
ash doses tested (5–10 g kg−1 d.m. soil) did not impair Zea mays L. yield. In turn, its root
biomass was significantly decreased by all analyzed doses of ash, i.e., 5–20 g kg−1 d.m. soil.
The fertilization of control soil (without ash addition) with compost stimulated the growth
and development of both aboveground parts and roots of Zea mays L., whereas soil amend-
ment with HumiAgra showed a promoting effect on roots only. Both organic substances
partly neutralized the adverse effect of the 20 g per kg soil ash dose on Zea mays L.
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(a) (b) 

Figure 2. Dry weight of aboveground parts (a) and roots (b) of Zea mays from soil contaminated
with Salix viminalis ash in g pot−1. Explanations: 1–4 ash dose g kg−1 d.m. soil: 1—0; 2—5; 3—10;
4—20; C—soil without compost and HumiAgra, K—soil with compost, H—soil with HumiAgra.
Homogeneous groups (a–e) were created separately for aboveground parts and roots.

The application of ash, compost, both, and HumiAgra to the soil had no significant
effect on the leaf greenness index (SPAD) of Zea mays L. (Table 3). Its values decreased
significantly along with Zea mays L. age, i.e., the highest value was recorded on day 14 of
crop vegetation and the lowest on day 42. These correlations were determined in the
non-fertilized soil and the soil fertilized with compost and HumiAgra.

Table 3. The effect of ash from Salix viminalis on the leaf greenness index (SPAD) of Zea mays L.

Ash Dose,
g kg−1 d.m. Soil

14 Days 28 Days 42 Days

Without Additives

0 43.02 a ± 1.73 36.71 bcd ± 2.47 26.03 f ± 2.23
5 42.37 a ± 1.47 35.12 cde ± 1.02 25.37 f ± 2.17
10 41.23 ab ± 0.60 35.07 cde ± 0.69 25.21 f ± 1.58
20 40.55 ab ± 0.40 31.43 e ± 2.56 24.78 f ± 2.08
X 41.80 B 34.58 D 25.35 F

r −0.96 * −0.97 * −0.96 *

Compost

0 43.55 a ± 2.14 34.49 cde ± 1.98 24.58 f ± 3.58
5 43.43 a ± 1.57 34.07 cde ± 2.30 24.13 f ± 1.02
10 42.68 a ± 1.02 33.58 de ± 2.43 22.90 f ± 1.95
20 42.14 a ± 0.33 33.59 de ± 1.92 22.69 f ± 0.75
X 42.93 A 33.950 E 23.58 E

r −0.98 * −0.87 * −0.97 *

HumiAgra

0 43.670 a ± 1.07 38.95 abc ± 0.63 26.31 f ± 0.91
5 43.07 a ± 1.08 35.56 cde ± 0.97 26.25 f ± 1.51
10 42.07 a ± 0.97 34.73 cde ± 1.56 25.99 f ± 0.61
20 42.14 a ± 1.29 34.55 cde ± 2.11 25.69 f ± 1.03
X 42.75 A 35.95 C 26.05 F

r −0.88 * −0.80 −1.00 *

* r—correlation coefficient significant at p = 0.05; Homogeneous groups (a–f) for three terms of the leaf greenness
index assessment; homogeneous groups for means were calculated for three terms of the leaf greenness index
assessment (A–F).
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The heat of combustion of Zea mays L. ranged from 17.86 MJ kg−1 p.dm. in the plants
grown on the soil polluted with ash from Salix viminalis at a dose of 20 g kg−1 d.m. soil
in the experimental series with HumiAgra to 18.42 MJ kg−1 p.dm. in the plants from the
control pot without additives (Table 4), whereas the heating value ranged from 15.93 in the
case of plants grown on the soil polluted with ash from Salix viminalis to 16.500 MJ kg−1

p.dm. in the case grown on the non-polluted soil. The energy obtained from Zea mays L.
biomass produced from 1 kg of soil amended with compost and HumiAgra was higher
than the variants without these additives. These correlations were observed in both the
control soil and soil polluted with Salix viminalis ash.

Table 4. The effect of ash from Salix viminalis on the heat of combustion and heating value of
Zea mays L.

Ash Dose,
g kg−1 d.m. Soil

Heat of Combustion Heating Value Energy Production
MJ kg−1MJ kg−1 Air-Dried Plant Matter

Without Additives

0 18.42 a ± 0.04 16.50 a ± 0.03 0.340 b ± 0.02
20 17.91 c ± 0.03 15.93 c ± 0.02 0.27 c ± 0.02

Compost

0 18.29 b ± 0.02 16.44 a ± 0.03 0.40 a ± 0.03
20 17.94 c ± 0.02 16.13 b ± 0.03 0.36 ab ± 0.02

HumiAgra

0 17.90 c ± 0.05 16.17 b ± 0.02 0.36 ab ± 0.04
20 17.86 c ± 0.02 16.10 b ± 0.03 0.32 b ± 0.03

Homogeneous groups (a–c) were created separately for columns.

3.2. Biochemical and Physicochemical Properties of Soil

Activities of all soil enzymes were affected to a greater extent (from 57.131% for
arylsulfatase to 95.643% for acid phosphatase) by soil treatment with Salix viminalis ash
than by its fertilization with compost and HumiAgra (from 2.635% for dehydrogenases to
36.220% for arylsulfatase) (Table 2). The results of PCA enabled illustration of the effect of
ash from Salix viminalis on the soil enzymes (Figure 3). The figure presents the distribution
of the analyzed samples in the system of two principal components. The activity of
dehydrogenases, catalase, urease, acid phosphatase, alkaline phosphatase, β-glucosidase,
and arylsulfatase was negatively correlated with the first principal component explaining
89.24% of the analyzed variability. The Salix viminalis ash doses of 5, 10, and 20 g kg- 1 d.m.
soil inhibited activities of the soil enzymes, as indicated by the distribution of cases on
the plane. The reciprocal arrangement of vectors describing urease, β-glucosidase, acid
phosphatase, dehydrogenases, and catalase indicates their similar response to the soil
amendment with Salix viminalis ash. In turn, arylsulfatase and alkaline phosphatase formed
one group; however, they were more sensitive to the negative effect of the ash. In addition,
the distribution of cases in relation to vectors enables concluding that compost was more
effective in mitigating the adverse effects of ash from Salix viminalis on the biochemical
activity of soil than HumiAgra.

The inhibiting effect of ash on the soil enzymes was reflected in the values of the index
of the Salix viminalis ash effect (IFAsh) on the biochemical activity of the soil. Considering
the IFAsh values, the analyzed enzymes were ordered as follows (from the most to the least
sensitive to Salix viminalis ash): Ure > Pac > Glu > Deh > Pal > Cat > Aryl (Table 5).

The adverse effects of Salix viminalis ash were noticed even in the soil samples polluted
with its lowest dose (5 g kg−1 d.m.) and aggravated along with increasing ash doses,
regardless of soil amendment with compost and HumiAgra.

22



Energies 2023, 16, 8037

The effect of soil treatment with the organic substances is well reflected in the values
of the indices of compost influence (IFK) and HumiAgra influence (IFH) on the activities of
soil enzymes (Figure 4a,b).

Figure 3. Enzyme activity in soil contaminated with Salix viminalis ash presented based on PCA.
Explanations: 1–4 ash dose g kg−1 d.m. soil: 1—0; 2—5; 3—10; 4—20; C—soil without compost and
HumiAgra, K—soil with compost, H—soil with HumiAgra; enzyme abbreviations are provided
under Table 2.

Table 5. Index of the effect of Salix viminalis ash on the activity of soil enzymes.

Ash Dose,
g kg−1 d.m.

Soil
Deh Cat Ure Pac Pal Glu Aryl

Without Additives

5 −0.23 a ± 0.03 −0.111 a ± 0.03 −0.42 b ± 0.07 −0.25 a ± 0.03 −0.04 a ± 0.01 −0.26 a ± 0.03 −0.030 a ± 0.03
10 −0.26 a ± 0.04 −0.254 d ± 0.02 −0.51 c ± 0.05 −0.47 c ± 0.07 −0.30 e ± 0.02 −0.40 d ± 0.02 −0.06 a ± 0.01
20 −0.61 c ± 0.05 −0.31 ef ± 0.02 −0.56 d ± 0.02 −0.60 d ± 0.05 −0.39 f ± 0.04 −0.53 f ± 0.04 −0.23 e ± 0.02
X −0.37 A −0.23 B −0.50 B −0.44 B −0.24 B −0.40 B −0.11 A

Compost

5 −0.29 b ± 0.08 −0.15 b ± 0.01 −0.62 f ± 0.08 −0.23 a ± 0.02 −0.10 b ± 0.02 −0.29 ab ± 0.02 −0.10 b ± 0.01
10 −0.31 b ± 0.07 −0.18 c ± 0.03 −0.57 d ± 0.04 −0.36 b ± 0.03 −0.17 c ± 0.02 −0.33 c ± 0.02 −0.20 d ± 0.01
20 −0.65 c ± 0.05 −0.30 de ± 0.06 −0.60 e ± 0.03 −0.59 d ± 0.06 −0.49 g ± 0.04 −0.41 d ± 0.05 −0.38 g ± 0.04
X −0.42 B −0.21 B −0.60 C −0.40 A −0.25 B −0.34 A −0.23 C

HumiAgra

5 −0.24 a ± 0.06 −0.09 a ± 0.05 −0.35 a ± 0.03 −0.31 b ± 0.01 −0.08 b ± 0.05 −0.30 ab ± 0.04 −0.12 bc ± 0.01
10 −0.30 b ± 0.04 −0.16 b ± 0.02 −0.56 d ± 0.02 −0.45 c ± 0.03 −0.24 d ± 0.02 −0.44 e ± 0.02 −0.17 c ± 0.02
20 −0.63 c ± 0.09 −0.31 f ± 0.03 −0.63 f ± 0.06 −0.64 e ± 0.06 −0.39 f ± 0.03 −0.54 f ± 0.01 −0.31 f ± 0.03
X −0.39 A −0.19 A −0.39 A −0.35 A −0.18 A −0.32A −0.20 B

Explanations in the Table 2. Homogeneous groups (a–g) were created separately for each enzyme; homogeneous
groups for means were calculated for each enzyme (A–C).
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(a) (b) 

Figure 4. Index of the effect of compost [IFK] (a) and HumiAgra [IFH] (b) on the activity of soil
enzymes. Explanations as in Table 2.

The IFK and IFH values computed for the ash-polluted soil samples pointed to
the positive effects of both substances on the activities of dehydrogenases, urease, and
arylsulfatase—and, in the case of HumiAgra, also on the activity of β-glucosidase. In turn,
soil treatment with ash from Salix viminalis contributed to decreased IFK and IFH values,
indicating a minor pollution-mitigating effect of these organic substances. The lowest value
of the IFK index was noted in the case of urease, which turned out to be the most sensitive
enzyme to Salix viminalis ash application even at the smallest tested dose, i.e., 5 g kg−1 d.m.
soil. In the case of the IFH index, its lowest value was determined for acid phosphatase in
the soil polluted with the highest ash dose (20 g kg−1 d.m. soil). A comparison of IFK and
IFH values demonstrated that HumiAgra proved less effective in mitigating the adverse
changes caused by the Salix viminalis ash than compost.

Soil pollution with an ash dose of 20 g kg−1 d.m. soil caused a significant increase in
Corg content, which was not observed upon soil amendment with the lower ash doses. The
highest content of organic carbon was determined in the soil samples fertilized with com-
post, whereas the values found in the control soil sample and in the samples treated with
HumiAgra were similar. The highest tested dose of ash from Salix viminalis (20 g kg−1 d.m.
soil) also increased the total nitrogen content of the soils without and with the addition of
compost and HumiAgra. In addition, the NTotal content of the soil was significantly affected
by the ash dose of 10 g kg−1 d.m. soil in the variants with compost addition. Regardless
of compost and HumiAgra addition to the soil, its pH increased and its hydrolytic acidity
decreased under the influence of Salix viminalis ash (Table 6).

Values of these two parameters were correlated with the sum of exchangeable base
cations, which was observed to increase upon soil pollution with the ash. Similar ob-
servations were made for CEC and BS, whose values increased along with increasing
ash doses. The addition of compost and HumiAgra to the soil positively affected its
physicochemical properties.
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Table 6. The effect of ash from Salix viminalis on the chemical and physicochemical properties of soil.

Ash Dose,
g kg−1 d.m.

Soil

Total Organic
Carbon (Corg)

Total Nitrogen
(NTotal) pHKCl

Hydrolytic
Acidity (HAC)

Total
Exchangeable
Base Cations

(EBC)

Total Cation
Exchange

Capacity of
Soil (CEC)

Base Cations
Saturation

Ratio in Soil
(BS)

g kg−1 mmol(+) kg−1 Soil %

Without Additives

0 7.87 g ± 0.18 1.68 d ± 0.01 4.35 f ± 0.05 15.71 c ± 0.04 44.10 k ± 0.05 59.81 j ± 0.26 73.73 i ± 0.31
5 8.10 fg ± 0.09 1.71 cd ± 0.02 6.85 d ± 0.04 5.81 d ± 0.04 122.00 h ± 1.00 127.81 g ± 0.04 95.45 f ± 0.01
10 8.27 fg ± 0.15 1.71 cd ± 0.01 7.00 c ± 0.03 3.71 f ± 0.04 123.00 h ± 0.10 126.71 g ± 1.04 97.07 d ± 0.01
20 10.34 b ± 0.11 1.73 bc ± 0.02 7.45 b ± 0.04 2.74 h ± 0.04 201.10 e ± 0.50 203.84 e ± 0.54 98.66 a ± 0.03
X 8.64 B 1.708 A 6.41 A 6.99 B 122.55 C 129.54 C 91.23 B

r 0.94 * 0.923 * 0.80 * −0.81 * 0.96 * 0.96 * 0.76

Compost

0 8.57 ef ± 0.10 1.72 bc ± 0.02 4.50 e ± 0.04 17.14 a ± 0.11 107.00 i ± 0.05 124.14 h ± 1.11 86.20 g ± 0.18
5 9.19 cd ± 0.13 1.74 bc ± 0.01 7.05 c ± 0.05 6.04 d ± 0.04 197.50 f ± 0.50 203.54 e ± 0.14 97.03 d ± 0.03
10 9.48 c ± 0.19 1.81 a ± 0.02 7.50 b ± 0.03 4.35 e ± 0.08 229.00 a ± 1.00 233.35 a ± 0.92 98.14 c ± 0.01
20 10.99 a ± 0.11 1.82 a ± 0.01 7.80 a ± 0.03 3.79 f ± 0.04 220.00 b ± 0.05 223.79 b ± 0.04 98.31 bc ± 0.01
X 9.56 A 1.77 A 6.71 A 7.83 A 188.38 A 196.20 A 94.92 A

r 0.99 * 0.91 * 0.81 * −0.77 0.76 0.76 0.74

HumiAgra

0 8.06 g ± 0.08 1.71 cd ± 0.01 4.45 ef ± 0.05 16.43 b ± 0.07 50.30 j ± 0.05 66.73 i ± 0.23 75.38 h ± 0.03
5 8.16 fg ± 0.13 1.73 bc ± 0.03 6.85 d ± 0.05 6.00 d ± 0.07 136.50 g ± 0.30 142.50 f ± 0.38 95.79 e ± 0.02
10 8.82 de ± 0.08 1.76 b ± 0.01 7.05 c ± 0.05 3.98 f ± 0.07 204.00 d ± 0.30 207.985 d ± 0.08 98.09 c ± 0.04
20 10.34 b ± 0.09 1.81 a ± 0.02 7.55 b ± 0.05 3.26 g ± 0.08 215.00 c ± 0.30 218.26 c ± 1.26 98.51 ab ± 0.11
X 8.85 B 1.75 A 6.48 A 7.42 A 151.45 B 158.87 B 91.94 B

r 0.97 * 1.00 * 0.82 * −0.80 0.89 * 0.81 * 0.75

* r—correlation coefficient significant at p = 0.05; homogeneous groups (a–k) were created separately for each
parameter; homogeneous groups for means were calculated for each parameter (A–C).

3.3. Correlations between the Analyzed Parameters

The biomass yield of aboveground parts and roots of Zea mays L. (Table 7) was
positively correlated with the activities of the analyzed soil enzymes and hydrolytic acidity
(HAC) of the soil but negatively correlated with soil pH, sum of EBC, CEC, soil saturation
with base cations (BS), and content of organic carbon (Corg). Activities of all analyzed
enzymes were positively correlated with each other and with HAC, as well as negatively
correlated (likewise Zea mays L. biomass) with soil pH, EBC, CEC, BS, and Corg content.
Enzymatic activity was not significantly correlated with NTotal content of the soil, but a
positive correlation was found between contents of Corg and NTotal, as well between their
contents and soil pH, EBC, CEC, and BS.
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4. Discussion

4.1. Biomass and Heating Value of Zea mays L. Grown in Soil with the Addition of Ash from
Salix viminalis

Soil amendment with Salix viminalis ash doses of 5 and 10 g kg−1 d.m. did not inhibit
either the growth or the development of Zea mays, whereas soil pollution with the ash dose
of 20 g kg−1 d.m. significantly impaired them both. The adverse effect of ash applied at
the highest tested dose may be due to its high alkalinity (pHKCl = 12.5) and low nitrogen
content (N = 0.38%). Varshney et al. [54] and Cruz et al. [33] have also emphasized that
high ash doses applied may cause excessive soil salinity, thereby ultimately contributing to
worse conditions for plant growth and root development. However, previous investigations
conducted by Liu et al. [1] and Romdhane et al. [31] proved that wood-based ash applied
in doses from 20 to 40 g kg−1 soil might positively affect Zea mays L. biomass. Differences
observed for ash effects in the present study and experiments of the aforementioned authors
are mainly due to the differences in the chemical composition of the analyzed ashes. In turn,
Ondrasek et al. [22] showed that the application of wood-based ash intensified chemical
sorption in the rhizosphere, contributing to the enhanced immobilization of elements
delivered with fertilizers. In addition, soil treatment with ash may strongly affect its
texture, aeration, and water-retention capacity, and by this means determine the dynamics
of root growth, leading to multiple potential effects on plant growth [25,26].

The analyzed ash from Salix viminalis had no negative impact on the heat of combustion
or the heating value of Zea mays L., whose values did not change under ash doses applied.
This finding indicates the possibility of using biomass from the aboveground parts of this
plant for energetic purposes when there is a need for ash management. Also, our previous
investigations [55,56] addressing the reclamation of soil contaminated with Cd2+, Co2+

and Ni2+ demonstrated the usability of Zea mays L., Elymus, and Festuca rubra biomass
for energetic purposes. Table 8 below presents the most important results regarding the
calorific value compared with the results of other authors and presented in the table.

Table 8. Heating values of Zea mays obtained in various studies.

Factor Tested in the Soil
Heating Value

MJ kg−1 Air-Dried Plant Matter
Reference

Salix viminalis ash content 15.93–16.50 Our research
Maize variety 7.62–10.79 [57]

Corn grain drying process 13.70–14.94 [6]
Pellets from biomass 15.68 [58]

Cr (VI) content 14.60–15.40 [50]
Maize cultivation 17.51 [59]

Ni2+, Co2+, Cd2+ content 14.79–14.97 [55]

An added value of the present study is the finding that the soil amendment with an
organic substance (compost and HumiAgra) alleviates the adverse effects of Salix viminalis
ash dose of 20 g kg−1 d.m. soil on Zea mays L. biomass. Both published data [60] and
our previous research [56] indicate that soil fertilization with compost mitigates the nega-
tive impact of inorganic compounds on plant yield. Soil amendment with compost and
HumiAgra preparation increased the pool of readily available organic compounds. In
addition, compost affects soil properties by enriching it with organic matter susceptible
to microbiological degradation. Organic matter mineralization activates its nutrients that
are essential to plants. It may also regulate sorption properties of the soil by, e.g., reducing
retrogradation of phosphates. In turn, the weaker effect of HumiAgra compared to that of
compost may be due to a more diversified chemical composition of the latter [61,62].

4.2. Biochemical and Physicochemical Properties of Soil

Enzymatic activity of soil is one of the key factors driving its fertility [1,63–65]. Soil
enzymes mediate soil organic matter degradation and catalyze the main metabolic pro-
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cesses of carbon, nitrogen, and phosphorus [66–68]. Microbes secrete intracellular and
extracellular enzymes essential for soil nutrient cycling and contribute to soil fertility and
health [69–71]. However, works by Pukalchik et al. [32], Smenderovac et al. [72], and
Błońska et al. [36] provide conflicting data related to the impact of ash on the biological
properties of soil. Smenderovac et al. [72] and Perucci et al. [73] draw attention to the
temporary negative impact of ashes on the activity of soil enzymes. In their studies, the
activity of alkaline phosphatase and arylsulfatase was inhibited for the first 4 months after
the application of wood ash to the soil. This may be due to the greater release of ions into
the solution with a higher ash dose. Therefore, in our own research, the negative effect
of Salix viminalis ash probably increased with the increase in the ash dose. The present
study results demonstrated that ash negatively affected the activity of the analyzed soil
enzymes. Previous investigations by Pukalchik et al. [32] show also that the application
of wood-based ash suppressed the activities of dehydrogenases, acid phosphatase, and
β-glucosidase, as well as the activity of fluorescein diacetate (FDA), which pointed to the
inhibited microbial activity in the soil. In turn, Perucci et al. [73] and Smenderovac et al. [72]
demonstrated that the wood-based ash may strongly affect soil texture, aeration, and water
retention capacity [74–77], thereby influencing root growth dynamics and consequently
leading to plant growth impairment [78,79].

Organic carbon and nitrogen are two of the key elements of soil that inhibit plant
growth [1]. In the present study, ash from Salix viminalis applied at a dose of 20 g kg−1 soil
significantly increased the contents of both Corg and Ntotal in the soil. Apart from valuable
macroelements, the wood-based ash contains heavy metals [12]. Hence, its small doses
may meet nutritional demands of plants, but excess doses may exert toxic effects. This
was the likely cause of Zea mays biomass reduction observed upon soil amendment with
the ash dose of 20 g kg−1 in the present study. Wood ash has a high density, is porous
and fine-grained, and swells in contact with water. These features of ash contribute to the
blocking of soil pores, resulting in a modified soil texture and aeration [11,15].

Plant growth and productivity depend primarily on the availability of nutrients and
the physicochemical properties of soil, which in turn are determined by the content of
exchangeable base cations (EBC) and soil pH [31]. A study conducted by Lucchini et al. [80]
demonstrated that wood-based ash improved the physicochemical properties and nutrient
availability of soil. The pH value of osier ash used in the present study (pH = 12.5) was
similar to that described in previous research [31,35]. The alkaline character of ash analyzed
in the present study caused soil pH to increase significantly. The above results are consistent
with previous findings reported by Lucchini et al. [80] and Adekayode and Olojugba [81].
Although ash is known for its neutralizing effect on acidic soils, some works did not
demonstrate any significant changes in soil pH upon its use [31,82]. The efficacy of acidic
soil neutralization is determined by the method of alkalizing fertilizer application, its dose,
and its qualities, including its neutralizing value, fraction size, and dissolution rate, as well
as by the composition and type of soil [31,35,80].

4.3. Correlations between the Analyzed Parameters

In the case of soils not exposed to the pressure of pollutants, crop yield is usually
positively correlated with EBC, soil saturation with bases (BS), CEC, and contents of carbon
and nitrogen [83]. In the present study, the soil was exposed to the effect of ash from
Salix viminalis, and despite increased EBS, BS, and CEC values and also Corg content as
a result of its application, no positive correlation was observed between the produced
Zea mays biomass and these parameters. This lack of correlation was probably due to the
introduction of not only Ca2+, Mg2+, Na+, and K+ ions essential to plants but also excess
amounts of heavy metals with ash [24–26,84]. Soil pollution with heavy metals usually
upsets its biological properties, which is manifested as adverse effects on plants [85,86] and
soil microbiota [87], which ultimately lead to severe disorder in the enzymatic activity of
soil [88–91] because heavy metals may cause enzyme denaturation [92,93]. The present
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study demonstrated a negative correlation between the activity of seven soil enzymes and
basic physicochemical properties of soil changing upon the influence of osier ash.

5. Conclusions

The heating value of Zea mays L. remained stable and unmodified by the excess content
of ash from Salix viminalis in the soil, which makes it a viable energy crop to be grown on
soils fertilized with large doses of ash. All the more, it is relatively resistant to adverse
ash effects because its biomass was significantly reduced in the present study upon soil
pollution with the highest ash dose tested (20 g kg−1 d.m. soil). Nevertheless, ash may
cause unbeneficial changes in the soil environment, manifested as suppressed enzymatic
activity. Although the ash increases soil pH and sorption capacity, these positive effects do
not compensate for losses evoked by disorders in the biochemical properties of soil. These
adverse effects may, in part, be mitigated by soil fertilization with compost and HumiAgra
preparation. The choice of these fertilizers should, however, be driven by their efficacy,
with compost shown to surpass HumiAgra in this respect.
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Pac acid phosphatase;
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BS basic cation saturation ratio in soil.

29



Energies 2023, 16, 8037

References

1. Liu, L.; Li, J.; Wu, G.; Shen, H.; Fu, G.; Wang, Y. Combined effects of biochar and chicken manure on maize (Zea mays L.) growth,
lead uptake and soil enzyme activities under lead stress. Peer J. 2021, 9, e11754. [CrossRef]

2. Mulyati; Baharuddin, A.B.; Tejowulan, R.S. Improving Maize (Zea mays L.) growth and yield by the application of inorganic
and organic fertilizers plus. In Proceedings of the IOP Conference Series: Earth and Environmental Science, 3rd International
Conference on Bioscience and Biotechnology, Lombok, Indonesia, 12–14 October 2020; IOP Publishing Ltd.: Bristol, UK, 2021;
Volume 712, p. 012027. [CrossRef]

3. Holm-Nielsen, J.B.; Al Seadi, T.; Oleskowicz-Popiel, P. The future of anaerobic digestion and biogas utilization. Bioresour. Technol.
2008, 100, 5478–5484. [CrossRef]

4. Oslaj, M.; Mursec, B.; Vindis, P. Biogas production from maize hybrids. Biomass Bioenerg. 2010, 34, 1538–1545. [CrossRef]
5. Bubner, B.; Köhler, A.; Zaspel, I.; Zander, M.; Förster, N.; Gloger, J.-C.; Ulrichs, C.; Schneck, V. Breeding of multipurpose willows

on the basis of Salix daphnoides Vill., Salix purpurea L. and Salix viminalis L. Appl. Agric. For. Res. 2018, 68, 53–66. [CrossRef]
6. Maj, G.; Szyszlak-Bargłowicz, J.; Zajac, G.; Słowik, T.; Krzaczek, P.; Piekarski, W. Energy and emission characteristics of biowaste

from the corn grain drying process. Energies 2019, 12, 4383. [CrossRef]
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Abstract: The meat processing industry is a very energy-intensive and water-demanding industry
that produces large amounts of solid and aqueous wastes. Therefore, methods for the effective
treatment of the produced wastes have been studied in order to treat and reuse water within the
industry and valorize the solid wastes for the production of energy and value-added products.
The primary aim of this work is to evaluate the overall sustainability of energy produced from
solid waste valorization and wastewater treatment in the meat processing industry via Life Cycle
Assessment (LCA). For this purpose, the total environmental impact of a typical meat industry
that utilizes conventional waste management methods (Scenario A) was evaluated and compared
with two different industries with appropriate waste treatment/valorization processes. In the first
studied valorization scenario (Scenario B), waste management is conducted using anaerobic digestion,
composting, membrane bioreactors, and ultraviolet (UV) treatment, whereas in the second studied
valorization scenario (Scenario C), aeration treatment, chlorination, and hydrothermal carbonization
(HTC) are the selected treatment techniques. As expected, it is evident from this LCA study, that
both Scenarios B and C exhibited a significantly improved environmental footprint in all studied
indicators compared with Scenario A, with the reduction in certain environmental impact categories
reaching up to 80%. Between the two studied alternative scenarios, the biggest improvement in
the environmental footprint of the meat industry was observed in Scenario C, mainly due to the
substantial quantity of the produced thermal energy. According to the results of the present case
study, it is evident that the incorporation of appropriate methods in the meat industry can result
in the efficient generation of energy and a significant improvement in the environmental footprint
contributing to environmental safety and sustainability.

Keywords: Life Cycle Assessment; sustainability; waste valorization; energy production; wastewater
treatment; meat processing industry

1. Introduction

The meat processing industry is a continuously developing field that includes the
utilization of large quantities of natural resources, such as water and energy [1]. As a
result, the meat processing industry is accountable for severe environmental impacts (on
air, water, and soil), which are constantly growing due to vast amounts of energy and water
consumption, as well as waste production [2]. Moreover, the management and treatment
of the produced wastes requires further consumption of energy and raw materials that can
further burden the environmental footprint of the specific industry due to the high organic
content of both solid wastes and wastewater [2]. However, the nature of the produced
wastes provides a plethora of opportunities for treatment and valorization (water recycling
and reuse, energy production, material recovery, etc.) [3].
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Among several methods for the treatment and valorization of meat processing waste
aiming at energy and production water reuse, the ones that have been selected as the most
appropriate due to their efficiency in wastewater treatment and renewable energy produc-
tion via waste valorization are the following: membrane bioreactor, aeration treatment,
chlorination, ultraviolet (UV) treatment, anaerobic digestion, hydrothermal carbonization
(HTC), and composting. A membrane bioreactor is a state-of-the-art alternative method
for wastewater treatment that couples the biological process with membrane filtration.
Specifically, it consists of a bioreactor tank, in which the biomass is degraded, followed by
membrane filtration for the removal of microorganisms from the treated water [4]. Aeration
treatment involves the addition of air into wastewater, thus allowing the biodegradation of
organic compounds resulting in water decontamination [5]. UV treatment is an effective
method for the disinfection of treated water, in which water is exposed to ultraviolet light
resulting in the disinfection of hazardous pathogens, such as bacteria and viruses [6]. Chlo-
rination is a reliable and efficient method used for water disinfection, which possesses the
ability to efficiently oxidize a wide spectrum of organic and inorganic compounds as well
as to eliminate any microbial hazards [7]. Anaerobic digestion constitutes an anaerobic
fermentation process for solid wastes (wet), in which organic matter is efficiently degraded
by microorganisms and converted into biogas [8]. Subsequently, the biogas is transferred
into a biogas cogeneration (combined heat and transfer—CHP) unit and generates power
(renewable) in the form of electricity and heat [9]. One other advantage of anaerobic diges-
tion is derived from the fact that the solid residue of the process (digestate) can be utilized
in composting, further increasing the circularity of the solid wastes [10]. Hydrothermal
carbonization (HTC) involves the conversion of organic compounds through certain chem-
icals into structured solid fuels, which can subsequently be utilized for the generation
of electricity and thermal energy [11]. The combination of several of the aforementioned
methods in the treatment of wastewater and solid wastes produced during meat processing
has the potential not only to reduce the total waste of the industry, thus improving the
environmental footprint of the sector, but also to reuse the recovered water and produced
energy within the industry, increasing to a degree self-sufficiency of natural resources and
reducing the operating cost [12].

However, it is necessary to confirm the environmental benefits of the specific methods
in comparison to the conventional existing ones. Life Cycle Assessment (LCA) is a verified
tool, defined by the International Organization for Standardization (ISO 14040:2006) for
assessing the environmental behavior of processes/products/services [13]. LCA takes into
consideration the inputs, outputs, and potential environmental effects of a product system
across its life cycle, and can pinpoint hot points and recommend improvements in the
production process aiming at environmental sustainability [14]. LCA can be performed
according to two different principal approaches, the attributional and the consequential
methods. The first reports the environmental features of a current state system, while the
latter, which is used in the present work, focuses on prognosticating the effect of changes in
established procedures [15]. Additionally, the life cycle impact indicators can be quantified
by various methods, including ReCiPE, EDIP, and CML, which frequently exhibit different
impact categories, classification of inventory, and model characterization [14].

The primary aim of the present study was to evaluate the environmental sustainability
of various treatment methods for wastewater and solid wastes utilized in meat processing
industries. For this purpose, a conventional meat processing industrial line was first inves-
tigated to highlight the environmental impact of the specific sector and the necessity for
efficient utilization of the wastes for energy production and wastewater purification. Sub-
sequently, three different scenarios (Scenarios A, B, and C) for the treatment of wastewater
and solid wastes were studied, the first consisting of conventional methods and the latter
two of innovative ones, aiming at confirming the environmental benefits of the proposed
methods for energy production and wastewater purification.
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2. Materials and Methods

LCA study was performed following the recommendations proposed by the ISO 14040
recommendations series (14040:2006 and 14044:2006) [16]. ReCiPe 2016 (H, hierarchist)
was selected as a method to perform the impact assessment, with its main objective being
the transformation of Life Cycle Inventory results into a limited number of environmental
impact scores using characterization factors. Finally, GABI ts software (v10.6.2.9, Sphera
Solutions GmbH, Echterdingen, Stuttgart, Germany) was used for the calculation of the
impact categories [16].

2.1. Goal

The goal of the LCA study was to determine the effect of the implementation of
various wastewater and solid waste treatment methods for energy production in the
conventional meat processing industry on different environmental impact categories. First,
the environmental impact of the conventional meat processing industry was evaluated,
using data obtained from existing references. Subsequently, to evaluate the effect of the
benefits of incorporating novel methods for waste valorization and wastewater purification,
three different scenarios were studied based on the literature, one with conventional
treatment methods and the other two with innovative ones.

2.2. . . . and Scope
2.2.1. Product System

The case of the present work was based on the conventional meat processing indus-
try, with the final products being various pork-meat products, including packaged and
fresh meat. Figure 1 depicts the production processes and the involved flows. The main
processing steps involved in meat processing include the following:

• Slaughter house;
• Scalding and hide removal;
• Evisceration;
• Trimming;
• Refrigeration and chilling;
• Cutting and deboning;
• Processing;
• Packaging of the final products.

The corresponding flows are highlighted in five different colors in order to be better
classified. Light and dark red colors indicate the flows connected to steam and solid wastes,
respectively. Flows related to condensate and wastewater are depicted in light and dark
purple, respectively. Finally, green connects to the final product flows, and the blue color
indicates the rest of the flows in the meat processing.

In the first studied scenario (Scenario A) for the wastewater and solid waste treatment
(Figure 2), wastewater is transferred to a municipal wastewater treatment plant, and solid
wastes are processed in landfilling. This scenario considers that the meat processing
industry is not involved in any recycling treatment and/or valorization of its waste for
energy production, which constituted the most common practice for several years.

In the second studied scenario (Scenario B), wastewater and solid wastes are treated
on-site within the boundaries of the industry (Figure 3). Specifically, wastewater is first
screened, processed in a membrane bioreactor, and finally treated with UV radiation.
Therefore, the final product will be cleaned water that can be either recycled in the industry
(decreasing freshwater consumption) or returned clean to the aquatic environment [4].
Solid wastes are treated in an anaerobic digester, with the resulting biogas (after CO2
removal to increase the methane content) used for the production of electricity and heat
via cogeneration [17]. The produced heat is recirculated to the anaerobic digester, while
electricity is sold to the grid as renewable energy (for economic reasons). Finally, the
digestate from the anaerobic digestion is transferred to a composting unit.
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Figure 1. Production process flowcharts and main flows.

Figure 2. Wastewater and solid waste treatment, and main flows in Scenario A.

 

Figure 3. Wastewater and solid waste treatment, and main flows in Scenario B.
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In the third studied scenario (Scenario C), wastewater and solid wastes are treated
on-site within the boundaries of the industry, similar to the previously analyzed scenario
(Figure 4). However, in this studied scenario, different methods were studied for the
treatment and valorization of wastewater and solid wastes. More specifically, wastewater is
screened as a preliminary treatment to remove large-size solids, which are then processed in
landfilling and transferred to an aeration tank. During aeration treatment, air and sodium
hypochlorite are transferred into the tank and are mixed with the wastewater, thus enabling
the biodegradation of organic compounds. Subsequently, chlorination using sodium
hypochlorite as a disinfection agent is utilized in order to eliminate any microbial and
chemical hazards, with the final product being clean water that can be safely recycled in the
industry or discharged into the aquatic environment [7]. Solid wastes are treated using the
hydrothermal carbonization process. At first, the solid wastes are partially dried in order to
increase the percentage of solids (circa 92%) and then transferred to an HTC reactor, where
a slurry containing solid fuel and hydrolysates is generated, with the latter being removed
via filtration and transported to a municipal wastewater treatment plant. Afterward, the
obtained solid fuels are completely dried and pelletized. Finally, pellets are blown into a
power generator, resulting in the generation of electricity and thermal energy [11]. The
generation of thermal energy and electricity in Scenarios B and C is depicted as thermal
and electricity credits, respectively. Generally, thermal and electricity credits exhibit an
overall positive impact on the environmental footprint of both scenarios due to the fact that
energy is produced from waste valorization and not from the conventional burning of fossil
fuels. Finally, it must be stated that the wastewater generated within the meat processing
industry exhibits high organic content and high concentrations of organic metabolites;
thus, the applied methods should be carefully selected to obtain wastewater purification.
However, according to the literature, the studied methods in this manuscript have been
efficiently applied for the purification of the aforementioned wastewater effluents [18–21].

 
Figure 4. Wastewater and solid waste treatment, and main flows in Scenario C.

2.2.2. Functional Unit

The functional unit selected for the present work was 1 kg/d of produced meat products.

2.2.3. System Boundaries

The system boundaries for the case of the typical meat processing industry that
evaluates the environmental footprint of the production of meat products are defined as
gate-to-gate. Specifically, the system boundaries include all the production processes from
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a slaughter house to packaging. The system boundaries of the two alternative studied
scenarios (Scenario B and C) are also defined as gate-to-gate and consist of the production
process and the respective wastewater and solid waste treatment. The transportation of the
feedstock as well as of the final meat products is not included in the system boundaries.

2.2.4. Data Requirements

The data that were used for this study were obtained from studies accessible in
references; the data were also taken from GABI professional and Ecoinvent databases,
referring to the geographical area of the European Union 28 (EU-28). All studies and data
refer to a period of the last 5 years.

2.2.5. Assumptions and Limitations

Data used in the meat production processes and the three studied scenarios are based
on the literature review; thus, they do not represent an accurate recording of an existing
situation, possibly leading to a level of uncertainty in the estimation of environmental
footprints [22]. However, the main purpose of this study was the confirmation of the
environmental benefits of the proposed methods compared with conventional handling of
wastewater and solid wastes and, thus, this uncertainty is not expected to influence the
results since it affects all the studied scenarios.

2.3. Life Cycle Inventory

Life Cycle Inventory (LCI) connects the processes with quantitative data according to
the selected functional unit (1 kg of meat products per day). Table 1 presents the input and
output data of every process that is included in the meat processing industry, as shown
in Figure 1. As a reference for the collection of the data and the establishment of the
inventory, the literature data were used, as listed below; however, appropriate changes
were made, and the numbers were verified via communication with the meat processing
industry located in the Attica area in Greece. Environmental data were obtained from GABI
professional (8007 db version 2022) and Ecoinvent (Ecoinvent 3.8) databases.

Table 1. Life Cycle Inventory (LCI) of the conventional meat processing industry (based on [23]
and adjusted to current data via communication with the meat processing industry located in the
Attica area).

Process Input/Output Flow Unit Value

Slaughter house

In Feedstock kg 1.53
In Electricity kJ 7.43

Out Feedstock kg 1.47
Out Blood (sludge) kg 0.06

Scalding and hide
removal

In Feedstock kg 1.47
In Steam kg 0.06
In Electricity kJ 3.62

Out Feedstock kg 1.41
Out Hide (sludge) kg 0.01
Out Fur (sludge) kg 0.05
Out Water vapor kg 0.06

Evisceration

In Feedstock kg 1.41
In Hot water kg 1.02

Out Carcass kg 0.94
Out Viscera and inedible parts (sludge) kg 0.34
Out Meat prod. 1 kg 0.12
Out Wastewater kg 1.02
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Table 1. Cont.

Process Input/Output Flow Unit Value

Trimming

In Carcass kg 0.94
In Electricity kJ 2.90

Out Carcass kg 0.90
Out Meat prod. 2 kg 0.04

Refrigeration and
chilling

In Carcass kg 0.90
In Electricity kJ 262.62
In Cooling water kg 16.35

Out Carcass kg 0.62
Out Meat prod. 3 kg 0.28
Out Cooling water kg 16.35

Cutting and deboning

In Carcass kg 0.62
In Electricity kJ 5.43

Out Other meat kg 0.47
Out Meat prod. 4 kg 0.07
Out Bones and inedible parts (sludge) kg 0.08

Processing

In Other meat kg 0.47
In Steam kg 0.02
In Electricity kJ 53.97
In Fuel (diesel) kJ 243.42
In Water kg 2.90

Out Other meat kg 0.47
Out Condensate kg 0.02
Out Wastewater kg 2.90

Packaging

In Other meat kg 0.47
In PP (tray) kg 0.02
In Electricity (packaging) kJ 102.33
In Electricity (tray) kJ 42.75

Out Meat prod. 5 kg 0.49

Boiler

In Condensate kg 0.02
In Water (deionized) kg 1.08
In Fuel (natural gas) kJ 721.01

Out Steam kg 0.08
Out Hot water kg 1.02

Total meat products

In Meat prod. 1 kg 0.12
In Meat prod. 2 kg 0.04
In Meat prod. 3 kg 0.28
In Meat prod. 4 kg 0.07
In Meat prod. 5 kg 0.49

Out Meat products kg 1.00

Table 2. Life Cycle Inventory (LCI) of Scenario A.

Process Input/Output Flow Unit Value

Municipal wastewater
treatment

In
Wastewater from evisceration kg 1.02
Wastewater from processing kg 2.90

Total kg 3.92

Biodegradable waste
on landfill

In

Blood kg 0.06
Hide kg 0.01
Fur kg 0.05

Viscera and inedible parts kg 0.3
Bones and inedible parts kg 0.08

Total kg 0.54
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Tables 2–4 present the input and output data of every process that is included in the
different scenarios, as shown in Figures 2–4.

Table 3. Life Cycle Inventory (LCI) of Scenario B.

Process Input/Output Flow Unit Value

Screening [24]

In Wastewater kg 3.92
In Electricity kJ 0.02

Out Solids kg 0.01
Out Wastewater kg 3.91

Membrane
bioreactor [25]

In Wastewater kg 3.91
In Electricity kJ 19.70

Out Wastewater kg 3.90
Out Sludge kg 0.01

UV treatment [26]
In Wastewater kg 3.90
In Electricity kJ 0.93

Out Clean water kg 3.90

Anaerobic
digestion [27]

In Sludge kg 0.54
In Solid kg 0.01
In Sludge kg 0.01
In Wastewater (recycling) kg 43.67
In Electricity kJ 176.50
In Fuel (diesel) kJ 2051.07
In Heat (CHP) kJ 1467.09

Out Digestate kg 44.10
Out Biogas kg 0.12

CHP [27]
In Biogas kg 0.12

Out Heat (CHP) kJ 1467.09
Out Electricity kJ 1304.08

Digestate
thickening [28]

In Digestate kg 44.10
In Electricity kJ 79.37

Out To compost kg 0.43
Out Wastewater (recycling) kg 43.67

Table 4. Life Cycle Inventory (LCI) of Scenario C.

Process Input/Output Flow Unit Value

Screening [24]

In Wastewater kg 3.92
In Electricity kJ 0.02

Out Solids kg 0.01
Out Wastewater kg 3.91

Aeration treatment [29]

In Wastewater kg 3.91
In Electricity kJ 3.28
In Sodium hypochlorite kg 4.70 × 10−5

Out Wastewater kg 3.90
Out Sludge kg 0.01

Chlorination [30]

In Wastewater kg 3.90
In Electricity kJ 0.87
In Sodium hypochlorite (15%) kg 2.94 × 10−4

Out Clean water kg 3.90

Drying A [11]

In Solid wastes kg 0.54
In Sludge kg 0.01
In Heat kJ 960.00

Out Solid wastes kg 0.24
Out Waste vapor kg 0.31
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Table 4. Cont.

Process Input/Output Flow Unit Value

HTC [11]

In Solid wastes kg 0.24
In Electricity kJ 336.10

Out Slurry kg 2.35 × 10−1

Out Exhausted gas kg 0.05 × 10−1

Filtration [11]

In Slurry kg 2.35 × 10−1

In Electricity kJ 20.30
Out Solid fuel kg 0.97 × 10−1

Out Hydrolysates kg 1.38 × 10−1

Drying B [11]

In Solid fuel kg 0.97 × 10−1

In Heat kJ 20.90
Out Solid fuel kg 0.09
Out Waste vapor kg 0.01

Pelletizing [11]
In Solid fuel kg 0.09
In Electricity kJ 2.30

Out Pelletized fuel kg 0.09

Pellet power
generation [11]

In Pelletized fuel kg 0.09
In Electricity kJ 8.16

Out Electricity kJ 389.30
Out Thermal energy kJ 1133.6
Out Ash mix kg 0.45 × 10−3

3. Results and Discussion

The environmental effects of the typical meat processing industry, along with the
environmental effects of each individual process, are presented in Figure 5.

According to the obtained results, the meat processing industry can be classified as
an energy-intensive sector that produces large amounts of solid wastes and wastewater
and exhibits severe environmental impact on various categories. Generally, the most
energy-intensive, water-demanding, and environmentally harmful processes of the studied
industry are the processing of meat after the removal of the inedible parts and the boiler,
which is necessary for water heating and steam production and can be attributed to the
amount of consumed electricity and fossil fuels. More specifically, based on the collected
data and taking into account the assumptions and limitations that may lead to a certain
level of uncertainty in the studied indices, approximately 0.141 kg CO2 eq. and 0.001 kg
1,4-DB eq. are produced during the processing of meat per 1 kg of meat products, while
freshwater consumption rises up to 0.005 m3/kg of meat product. The obtained results
are similar to those already existing in the literature regarding LCA in meat processing
industries. According to a study conducted on pork production in Denmark, climate
change was evaluated as equal to 0.1 kg CO2 eq./kg of pork products [31], while research
studying poultry production indicated that 0.16 kg CO2 eq. are emitted per 1 kg of chicken
final products [32]. Furthermore, notable environmental effects were observed for all the
other studied indicators, including fossil and metal depletion (circa 0.07 kg oil eq./kg of
meat product and 0.0004 kg Cu eq./kg of meat product) and marine ecotoxicity (0.001 kg
1,4-DB eq./kg of meat product). Therefore, in the context of environmental protection,
sustainability, and circular economy, it is deemed necessary to incorporate appropriate
methods of water purification and waste utilization for energy production within the meat
processing industry to improve its environmental footprint. Based on the aforementioned,
three different scenarios were selected for this work: the first hypothesizes that the meat
processing industry is not directly involved in the treatment and valorization of its waste
(Scenario A), while in the latter two scenarios, wastewater and solid wastes are treated on-
site within the boundaries of the industry (Scenarios B and C). More specifically, in Scenario
B, wastewater is treated using a membrane bioreactor and UV radiation, and solid wastes
are valorized for the production of biogas, via anaerobic digestion. Whereas, in Scenario C,
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wastewater is subjected to aeration treatment and disinfection with sodium hypochlorite,
and the valorization of solid wastes for the generation of electricity and thermal energy is
achieved via HTC. Figures 6–8 depict the environmental effects of Scenarios A, B, and C,
respectively. In Figures 7 and 8, the total environmental effect of the slaughter plant is not
included in order to highlight the effect of each method on water purification and solid
waste valorization. The total values are presented in Table 5.

 
Figure 5. Environmental effects of the meat processing industry on (a) climate change (kg CO2 eq.),
(b) human toxicity, cancer (kg 1,4−DB eq.), (c) freshwater consumption (m3), (d) fossil depletion
(kg oil eq.), (e) metal depletion (kg Cu eq.), (f) marine ecotoxicity (kg 1,4−DB eq.), and (g) fine
particulate matter formation (kg PM2.5 eq.).
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Figure 6. Environmental effects of Scenario A on (a) climate change (kg CO2 eq.), (b) human toxicity,
cancer (kg 1,4−DB eq.), (c) freshwater consumption (m3), (d) fossil depletion (kg oil eq.), (e) metal
depletion (kg Cu eq.), (f) marine ecotoxicity (kg 1,4−DB eq.), and (g) fine particulate matter formation
(kg PM2.5 eq.).
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Figure 7. Environmental effects of Scenario B on (a) climate change (kg CO2 eq.), (b) human toxicity,
cancer (kg 1,4−DB eq.), (c) freshwater consumption (m3), (d) fossil depletion (kg oil eq.), (e) metal
depletion (kg Cu eq.), (f) marine ecotoxicity (kg 1,4−DB eq.), and (g) fine particulate matter formation
(kg PM2.5 eq.).
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Figure 8. Environmental effects of Scenario C on (a) climate change (kg CO2 eq.), (b) human toxicity,
cancer (kg 1,4−DB eq.), (c) freshwater consumption (m3), (d) fossil depletion (kg oil eq.), (e) metal
depletion (kg Cu eq.), (f) marine ecotoxicity (kg 1,4−DB eq.), and (g) fine particulate matter formation
(kg PM2.5 eq.).

Based on the attained results of the LCA study of the three distinct scenarios, it can be
observed that Scenarios B and C exhibit substantially better environmental footprints com-
pared with Scenario A. The disposal of solid waste on the soil as a landfill, as hypothesized
in Scenario A, results in a sharp increase in the emissions of greenhouse gases, measured as
climate change and expressed in kg CO2 eq. Moreover, this specific method of solid waste
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handling leads to a further increase in metal and fossil depletion and in fine particulate
matter formation. This can be attributed to a necessary possible pretreatment of the solids
prior to their disposal and their subsequent treatment in the biodegradation site [33].

Table 5. Comparison of the environmental effects of the three studied scenarios on the studied categories.

Impact Category (×10−3) Scenario A Scenario B
Reduction in

Scenario B (%)
Scenario C

Reduction in
Scenario C (%)

Climate change (kg CO2 eq.) 541.30 207.70 61.63 85.41 84.22
Human toxicity, cancer (kg 1,4-DB eq.) 1.24 1.01 18.55 0.69 44.35

Freshwater consumption (m3) 0.77 0.15 80.52 0.39 49.35
Fossil depletion (kg oil eq.) 80.31 71.81 10.58 41.92 47.80
Metal depletion (kg Cu eq.) 5.46 −3.38 161.90 0.26 95.24

Marine ecotoxicity (kg 1,4-DB eq.) 0.98 0.96 2.04 0.66 32.65
Fine particulate matter formation

(kg PM2.5 eq.) 0.17 0.15 11.76 0.11 35.29

On the other hand, the treatment of wastewater and solid wastes in the industry via
the implementation of appropriate methods leads to an enhancement in the environmental
footprint of the studied case. The efficient purification of wastewater and its safe disposal
in the aquatic environment leads to a notable decrease in freshwater consumption in both
Scenarios B (screening, MBR, and UV treatment) and C (screening, aeration treatment, and
chlorination) [34]. The burden on the environment observed due to anaerobic digestion,
depicted in the quantity of GHG emissions and produced kg of 1,4-DB (Figures 7a and 7b,
respectively), is successfully compensated by the production of energy and heat via cogen-
eration (electricity credit), resulting in a positive overall sign of waste treatment in terms
of sustainability and environmental safety in Scenario B [35]. However, the generation
of large amounts of thermal energy in Scenario C (approximately 1130 kJ/kg of meat
products) results in a sharper decrease in the emissions of greenhouse gases compared
with Scenario B, as presented in Figures 7a and 8a and Table 6. Finally, it must be noted
that the implementation of Scenarios B and C results in negative values for various studied
indices (i.e., freshwater consumption for both scenarios, human toxicity for Scenario B,
and fossil depletion for Scenario C), thus further validating the positive environmental
effect of wastewater treatment and waste valorization. The negative value of freshwater
consumption is attributed to the disposal of cleaned water, following the UV treatment,
back to the water environment, while the difference in the obtained value of this specific
category is due to the transport of the derived hydrolysates, from Scenario C, to a municipal
wastewater treatment plant for further treatment. In addition, the negative values of metal
depletion for Scenario B, linked with the composting process, are due to the credits from
the replacement of conventional fertilizers [36]. A direct comparison of Scenarios A, B,
and C is depicted in Figure 9, and the overall reduction in the environmental footprint is
presented in Table 5. Moreover, the energy balances (gains and losses of electricity and
thermal energy) in the wastewater and solid waste treatment for scenarios B and C are
presented in Table 6.

Table 6. Electricity and thermal energy balance in wastewater and solid waste treatment for Scenarios
B and C.

Process Energy Consumed/Generated Scenario B Scenario C

Wastewater treatment

Electricity consumed (kJ) 20.65 24.17
Thermal energy consumed (kJ) 0 0

Electricity generated (kJ) 0 0
Thermal energy generated (kJ) 0 0

Solid waste valorization

Electricity consumed (kJ) 255.87 366.86
Thermal energy consumed (kJ) 3518.16 980.90

Electricity generated (kJ) 1304.08 389.30
Thermal energy generated (kJ) 1467.09 1133.60
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Table 6. Cont.

Process Energy Consumed/Generated Scenario B Scenario C

Energy balance Electricity (kJ) 1027.56 −1.73
Thermal energy (kJ) −2051.07 352.70

 

Figure 9. Comparison of the environmental effects of Scenarios A, B and C on (a) climate change
(kg CO2 eq.), (b) human toxicity, cancer (kg 1,4−DB eq.), (c) freshwater consumption (m3), (d) fossil
depletion (kg oil eq.), (e) metal depletion (kg Cu eq.), (f) marine ecotoxicity (kg 1,4−DB eq.), and
(g) fine particulate matter formation (kg PM2.5 eq.).

48



Energies 2024, 17, 487

The direct comparison of the three studied scenarios highlights the enhancement in the
environmental footprint of the meat processing industry in all studied categories, achieved
by the utilization of novel methods aiming at wastewater purification and solid waste
valorization. The utilization of innovative technologies led to a significant reduction in the
amount of produced greenhouse gas, in freshwater consumption, and in metal depletion
in both Scenarios B and C. Specifically, the notable decrease in greenhouse gas emissions
and freshwater consumption (61.63% and 80.52%, respectively, for Scenario B and 84.22%
and 49.35%, respectively, for Scenario C) is a strong indication that sustainability and
preservation of the environment and the ecosystems can be achieved via waste utilization
and adaptation of innovative and environment-friendly treatment methods. Finally, it must
be noted that the valorization of solid wastes and the treatment of wastewater in Scenario
B results in a surplus in the balance of electrical energy, due to the cogeneration of biogas,
and a deficit in the balance of thermal energy, which can be attributed to the large amounts
of thermal energy required in anaerobic digestion. On the other hand, in Scenario C, a
surplus of thermal energy is attained due to the burning of pelletized fuels, while the deficit
in energy (1.73 kJ) can be considered negligible.

4. Conclusions

Three different scenarios of wastewater and solid waste treatment produced during
meat processing were studied in order to evaluate their environmental effects, via LCA
analysis. The first scenario consisted of conventional waste treatment techniques, with the
solid wastes being disposed of on a landfill and the wastewater transferred to a municipal
wastewater treatment plant, while in the latter two, waste treatment technologies aiming at
energy production and wastewater purification were used within the industry. In general,
the incorporation of waste treatment technologies leads to the generation of substantial
quantities of energy and a significant improvement in environmental footprint. Among the
studied technologies in Scenario B, anaerobic digestion exhibited the best environmental
performance due to the produced electricity and heat during CHP, while the burning of
the obtained pelletized fuels in Scenario C resulted in the generation of large amounts
of thermal energy. Despite the fact that thermal energy is necessary for the heating of
biomass during the anaerobic digestion, this energy is considerably decreased due to
the utilization of the thermal energy produced in the CHP, and the observed deficit in
electricity in Scenario C is negligible, thus both studied scenarios can be efficiently applied.
Furthermore, the purified water from Scenarios B and C is environmentally safe and of
high quality, and thus, it can be either reused reducing further the footprint of the industry,
or used for other purposes, including aquatic discharge or agricultural purposes. Results
derived from the present work suggest that the proposed technologies could be used for
moving toward sustainable meat production. Finally, the approach proposed in this work
can be broadly extended to numerous other food systems to analyze their environmental
footprints, highlight the main areas that require significant improvement, and consequently
propose appropriate methodologies for energy production via solid waste valorization and
wastewater treatment.
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Abstract: Grass collected as part of roadside maintenance is conventionally subjected to composting,
which has the disadvantage of generating significant CO2 emissions. Thus, it is crucial to find an al-
ternative method for the utilisation of grass waste. The aim of this study was to determine the specific
biogas yield (SBY) from the anaerobic mono-digestion of grass from road verges and to assess the
content of Fatty Acid Methyl Esters (FAMEs) in grass in relation to the time of cutting and the preser-
vation method of the studied material. The biochemical biogas potential (BBP) test and the FAMEs
content were performed on fresh and ensiled grass collected in spring, summer, and autumn. The
highest biogas production was obtained from fresh grass cut in spring (715.05 ± 26.43 NL kgVS

−1),
while the minimum SBY was observed for fresh grass cut in summer (540.19 ± 24.32 NL kgVS

−1).
The methane (CH4) content in the biogas ranged between 55.0 ± 2.0% and 60.0 ± 1.0%. The con-
tents of ammonia (NH3) and hydrogen sulphide (H2S) in biogas remained below the threshold
values for these inhibitors. The highest level of total FAMEs was determined in fresh grass cut in
autumn (98.08 ± 19.25 mg gDM

−1), while the lowest level was detected in fresh grass cut in spring
(56.37 ± 7.03 mg gDM

−1). C16:0 and C18:0, which are ideal for biofuel production, were present in
the largest amount (66.87 ± 15.56 mg gDM

−1) in fresh grass cut in autumn. The ensiling process
significantly impacted the content of total FAMEs in spring grass, leading to a reduction in total
saturated fatty acids (SFAs) and an increase in total unsaturated fatty acids (USFAs). We conclude
that grass biomass collected during the maintenance of road verges is a valuable feedstock for the
production of both liquid and gaseous biofuels; however, generating energy from biogas appears to
be more efficient than producing biodiesel.

Keywords: biogas; grass; road verges; FAME

1. Introduction

Economic growth, a population that has doubled since 1970, and accelerated material
extraction, coupled with an increase in waste, have led to substantial transformations in
land use and forest cover. These factors have also induced land degradation, climate change,
biodiversity decrease, eutrophication, and pollution of waterways and soils [1]. Cities,
which are responsible for generating 80% of the global domestic product [2], are currently
undergoing rapid economic growth, resulting in increased rural-to-urban migration [3].
Presently, 55% of the world’s population resides in urban areas [4], while in Europe, nearly
75% of the population lives in cities [5]. Many cities grapple with problems such as
inadequate infrastructure, traffic congestion [3], energy-inefficient building stock, and air
pollution. Nonetheless, in the forthcoming decades, urban areas are expected to be the most
profoundly affected by climate change [5]. Conversely, cities are significant contributors
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to climate change, emitting 71–76% of global anthropogenic carbon dioxide (CO2). The
realisation of the 11th Sustainable Development Goal (Sustainable Cities and Communities)
from Resolution 70/1, adopted by the UN General Assembly on 25 September 2015, titled
“Transforming our world: the 2030 Agenda for Sustainable Development”, necessitates
intelligent urban planning aimed at creating resilient cities [6]. In the European Union (EU),
the European Green Deal set a target to transform Europe into a climate-neutral continent
by 2050 through a reduction in greenhouse gas (GHG) emissions of at least 55%, compared
to 1990 levels. Achieving this goal requires, among other measures, an increase in the share
of energy from renewable sources in the EU’s energy mix to 40% [7]. The European urban
landscape is characterised by small and medium-sized cities, which are expected to play a
pivotal role in the development of a sustainable and climate-neutral Europe [5].

Urban green areas, as defined by the Nature Conservation Act of April 2004 [8], encom-
pass areas with technical infrastructure and buildings functionally linked to them, covered
with vegetation and serving public functions, particularly including parks; promenades;
boulevards; botanical, zoological, and historical gardens; and cemeteries. Urban green
areas also include greenery along roads in built-up areas, squares, historic fortifications,
buildings, landfills, airports, railway stations, and industrial facilities. Urban green areas
are situated within the administrative borders of cities, providing aesthetic, recreational,
and health functions [9]. Green areas in urban landscapes enhance air quality, mitigate
extreme weather events, and regulate the hydrological cycle [10,11]. Additionally, green
spaces in cities effectively alleviate the urban heat island effect [12,13] and play a crucial
role in city resilience [14]. Consequently, urban systems with extensive green infrastructure
exhibit greater resilience to crises and are more human-friendly [15]. The maintenance of
urban green areas is indispensable for their diverse roles in cities, encompassing aesthetic
aspects, environmental benefits, stormwater management, urban heat island mitigation,
and community cohesion. Maintenance tasks in urban green spaces include trimming,
irrigation, fertilisation, and pesticide application [16]. Mowing grass on road verges is con-
ducted to maintain visibility and safety. The cut grass is either left to decay or collected and
utilised. However, the maintenance of green areas involves significant labour and machine
input, consuming energy resources and resulting in waste generation. Trimming, fertil-
ising, and waste transport consume fossil fuels and emit GHGs into the atmosphere [17].
Despite recent reductions in maintenance workload through improved working plans,
decreased trimming frequency, the introduction of wildflowers and meadows, and the
self-maintenance of green spaces, large areas, such as sports fields and road verges, are still
frequently trimmed. In addition, the policy of urban greenery extension results in increase
in both the workload associated with its maintenance and with the amount of biomass
produced, which needs to be utilised in a sustainable way [17].

The biobased and circular economy, considered a viable approach for sustainable
development, directs societies toward the sequential utilisation of resources, with an
emphasis on biomass and bio-waste. The diminishing availability of resources, coupled
with an escalating demand for energy and food, underscores the need to optimize the
efficient use of biomass and bio-waste. Grass-trimming biomass is commonly subjected to
composting, an aerobic process that transforms lignocellulosic waste into a value-added
product, namely compost. However, this process is associated with substantial GHG
emissions. Furthermore, the utilisation of immature compost may result in water pollution,
odour emissions, and adverse effects on plant germination and development [18]. As an
alternative, other methods of bio-waste utilisation, such as biogas production, are being
explored. The utilisation of green waste for energy generation has the potential to mitigate
the elevated fuel consumption and GHG emissions associated with maintaining expanded
green spaces within urban areas.

The anaerobic digestion (AD) of grass offers benefits, including waste reduction, de-
creased GHG emissions, and the generation of renewable energy and valuable fertilizer.
However, the biogas potential of grass is relatively low, particularly when compared to
biogas production from maize [19]. The specific methane yield (SMY) has been extensively
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studied across various wild and cultivated grass species [20–26]. Additionally, co-digestion
of grass and other substrates as a strategy to enhance biogas production has been investi-
gated [27,28]. The harvesting date is a critical factor affecting grass SMY, as the lignification
process intensifies with advancing maturity, limiting material digestibility [29]. Dragoni
et al. [24] noted higher SMY from AD of leaves compared to stems due to their elevated
protein content [20].

Another possibility for utilising waste generated during road verges maintenance
involves the production of biodiesel. Biodiesel, primarily comprising Fatty Acid Methyl
Esters (FAMEs), can be derived from various waste biomasses, including olive pomace
oil [30], cooking palm oil [31], beef tallow [32], fish fat [33], chicken fat [34], citrus wax [35],
and sewage sludge [36]. Additionally, biodiesel production from spent coffee grounds [37],
cherry stone waste [38], and herbal waste [39] represents another feasible approach to re-
source utilisation. This not only aids in reducing crude oil consumption but also contributes
to mitigating GHG emissions and air pollution.

The aim of this study was to determine the potential to obtain material from grass
from road verges for the production of liquid biofuels (biodiesel) and to determine the
specific biogas yield (SBY) from anaerobic mono-digestion of the studied grass in relation to
the time of cutting and the preservation method of the studied material. Since a continuous
supply of feedstock is essential for biofuel production, the study was conducted on both
fresh and ensiled grass.

2. Materials and Methods

2.1. Substrates and Inoculum

The biogas potential and FAME content were assessed using grass samples harvested
from the city of Białystok (53◦07’ N, 23◦09’ E, 136 m a.s.l.) in the northeastern region of
Poland. Białystok, serves as the capital city of the Podlaskie voivodeship, covering an
area of 102 km2, and has a population of 292,000 citizens [40]. The climatic conditions
are characterised by an average annual temperature of 7.4 ◦C and an average annual
precipitation of 590 mm, predominantly occurring from May to August [41]. The species
composition of the grassed verges was predominantly composed of perennial ryegrass
(Lolium perenne L.), accompanied by Kentucky bluegrass (Poa pratensis L.) and red fescue
(Festuca rubra L.). Plant material was collected on three occasions in the year 2019: in
spring (25 April), summer (31 July), and autumn (7 October). During each collection, the
grass was acquired from piles of mown material along the streets, as part of the green area
maintenance conducted by an external company employed by the City Hall of Białystok.
Following collection, the plant material was promptly transported to the laboratory and
homogenised. The moisture content of the fresh material was determined by subjecting it
to drying at 105 ± 2 ◦C until a constant weight was achieved. The material designated for
ensiling was allowed to air-dry at room temperature for 24 h. Subsequently, it was cut into
lengths of 2–4 cm and ensiled without the addition of any additives for 5–6 weeks. After
this period, the moisture content was determined. The chemical composition of both fresh
grass and silage is presented in Table 1.

The inoculum for all three biochemical biogas potential (BBP) tests comprised digestate
obtained from a mesophilic agricultural biogas plant which was supplied with maize silage
supplemented with 10–20% food and agricultural wastes. Prior to the BBP test, the digestate
was degassed at a temperature of 38 ◦C. The chemical properties of the inocula used in all
three experiments are presented in Table 2.
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Table 1. Chemical composition (mean ± SD, n = 3) of fresh grass and grass silage from three
cutting times.

Parameter
Spring Summer Autumn

Fresh Grass Grass Silage Fresh Grass Grass Silage Fresh Grass Grass Silage

(FG-Sp) (GS-Sp) (FG-Su) (GS-Su) (FG-Au) (GS-Au)

Total solids (TS), % 38.00 ± 1.35 37.37 ± 0.58 25.83 ± 0.97 29.11 ± 0.37 29.34 ± 0.97 30.33 ± 0.30
Volatile solids (VS), %TS 68.22 ± 7.98 67.93 ± 7.58 84.70 ± 1.32 83.34 ± 2.08 88.83 ± 0.10 87.69 ± 0.08
pH 6.17 ± 0.01 5.44 ± 0.03 5.96 ± 0.04 4.54 ± 0.03 5.97 ± 0.04 4.15 ± 0.02
Total Kieldahl nitrogen (TKN), g kgDM

−1 20.76 ± 0.23 22.12 ± 0.63 25.89 ± 0.84 28.39 ± 0.67 27.67 ± 1.12 25.87 ± 0.34
Total phosphorus (TP), g kgDM

−1 1.99 ± 0.19 2.32 ± 0.06 3.42 ± 0.26 3.72 ± 0.04 3.06 ± 0.05 3.55 ± 0.12
Potassium (K), g kgDM

−1 10.96 ± 1.43 12.97 ± 1.12 23.48 ± 1.36 24.94 ± 0.35 15.00 ± 0.08 18.72 ± 0.46
Sodium (Na), g kgDM

−1 3.12 ± 0.48 4.58 ± 0.41 0.85 ± 0.44 0.85 ± 0.10 n.d. n.d.
Total organic carbon (TOC), g kgDM

−1 373.80 ± 18.29 323.49 ± 63.45 371.63 ± 22.42 368.04 ± 8.66 381.87 ± 3.17 421.68 ± 14.38

n.d.—not detected.

Table 2. Chemical composition of inocula (mean ± SD; n = 3) used in three biochemical biogas
potential (BBP) tests.

Parameter Spring Summer Autumn

TS, % 4.58 ± 0.00 5.19 ± 0.02 4.76 ± 0.07
VS, %TS 77.41 ± 0.22 78.57 ± 0.21 76.11 ± 0.21

pH 8.11 ± 0.02 7.84 ± 0.05 8.19 ± 0.02
TKN, g kgDM

−1 90.83 ± 4.63 90.53 ± 3.18 69.41 ± 1.05
TP, g kgDM

−1 8.41 ± 0.14 8.06 ± 0.21 8.81 ± 0.35
K, g kgDM

−1 57.12 ± 1.88 49.81 ± 2.06 59.69 ± 1.90
Na, g kgDM

−1 7.40 ± 0.29 5.69 ± 0.33 7.20 ± 0.28
TOC, g kgDM

−1 433.53 ± 13.49 389.23 ± 6.00 421.53 ± 13.25

2.2. Biochemical Biogas Potential Tests

The BBP test was conducted using wet technology in OxiTop® reactors (WTW, Weil-
heim, Germany) with a volume of 1 L and a working volume of approximately 300 mL.
The reactors were incubated in a thermostatic incubator at 38 ± 1 ◦C. The substrates and
inoculum were added to the reactors in a ratio of 2:1 VSinoculum to VSsubstrate. To maintain
anaerobic conditions, the reactors were subjected to a 2 min flush with nitrogen. The
BBP tests were performed in triplicate, along with three control reactors filled solely with
inoculum and water. Biogas production was monitored at intervals of 240 min based
on pressure changes within the reactor, facilitated by the OxiTop®measuring head. The
composition of the biogas was analysed using the portable biogas analyzer DP-28BIO
(Nanosens, Wysogotowo, Poland) from samples taken with 20 mL gas-tight glass syringes.
Biogas composition assessments were conducted daily initially, transitioning to twice a
week after the experiment had run for 10 days.

2.3. Transesterification Procedure

Grass samples (1 g) underwent extraction with hexane in the presence of a methanol-
potassium hydroxide (KOH) mixture acting as a catalyst with the synthesis process involv-
ing the addition of hexane. An analysis using gas chromatography–mass spectrometry in
the selected ion monitoring mode (GC-MS/SIM) quantified the presence of up to 31 FAMEs
in the grass samples (Table 3). A comprehensive description of the transesterification
procedure, i.e., the optimal extraction conditions, is presented in the study by Sienkiewicz
et al. [39].
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Table 3. Fatty Acid Methyl Esters standards used in the GC-MS analysis of grass samples.

Type
of FAME

Systematic Name The Common Name of FAME Abbreviation

MUFA Myristoleic acid methyl ester Myristoleic acid C14:1
cis-10-Pentadecanoic acid methyl ester Pentadecanoic acid C15:1
9-Hexadecenoic acid methyl ester Palmitoleic acid C16:1
cis-10-Heptadecenoic acid methyl ester Heptadecenoic acid C17:1
trans-9-Octadecenoic acid methyl ester (Z) Elaidic acid C18:1n9t
9-Octadecenoic acid methyl ester (E) Oleic acid C18:1n9c
cis-11-Eicosenoic acid methyl ester Gondoic acid C20:1
13-Docosenoic acid methyl ester (Z) Erucic acid C22:1n9
15-Tetracosenoic acid methyl ester (Z) Nervonic acid C24:1n9

PUFA 9,12-Octadecadienoic acid methyl ester (E,E) Linolelaidic acid C18:2n6t
9,12-Octadecadienoic acid methyl ester (Z,Z) Linoleic acid C18:2n6c
all-cis-6,9,12-Octadecatrienoic acid γ-Linolenic acid C18:3n6
9,12,15-Octadecatrienoic acid methyl ester (Z,Z,Z) Linolenic acid C18:3n3
cis-11,14-Eicosadienoic acid methyl ester Eicosadienoic acid C20:2
cis-11,14,17-Eicosatrienoic acid methyl ester Eicosatrienoic acid C20:3n3
cis-8,11,14-Eicosatrienoic acid methyl ester Dihomo-γ-linolenic acid C20:3n6
5,8,11,14-Eicosatetraenoic acid methyl ester (all-Z) Arachidonic acid C20:4n6
cis-5,8,11,14,17-Eicosapentaenoic acid methyl ester Eicosapentaenoic acid C20:5n3
cis-13,16-Docasadienoic acid methyl ester Docosadienoic acid C22:2n6
4,7,10,13,16,19-Docosahexaenoic acid methyl ester (all-Z) Cervonic acid C22:6n3

SFA Butyric acid methyl ester Butyric acid C4:0
Hexanoic acid methyl ester Caproic acid C6:0
Octanoic acid methyl ester Caprylic acid C8:0
Decanoic acid methyl ester Capric acid C10:0
Undecanoic acid methyl ester Undecylic acid C11:0
Dodecanoic acid methyl ester Lauric acid C12:0
Tridecanoic acid methyl ester Tridecylic acid C13:0
Tetradecanoic acid methyl ester Myristic acid C14:0
Pentadecanoic acid methyl ester Pentadecylic acid C15:0
Hexadecanoic acid methyl ester Palmitic acid C16:0
Heptadecanoic acid methyl ester Margaric acid C17:0
Octadecanoic acid methyl ester Stearic acid C18:0
Eicosanoic acid methyl ester Arachidic acid C20:0
Heneicosanoic acid methyl ester Heneicosylic acid C21:0
Docosanoic acid methyl ester Behenic acid C22:0
Tricosanoic acid methyl ester Tricosylic acid C23:0
Tetracosanoic acid methyl ester Lignoceric acid C24:0

MUFA—monounsaturated fatty acid, PUFA—polyunsaturated fatty acid, SFA—saturated fatty acid.

2.4. Calculations and Statistical Analyses

The BBP test was conducted until the daily biogas production accounted for less than
1% of the total cumulative biogas volume observed over three consecutive days. SBY was
calculated in units of NL kgVS

−1 (NL = normal litre, i.e., gas volume corrected to 0 ◦C
and 1.013 bar). The kinetics of biogas production were determined using the modified
Gompertz model [42]:

G(t) = G0 × exp
{
−exp

[
Rmax × e

G0
(λ − t) + 1

]}
(1)

where

G(t)—cumulative biogas production at a specific time t (mL);
G0—biogas production potential (mL);
Rmax—maximum daily biogas production rate (mL day−1);
λ—duration of lag phase (minimum time to produce biogas) (days);
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t—cumulative time taken to achieve biogas production (days);
e—mathematical constant (2.71828).

In addition, based on the plotted curves, the time (days) when 50% (T50) and 95%
(T95) of the possible biogas production were reached was determined.

For the calculations of the amount of energy contained in liquid biofuel obtained from
grass, the heating value of methyl esters of fatty acids was adopted at 37 MJ kg−1 [43]. For
the calculations of the avoided carbon dioxide emissions by replacing coal with biogas,
emission values of 93.54 kg CO2 GJ−1 [44] and 685 kg CO2 MWh−1 [45] were adopted,
respectively, for thermal and electric energy production. In the case of using biodiesel as a
substitute for fossil fuel, the diesel oil emission of 74.1 kg CO2 GJ−1 [44] was adopted.

Significant differences in cumulative biogas production, as well as methane (CH4),
hydrogen sulphide (H2S), and ammonia (NH3) concentrations in biogas from fresh and
ensiled grasses cut in spring, summer, and autumn were assessed with a two-way analysis
of variance (ANOVA), using the method of grass preservation and the cutting time as fixed
factors. Significant differences in FAMEs between the cutting time of fresh grass and ensiled
grass were assessed with a one-way analysis of variance. Differences between means were
determined using Tukey’s Honest Significant Difference (HSD) test. The homogeneity of
variance and normality were checked prior to ANOVA using the Levene and Shapiro–
Wilk tests, respectively. Principal Component Analysis (PCA) was performed to build the
relationship model between variables. The first seventeen factors were preserved in a biplot
for further analysis. The final biplot was created using the two main components (PC1 and
PC2), which together explain 61.8% of the total variance. The level of accepted statistical
significance was set at p < 0.05. All statistical analyses of the data were performed using
STATISTICA 13.3 software (TIBCO Software Inc., Palo Alto, CA, USA).

3. Results

3.1. Biogas Production

The cutting time significantly influenced cumulative biogas production (p < 0.05). The
highest biogas production was obtained from spring-cut grass, yielding
715.05 ± 26.43 NL kgVS

−1 for fresh grass and 605.44 ± 6.19 NL kgVS
−1 for grass silage.

Conversely, the lowest biogas production was observed with fresh grass cut in summer
(540.19 ± 24.32 NL kgVS

−1) and grass silage from autumn (547.36 ± 1.20 NL kgVS
−1). The

ensiling process showed no effect on cumulative biogas production, except in the case of
spring cutting, where biogas production from fresh grass exceeded that from ensiled grass
(Figure 1).

 

Figure 1. Cumulative biogas production from fresh and ensiled grass cut in spring, summer, and
autumn. FG—fresh grass; GS—grass silage. Standard deviations are shown as the vertical bars.

57



Energies 2024, 17, 1751

Uppercase letters—significant difference among cutting time; lowercase letters—significant differ-
ences between preservation method.

The CH4 content within the generated biogas, measured at the end of the experiment,
displayed the highest values for spring-cut grass, whereas the lowest values were observed
for autumn-cut grass (Table 4).

Table 4. Methane (CH4) concentration (mean ± SD; n = 3) in the produced biogas depending on the
method of grass preservation and the cutting time.

Season Fresh Grass Grass Silage

%

Spring 59.7 ± 0.6 Aa 60.0 ± 1.0 Aa
Summer 58.7 ± 1.2 Aa 58.0 ± 1.0 Aa
Autumn 55.7 ± 1.5 Ba 55.0 ± 2.0 Ba

Uppercase letters—significant difference among cutting time; lowercase letters—significant differences between
preservation methods.

The preservation method did not exert any influence on the CH4 concentration in the
biogas. Nevertheless, the preservation method did impact the daily biogas production
depending on the cutting time. In spring, the daily biogas production from FG-Sp exhibited
higher values in the first 7 days, but subsequently experienced a significant decline by
day 9. Concurrently, the daily biogas production from GS-Sp reached its peak on that day.
The daily rates from both fresh and ensiled grasses became nearly identical on day 10,
gradually decreasing to approximately 5 NL kgVS

−1. In summer, daily biogas production
from FG-Su increased rapidly in the first two days, followed by a decline on days 3 and
4, falling notably below the daily rate of biogas production from GS-Su. Subsequently,
daily biogas production from FG-Su increased to the same value as daily biogas production
from GS-Su and remained similar until the end of the experiment. In autumn, daily biogas
production from both fresh and ensiled grasses displayed remarkable similarity to that
observed at the beginning of the experiment. A swift increase occurred in the first 2 days,
followed by a decrease from day 6 to day 8. After a brief period of heightened production,
the daily rate declined and stabilised until the end of the experiment.

Notably, FG-Sp and FG-Au exhibited distinct behaviour compared to FG-Su. Daily
biogas production from all three cutting times experienced rapid increases in the first
2 days. For FG-Sp and FG-Au, production remained elevated for the following 6 days.
Conversely, daily biogas production from FG-Su, following an initial increase in the first
2 days, significantly decreased on days 3 and 4, dropping below the production from
FG-Sp and FG-Au. Subsequently, the daily biogas production increased again, and the
values for grasses from all three cutting times became similar. The daily biogas production
from ensiled grass exhibited a consistent trend, irrespective of the cutting time (Figure 2).
Regardless of the season and grass preservation method, significant biogas production
persisted for approximately 14 days, displaying a dynamic course during this period.

Despite discernible fluctuations in the daily patterns of biogas production, the kinetics
of biogas generation exhibited consistency across all cutting times and preservation meth-
ods. Regardless of the preservation technique employed and the timing of material cutting,
the timeframe necessary for grass to achieve 50% of its potential biogas production (T50)
varied between 5 and 6 days. The period required for grass to attain 95% of its potential
biogas production ranged from 14 to 17 days (Figure 3).
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Figure 2. Daily biogas production depending on cutting time: (a)—spring, (b)—summer, (c)—autumn
and grass preservation method: (d)—fresh grass, (e)—grass silage. Standard deviations are shown as
vertical bars. FG-Sp—spring fresh grass, GS-Sp—spring grass silage, FG-Su—summer fresh grass,
GS-Su—summer grass silage, FG-Au—autumn fresh grass, GS-Au—autumn grass silage.

3.2. Hydrogen Sulphide and Ammonia Concentration in Biogas

The inhibition of the AD process represents a significant impediment in the context
of biogas production, wherein inhibitors may be introduced along with the feedstock or
generated during distinct stages of process. Quantifying inhibitors, particularly NH3 and
H2S levels in biogas, is crucial for influencing the conditions of biogas production. In
this study, the NH3 and H2S contents remained at relatively low levels. Regardless of the
cutting time, the H2S content in the biogas exhibited higher values at the beginning of the
experiment, subsequently demonstrating a significant decrease (p < 0.05) by the end of
the experiment.

The initial H2S content in biogas derived from spring-cut grass remained consistent
at approximately 200 ppm, irrespective of the preservation method, and decreased to
values around 100 ppm by the end of the experiment (Figure 4). Significantly higher values
(p < 0.05) were observed in biogas from summer-cut grass, with an initial H2S content of
749 ppm in biogas from FG-Su and 666 ppm in biogas from GS-Su. The final values for
both fresh and ensiled grass were approximately 200 ppm. Although the highest initial
H2S content was observed in biogas from autumn-cut grass (exceeding 800 ppm), it was
not significantly different from that of summer-cut grass. Notably, the final values aligned
with those obtained from biogas derived from summer-cut grass. The ensiling process did
not exert any significant effect on the H2S concentration for any cutting time.
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Figure 3. Cumulative biogas production depending on cutting time: (a)—spring, (b)—summer,
(c)—autumn and grass preservation method: (d)—fresh grass, (e)—grass silage. Standard deviations
are shown as vertical bars. The yellow squares and green squares represent T50 and T95, respectively.
FG-Sp—spring fresh grass, GS-Sp—spring grass silage, FG-Su—summer fresh grass, GS-Su—summer
grass silage, FG-Au—autumn fresh grass, GS-Au—autumn grass silage.

 

Figure 4. The initial and final concentration of the hydrogen sulphide (H2S) in biogas produced from
fresh and ensiled grass harvested in spring, summer, and autumn. Standard deviations are shown as
vertical bars. FG—fresh grass, GS—grass silage.

Biogas derived from spring-cut grass exhibited the lowest initial and final NH3 concen-
trations, irrespective of the preservation method. Conversely, significantly higher values
were observed in biogas from summer-cut grass (p < 0.05), with the highest NH3 concentra-
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tion found in biogas obtained from autumn-cut grass. In the case of biogas from FG-Sp and
FG-Su, the disparities between initial and final NH3 concentrations were not statistically
significant. However, for grass silage, these differences were more pronounced. Biogas
generated from autumn-cut grass displayed a notably elevated initial NH3 concentration,
which substantially decreased to approximately 100 ppm in the final stage of the experi-
ment (Figure 5). The ensiling process did not affect the NH3 concentration at any cutting
time.

 

Figure 5. The initial and final concentration of the ammonia (NH3) in biogas produced from fresh and
ensiled grass harvested in spring, summer, and autumn. Standard deviations are shown as vertical
bars. FG—fresh grass, GS—grass silage.

3.3. Identity and Composition of the Fatty Acid Methyl Esters

In both fresh and ensiled grass, up to 31 FAMEs were detected (Tables 5–8). The
total number of distinct fatty acid types ranged from 29 to 31. FG-Sp and FG-Su exhibited
29 fatty acid types, while GS-Au presented 31 types. In all the analysed grasses, irrespective
of the preservation method and cutting time, nine monounsaturated fatty acids (MUFAs)
were detected (Table 5). In FG-Sp and FG-Su, seven polyunsaturated fatty acids (PUFAs)
(C18:2n6c, C18:3n6, C18:3n3, C20:3n6, C20:4n6, C22:2n6, and C22:6n3) were identified,
whereas all eight PUFAs were detected in the remaining studied materials (Table 6). In
fresh and ensiled grass cut during spring and summer, 13 saturated fatty acids (SFAs) were
detected, while in GS-Au, 14 SFAs were found (Table 7).

Table 5. The content of monounsaturated fatty acids (mean ± SD, n = 3) in fresh grass and ensiled
grass cut in spring, summer, and autumn.

MUFA
Spring Summer Autumn

Fresh Grass Grass Silage Fresh Grass Grass Silage Fresh Grass Grass Silage

μg gDM
−1

C14:1 41.82 ± 3.45 a 53.80 ± 4.52 a 44.19 ± 4.18 ab 40.67 ± 1.68 b 50.47 ± 0.80 b 38.57 ± 4.29 b
C15:1 2029.49 ± 163.04 a 1764.68 ± 144.67 a 3045.15 ± 275.50 b 2299.93 ± 158.04 b 3220.13 ± 208.92 b 2183.10 ± 108.36 b
C16:1 49.70 ± 1.39 a 30.42 ± 0.57 a 84.55 ± 1.49 b 34.94 ± 4.22 a 64.25 ± 0.14 c 58.53 ± 6.70 b
C17:1 31.42 ± 5.62 a 17.15 ± 1.98 a 26.88 ± 3.12 a 14.35 ± 0.76 a 58.71 ± 10.77 b 10.87 ± 0.12 b

C18:1n9t 1057.18 ± 17.57 a 1658.08 ± 43.13 a 2440.22 ± 157.08 b 1731.72 ± 210.57 a 2218.06 ± 414.44 b 1724.16 ± 29.90 a
C18:1n9c 1654.50 ± 27.35 a 2579.70 ± 63.36 a 3792.84 ± 204.24 b 2690.75 ± 323.81 a 3566.10 ± 780.84 b 2636.25 ± 30.26 a

C20:1 2565.06 ± 39.92 a 3676.00 ± 181.32 a 5030.33 ± 703.53 b 5479.67 ± 42.68 b 4280.08 ± 369.89 b 3958.95 ± 300.64 a
C22:1n9 52.43 ± 3.62 a 71.55 ± 6.76 a 18.52 ± 3.55 a 510.70 ± 4.03 b 661.11 ± 27.51 b 328.91 ± 22.32 c
C24:1n9 73.41 ± 3.44 a 78.83 ± 5.58 a 35.92 ± 7.35 b 36.88 ± 2.86 b 24.69 ± 1.25 b 34.15 ± 1.01 b

Lowercase letters indicate statistical differences at p < 0.05 between fresh grasses from three cuttings and between
grass silages from three cuttings.
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Table 6. The content of polyunsaturated fatty acids (mean ± SD, n = 3) in fresh grass and ensiled
grass cut in spring, summer and autumn.

PUFA
Spring Summer Autumn

Fresh Grass Grass Silage Fresh Grass Grass Silage Fresh Grass Grass Silage

μg gDM
−1

C18:2n6c 1604.74 ± 215.64 a 1519.43 ± 22.02 a 3783.55 ± 336.06 b 2916.66 ± 172.87 b 4252.92 ± 596.37 b 3915.85 ± 121.42 c
C18:3n6 2069.96 ± 195.12 a 2801.27 ± 498.34 ab 3583.26 ± 571.10 b 3456.37 ± 307.91 a 3340.06 ± 481.85 b 2155.99 ± 93.15 b
C18:3n3 143.42 ± 19.80 a 206.38 ± 34.91 ab 263.44 ± 35.08 b 246.26 ± 20.88 a 231.67 ± 39.95 b 149.52 ± 6.79 b

C20:2 n.d. 0.63 ± 0.05 a n.d. 1.41 ± 0.02 a 8.76 ± 1.11 b 12.98 ± 0.74 b
C20:3n6 3.84 ± 0.27 a 3.95 ± 0.17 a 3.93 ± 0.40 a 3.41 ± 0.07 a 4.75 ± 0.44 b 7.57 ± 1.44 b
C20:4n6 20.95 ± 1.25 a 24.98 ± 5.00 a 38.31 ± 1.77 b 31.51 ± 1.35 a 39.94 ± 3.55 b 40.75 ± 2.96 b
C22:2n6 12.04 ± 0.15 a 19.44 ± 1.06 a 53.73 ± 3.90 b 190.18 ± 30.42 b 37.27 ± 1.73 c 198.09 ± 4.22 b
C22:6n3 10.36 ± 1.78 a 9.25 ± 1.72 a 9.24 ± 0.34 a 7.47 ± 0.25 a 9.70 ± 0.74 a 9.21 ± 0.41 a

Lowercase letters indicate statistical differences at p < 0.05 between fresh grasses from three cuttings and between
grass silages from three cuttings; n.d.—not detected.

Table 7. The content of saturated fatty acid (mean ± SD, n = 3) in fresh grass and ensiled grass cut in
spring, summer, and autumn.

SFA
Spring Summer Autumn

Fresh Grass Grass Silage Fresh Grass Grass Silage Fresh Grass Grass Silage

μg gDM
−1

C10:0 n.d. n.d. n.d. n.d. n.d. 0.32 ± 0.01 b
C11:0 31.34 ± 6.38 a 43.31 ± 2.35 a 34.77 ± 0.94 a 33.35 ± 0.46 b 51.33 ± 7.43 b 31.89 ± 1.30 b
C12:0 62.68 ± 12.75 a 86.62 ± 4.70 a 69.54 ± 1.89 a 66.70 ± 0.91 b 102.67 ± 14.85 b 63.78 ± 2.60 b
C13:0 65.16 ± 6.59 a 5.44 ± 0.60 a 65.58 ± 1.35 a 62.17 ± 1.30 b 94.17 ± 10.98 b 59.28 ± 3.81 b
C14:0 134.66 ± 11.09 a 145.14 ± 1.47 a 176.30 ± 5.20 b 146.79 ± 10.05 a 348.10 ± 24.81 c 276.05 ± 15.66 b
C15:0 53.13 ± 1.75 a 125.41 ± 6.48 a 162.95 ± 15.90 b 146.74 ± 9.34 b 77.43 ± 13.80 a 5.31 ± 0.75 c
C16:0 38,624.38 ± 5439.91 a 37,817.45 ± 2401.71 a 60,815.76 ± 5207.88 ab 50,256.54 ± 4253.57 b 66,870.67 ± 15,557.59 b 48,455.37 ± 3459.92 b
C17:0 163.78 ± 3.87 a 58.62 ± 2.19 a 55.62 ± 5.00 b 208.80 ± 34.00 b 327.25 ± 12.89 c 222.97 ± 20.59 b
C18:0 5055.66 ± 766.19 a 5204.94 ± 504.84 a 5834.18 ± 761.21 a 4569.61 ± 772.48 a 6832.39 ± 577.13 a 4503.25 ± 151.92 a
C20:0 81.52 ± 11.13 a 78.98 ± 0.51 a 188.72 ± 18.00 b 157.65 ± 6.95 b 204.37 ± 8.86 b 198.35 ± 7.36 c
C21:0 18.33 ± 3.67 a 13.80 ± 1.64 a 25.68 ± 1.43 b 27.28 ± 0.49 b 36.72 ± 2.59 c 28.97 ± 2.47 b
C22:0 153.02 ± 28.65 a 196.22 ± 14.34 ab 207.79 ± 37.37 a 180.38 ± 30.72 a 312.34 ± 16.73 b 242.77 ± 2.54 b
C23:0 300.20 ± 20.28 a 37.05 ± 0.35 a 112.45 ± 8.92 b 249.52 ± 33.01 b 338.56 ± 50.69 a 99.17 ± 10.95 c
C24:0 204.25 ± 22.52 a 86.78 ± 1.14 a 23.62 ± 0.41 b 15.93 ± 1.68 a 416.86 ± 9.74 c 329.87 ± 55.04 b

Lowercase letters indicate statistical differences at p < 0.05 between fresh grasses from three cuttings and between
grass silages from three cuttings, n.d.—not detected.

Table 8. Sum of mean FAMEs content ± SD in fresh grass and ensiled grass cut in spring, summer,
and autumn, both with and without distinction for MUFAs, PUFAs, and SFAs.

Material
Σ MUFAs ± SD Σ PUFAs ± SD Σ SFAs ± SD Σ FAMEs ± SD

μg gDM
−1

Spring
Fresh grass 7555.01 ± 265.40 3865.31 ± 434.01 44,948.11 ± 6334.78 56,368.43 ± 7034.19
Grass silage 9930.21 ± 451.89 4585.33 ± 563.27 43,899.76 ± 2942.32 58,415.30 ± 3957.48

Summer
Fresh grass 14,518.60 ± 1360.04 7735.46 ± 948.65 67,772.96 ± 6065.50 90,027.02 ± 8374.19
Grass silage 12,839.61 ± 748.65 6853.27 ± 533.77 56,121.46 ± 5154.96 75,814.34 ± 6437.38

Autumn
Fresh grass 14,143.60 ± 1814.56 7925.07 ± 1125.74 76,012.86 ± 16,308.09 98,081.53 ± 19,248.39
Grass silage 10,973.49 ± 503.60 6489.96 ± 231.13 54,517.35 ± 3734.92 71,980.80 ± 4469.65

The compositional analysis of the studied material revealed that the amount of SFA
methyl esters (74.02–79.74%) exceeded that of unsaturated fatty acids (MUFAs and PUFAs)
(Figure 6). The highest share of SFAs was identified in FG-Sp (79.74%), whereas the lowest
SFA amount was observed in GS-Su (74.02%). The analysed grasses also exhibited distinct
shares of MUFAs and PUFAs. The highest share of MUFAs was noted in GS-Sp (17%),
while the lowest was observed in FG-Sp (13.4%). The highest share of PUFAs was noted
in GS-Su (9.04%) and the lowest PUFAs were observed in FG-Sp (6.86%). The dominant
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FAMEs included C16:0 fatty acid, as well as C18:0, C18:1n9t/c, C18:2n6c, and C18:3n6
(Tables 5–8), all of which are suitable for biofuel production. FG-Au exhibited the highest
content of C16:0, C18:0, and C18:2n6c, while FG-Su had the highest concentrations of
C18:1n9t/c and C18:3n6. Other FAMEs, such as C10:0, C11:0, C13:0, C14:1, C16:1, C17:1,
C20:2, C20:3n6, C20:4n6, C21:0, C22:6n3, and C24:1n9, had a minimal impact on FAMEs
composition, indicated by low content (i.e., less than about 100 μg gDM

−1, Tables 5–8).

 

Figure 6. FAMEs composition of fresh grass and ensiled grass harvested in spring, summer and
autumn. FG-Sp—spring fresh grass, GS-Sp—spring grass silage, FG-Su—summer fresh grass,
GS-Su—summer grass silage, FG-Au—autumn fresh grass, GS-Au—autumn grass silage.

The highest concentration of total FAMEs was determined in FG-Au and FG-Su (98.08
and 90.03 mg gDM

−1, respectively, Table 8). C16:0 and C18:0 were found in the largest
amounts (66.87 and 6.83 mg gDM

−1, respectively) in FG-Au (Table 7). This is noteworthy,
as these compounds are ideal for biofuel production. The lowest concentration of total
FAMEs was detected in FG-Sp (56.37 mg gDM

−1) and GS-Sp (58.42 mg gDM
−1) (Table 8).

Principal Component Analysis facilitated the categorisation of the tested samples,
maintaining a significant degree of explained variance. During this analysis, the variable
count was condensed to two principal components (designated as PC1 and PC2), intimating
that the initial dataset of 31 FAMEs is correlated and reducible (Figure 7). All variables, with
the exception of C15:0, C22:6n3, and C24:1n9, presented positive loadings, ranging from
0.0479 (C14:1) to 0.9376 (C18:2n6c), in association with the first component. Contrastingly,
C15:0 and C24:1n9 were associated with positive loadings (0.9232 and 0.0937, respectively),
whereas C22:6n3 exhibited a negative loading (–0.1667) with the second component.

A comparison of case positions on the graph, considering component forms and factor
loadings, revealed distinct characteristics among them. Specifically, Case 1, exhibiting
positive coordinate values on the first axis, was identified as having a higher content of
plant hormones, excluding C15:0, C22:6n3, and C24:1n9, according to the relevant factor
loadings. Conversely, Case 2, with positive coordinate values for the second axis, was
associated with higher C15:0, and C24:1n9 contents, based on the factor loadings with the
second axis. In contrast, Case 3, showing a negative coordinate value on the second axis,
was characterised by a lower C22:6n3 content, based on its factor loading with the second
axis (Figure 7).
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Figure 7. Biplot of FAMEs content in grass samples, showing the first two principal components (PC1
and PC2) of the PCA model that together explain 61.8% of the total variance, i.e., 40.60% and 21.16%
for PC1 and PC2, respectively. Blue biplot vectors indicate the strength and direction of factor loading
for all analysed fatty acids. FG-Sp—spring fresh grass, GS-Sp—spring grass silage, FG-Su—summer
fresh grass, GS-Su—summer grass silage, FG-Au—autumn fresh grass, GS-Au—autumn grass silage.

3.4. Energy Balance and CO2 Reduction

In the assessment of the energy potential from the utilisation of grass from road verges,
slightly higher quantities can be generated from fresh grass in comparison to grass silage
(Table 9). This observed correlation is consistently reflected in the energy content of the
liquid biofuel generated from the investigated grass. Notably, in the case of spring-cut
grass, the energy content in biodiesel derived from ensiled grass slightly surpasses the
value calculated for fresh grass. Comparing both examined biofuels produced from grass,
it becomes evident that biogas production yields an approximately twofold increase in
energy output.

Table 9. Energy production in a biogas plant based on grass from road verges and energy contained
in the produced biodiesel.

Cutting Time

Energy from Biogas Energy in Biodiesel

Fresh Grass Grass Silage Fresh Grass Grass Silage

Electricity Heat Total Electricity Heat Total
GJ tDM

−1

kWh tDM
−1 GJ tDM

−1 GJ tDM
−1 kWh tDM

−1 GJ tDM
−1 GJ tDM

−1

Spring 923 2.90 6.22 782 2.50 5.32 2.09 2.16
Summer 852 2.70 5.77 863 2.70 5.81 3.33 2.81
Autumn 910 2.90 6.18 837 2.60 5.61 3.63 2.66

Mean 895 2.83 6.06 827 2.60 5.58 3.02 2.54

A highly important aspect in favour of biofuel production is the mitigation of CO2
emissions into the atmosphere generated during the combustion of fossil fuels. The com-
parison of biogas and biodiesel produced from the analysed biomass revealed that the
avoided CO2 emissions for biogas are approximately four times greater than those for
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biodiesel. Assuming an average grass yield of 4 tDM ha−1 and adopting avoided emission
values averaging 840 and 200 kg CO2 tDM

−1 for biogas and biodiesel, respectively (Table 9),
the calculated values for these biofuels amount to 3360 and 800 kg CO2 ha−1.

4. Discussion

In this study, the biogas production from both grass and grass silage ranged from
540.19 ± 24.32 NL kgVS

−1 to 715.05 ± 26.43 NL kgVS
−1, exhibiting similarity to biogas

yields from typical feedstock like farm manures or maize silage [46]. These values slightly
surpassed the range provided by Rajendran et al. [46], who reported SBY for grass be-
tween 280 NL kgVS

−1 and 550 NL kgVS
−1. However, Żurek and Martyniak [47] docu-

mented a biogas yield from silage of three species of perennial grasses within the range of
485–612 NL kgVS

−1.
In the present study, both biogas yield and CH4 concentration were influenced by

the cutting time. Despite being statistically significant, the differences were relatively
minor. Several authors [20,21,24,26,48] have reported lower SMY from grass harvested
later in the vegetation season. According to Korres et al. [49], cutting time significantly
impacts biogas production due to alterations in the proportion of cell wall components,
namely cellulose, hemicellulose, and lignin, with increasing lignin content. Lignin, being
the most recalcitrant, limits the biodegradability of grass and grass silage during the
AD process [29,48]. Moreover, the CH4 content in biogas from late-season-mown grass
decreases due to reductions in crude protein and crude fat contents [50] and an increase
in the stem-to-leaves ratio [49], given that stems produce lesser CH4 amounts [24]. The
lignin content in the studied grass increased in summer and remained similar in autumn,
influencing the biogas yield and CH4 content [51]. The marginal differences in biogas
yield and CH4 content may be attributed to frequent mowing conducted multiple times a
year, shortening the physiological vegetation age of grasses and reducing lignification, as
suggested by Triolo et al. [48] and Piepenschneider et al. [23].

Continuous feedstock supply is imperative for sustained biogas production, while the
biomass can be harvested only during the growing season. Consequently, ensiling becomes
essential to avoid feedstock shortages throughout the year [52]. In this study, ensiling had
minimal adverse effects on biogas yield and no impact on the CH4 concentration in biogas.
Results on the impact of ensiling on CH4 potential present contradictory findings. Cui
et al. [53] reported a higher SMY from ensiled wilted maize stover, while Feng et al. [54]
found that ensiling, although an appropriate storage method for Festuca arundinacea, had
no positive effect on CH4 yield. Similar conclusions were drawn by Hillion et al. [55],
who reported that co-ensiling was effective for storing highly fermentable fresh waste,
but CH4 potential remained unaffected during storage. Menardo et al. [56] demonstrated
that although ensiling improved the CH4 production rate initially, it did not affect the
cumulative CH4 production of corn stalks. Conversely, Liu et al. [57] observed a higher
CH4 yield from ensiled giant reed compared to fresh material. Sun et al. [58] reported that
ensiling material with relatively high biodigestibility did not significantly increase CH4
yield, while in the case of raw materials with relatively low biodigestibility values, it could
enhance CH4 production. In practical terms, the total CH4 yield is crucial for the economic
efficiency of biogas plants, and thus, studies on the effects of ensiling on biogas production
should consider the trade-off between storage loss and CH4 enhancement [58]. Hermann
et al. [59] reported that ensiling showed little effect on CH4 yield considering the increase
in CH4 concentration, with a mutual decrease in dry matter content during the storage.
Teixeira Franco et al. [60] suggested that ensiling may increase CH4 potential only under
specific conditions, accounting for storage losses.

In addition to CH4 and CO2, biogas encompasses nitrogen (N2), hydrogen (H2), carbon
monoxide (CO), oxygen (O2), H2S, and NH3. The latter two compounds, released during
the digestion of feedstock, may exhibit inhibitory effects on biogas production. The H2S
content in biogas is contingent upon the feedstock and AD technology, fluctuating between
2 and 12,000 ppm [61–63]. Elevated concentrations of H2S result from the decomposition of
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sulphur-containing compounds, such as amino acids, sulphoxides, sulphonic acids, and
the biological reduction of sulphates in the feedstock [64].

The presence of H2S not only hampers the AD process by denaturing proteins in
microorganisms responsible for feedstock digestion, but also leads to the formation of a
corrosive condensate with water in biogas, causing damage to combined heat and power
(CHP) units and installations [65,66]. The toxicity of sulphur oxides (SOx) released into the
atmosphere [65,67] and the corrosion of installations or engine damage in biogas plants
compel operators to eliminate H2S from biogas. However, the threshold value is contingent
not only on the safety of the biogas installation but also on its subsequent applications. In
biogas used in microturbines, the threshold value is high (70,000 ppm); in CHP units, the
acceptable range is between 100 and 500 ppm [67,68], and biogas upgraded to biomethane
should contain 4–10 ppm [69].

In this study, the initial H2S concentrations for summer- and autumn-cut grass ex-
ceeded the threshold values for CHP units, whereas the H2S concentration in biogas from
spring-cut grass remained very low, even at the beginning of the experiment. Similar
disparities in H2S concentration, influenced by cutting time, were reported by Chumenti
et al. [25], who observed a significantly higher H2S content in biogas produced from
summer-cut grass compared to biogas from spring-cut grass. Chumenti et al. [70] also
reported significant differences in H2S concentrations in biogas produced from fresh and
ensiled grass, contradicting the results of this study. Studies by Żurek and Martyniak [47]
indicated relatively low H2S concentrations in biogas from perennial grasses, ranging from
272 to 298 ppm.

Another studied inhibitor is produced during the AD process. NH4
+ is released

through the degradation of nitrogen-rich compounds, primarily proteins, urea, and nucleic
acids [64,71–73]. This compound is not degraded under anaerobic conditions and is in
equilibrium with NH3, whose concentration is influenced by pH and temperature. A
decrease in pH may lead to an increase in NH3 concentration, adversely affecting the
community structure of archaea, which is responsible for CH4 production, and consequently
reducing CH4 yield [74]. Inhibition of archaea leads to an increase in Volatile Fatty Acids
(VFA) and a reduction in pH value [75]. Threshold values for NH3 concentration range
from 80 to 400 ppm [76]; however, the toxicity limits in the literature vary significantly,
ranging from 60 to 14,000 ppm [64,77]. In this study, even the highest NH3 value was lower
than the threshold value and decreased significantly by the end of the experiment.

The compositional analysis of grass identified predominant FAMEs such as C16:0,
C18:0, C18:1n9t/c, C18:2n6c, and C18:3n6, which are considered suitable for fuel production.
Synthesised biodiesel, as reported in the literature, demonstrated the highest yield when
derived from waste cooking oil (80.6%), followed by a mix of waste cooking oil and animal
fats (79.3%). Characterisation of the produced biodiesel revealed the presence of various
FAMEs components, with oleic acid (C18:1n9c), palmitic acid (C16:0), and linoleic acid
(C18:2n6c) identified as major constituents [78]. Spectroscopic studies assessing the quality
of FAMEs obtained from waste cooking oil confirmed their compliance with the European
Standard EN 14214:2006 requirements [79]. FAMEs extracted from spent coffee grounds
exhibited a composition composed of C16:0 (41.7%) and C18:0 (48.2%), rendering these
extracts suitable for conversion into biodiesel. Furthermore, the residual solid fraction
resulting from lignin and FAME extraction underwent AD under mesophilic conditions,
yielding CH4 at a rate of 360 NL kgVS

−1 [37]. The FAME composition derived from cherry
stone waste indicated a notable unsaturated to saturated fatty acid ratio [38]. Similarly,
herbal waste exhibited higher amounts of unsaturated FAMEs compared to saturated ones,
with linoleic acid identified as the major polyunsaturated FAME and palmitic acid as the
major saturated FAME [39].

The comparative analysis of the compositional profiles between the examined grass
samples and other waste materials, such as municipal sewage sludge [80], revealed analo-
gous distributions of FAMEs. Palmitic acid (C16:0) emerged as the predominant saturated
fatty acid, constituting 37.5%, followed by stearic acid (C18:0) at 12.0%. Oleic acid (C18:1n9c)

66



Energies 2024, 17, 1751

dominated the unsaturated fatty acids, accounting for 29.0%, while linoleic acid (C18:2n6c)
represented 6.2% of the total FAMEs. Similarly, in lipids extracted from primary sludge,
Villalobos-Delgado et al. [81] identified palmitic acid (C16:0) as the major saturated fatty
acid (42–58%), trailed by stearic acid (C18:0) at 18.3–24.5%, and oleic (C18:1n9c) and linoleic
(C18:2n6c) acids at 9.5–22.3%.

The concentration of total FAMEs in the grass samples varied from 98.08 mg gDM
−1

in FG-Au to 56.37 mg gDM
−1 in FG-Sp. Notably, the C16:0 fatty acid ranged from 37.82

to 66.87 mg gDM
−1, and C18:0 from 4.50 to 6.83 mg gDM

−1, constituting the most abun-
dant components. These specific FAMEs are considered ideal for biofuel production. In
comparison, integrated processes for food waste yielded 248.21 g of FAMEs per 1 kg [82].
Similarly, high lipid concentrations (248 mg gDM

−1) were observed in Chlorella vulgaris [83],
highlighting the advantage of microalgae biomass production from waste in a more spa-
tially efficient manner than other crop types. In herbal waste, the highest total FAMEs
concentration was observed in rye bran (35.79 mg gDM

−1), herbal tea (11.69 mg gDM
−1),

and chicory (8.78 mg gDM
−1), with the majority of herbal waste (62.5%) falling within the

total FAMEs content range of 1.42 to 5.02 mg gDM
−1 [39].

The lipid content in temperate grasses is relatively low and tends to decrease as
the plant matures [84]. The highest concentration of total FAMEs was observed in fresh
grass samples collected in autumn and summer, with values of 98.08 mg gDM

−1 and
90.03 mg gDM

−1, respectively. Whetsell and Rayburn [85] highlighted that vegetative
growth and leafiness significantly influence the Fatty Acid (FA) content in grasses, empha-
sising the negative impact of summer months, specifically May, June, and July, on total FA
content. Furthermore, the total FA content exhibited a stronger correlation with linolenic
acid (C18:3) than with linoleic acid (C18:2), with lower correlations observed between
linoleic acid (C18:2) and linolenic acid (C18:3) content. Concentrations of linoleic acid
(C18:2), linolenic acid (C18:3), and total FAs were higher during the summer compared to
spring growth [86]. Consistent with these findings, the present study reported the lowest
concentration of total FAMEs in FS-Sp (56.37 mg gDM

−1) and GS-Sp (58.42 mg gDM
−1).

Intriguingly, GS-Sp exhibited a higher content of these compounds than FG-Sp.
The ensiling process significantly influenced the content of total FAMEs in spring grass,

resulting in a reduction in total saturated fatty acids and an increase in total unsaturated
fatty acids. These results are in good agreement with the findings of Khan et al. [87],
who attributed variations in plant maturity at harvest as the primary explanation for the
variability in FA content, highlighting higher contents of C18:3n3 in silages from young
grass. Notably, the FAMEs content in grass silage from summer and autumn was lower
than in fresh grass from these cutting times. The highest concentration of total FAMEs in
ensiled grass (75.81 mg gDM

−1) was detected in samples from summer, closely related to
the dry matter content in the analysed samples.

Biodiesel production from waste oils presents challenges, including elevated Free
Fatty Acids (FFA) during transesterification. The presence of FFA and water leads to
the formation of glycerol (propane-1,2,3-triol) as a by-product and reduces methyl ester
levels [88]. The amount of glycerol is contingent on the conversion methods, as well as
the type of alcohol and catalyst employed [89]. A substantial portion (70–95%) of the total
biodiesel production cost is associated with raw materials [90]. Utilising waste materials,
such as waste cooking oil, can significantly reduce production costs, with the cost of
obtaining waste cooking oil being 2.5 to 3.5 times lower than that of edible vegetable oils [91].
Osman et al. [92] have explored computational and machine learning techniques, biodiesel
characteristics, transesterification processes, waste materials, and policies encouraging
biodiesel production from waste. Consequently, the studied grasses represent a potential
source for biodiesel production. However, further investigations into their properties
are needed.

Although the studied grass exhibits potential for application in both biodiesel and
biogas production, its limited availability results in a low energy yield per hectare [51].
Hence, grass waste from the maintenance of road verges should not be viewed as the
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primary substrate for the production of liquid or gaseous biofuels. Instead, it should be
considered a supplementary feedstock, to be used alongside other resources that are avail-
able in quantities sufficient for the operations of biofuel plants. The findings underscore the
potential for alternative utilisation of biowaste, thereby prompting consideration for future
policy adjustments in urban waste management strategies, integrating energy generation
in alignment with the principles of circular economy.

5. Conclusions

The results of this study confirmed the suitability of grass biomass collected during
road verges maintenance of for the production of both liquid and gaseous biofuels. Consid-
ering the total energy content of the produced biofuels, the biogas production proved to be
more efficient than biodiesel production. An additional aspect favouring this direction of
utilising the analysed substrates is the potential for both electricity and heat production. On
the other hand, the fact that grass from road verges is also suitable for biodiesel production
makes it a versatile feedstock for various types of biofuels. However, it should be noted
that the analysed type of biomass, due to its properties, is often a challenging feedstock
and cannot be considered as the primary substrate for biogas production. The conducted
research, nevertheless, demonstrated that its application should not negatively impact the
methanogenic fermentation process. Regarding the produced biodiesel, additional studies
are necessary to demonstrate its actual suitability as a transportation fuel.
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51. Czubaszek, R.; Wysocka-Czubaszek, A.; Banaszuk, P.; Zając, G.; Wassen, M.J. Grass from Road Verges as a Substrate for Biogas
Production. Energies 2023, 16, 4488. [CrossRef]

52. Nizami, A.-S.; Korres, N.E.; Murphy, J.D. Review of the Integrated Process for the Production of Grass Biomethane. Environ. Sci.
Technol. 2009, 43, 8496–8508. [CrossRef] [PubMed]

53. Cui, X.; Sun, H.; Sobhi, M.; Ju, X.; Guo, J.; Dong, R. Butyric Acid Fermentation during Ensiling of Wilted Maize Stover for Efficient
Methane Production. ACS Sustainable Chem. Eng. 2020, 8, 6713–6721. [CrossRef]

54. Feng, L.; Kristensen, E.F.; Moset, V.; Ward, A.J.; Møller, H.B. Ensiling of Tall Fescue for Biogas Production: Effect of Storage Time,
Additives and Mechanical Pretreatment. Energy Sustain. Dev. 2018, 47, 143–148. [CrossRef]

55. Hillion, M.-L.; Moscoviz, R.; Trably, E.; Leblanc, Y.; Bernet, N.; Torrijos, M.; Escudié, R. Co-Ensiling as a New Technique for
Long-Term Storage of Agro-Industrial Waste with Low Sugar Content Prior to Anaerobic Digestion. Waste Manag. 2018, 71,
147–155. [CrossRef]

56. Menardo, S.; Balsari, P.; Tabacco, E.; Borreani, G. Effect of Conservation Time and the Addition of Lactic Acid Bacteria on the
Biogas and Methane Production of Corn Stalk Silage. Bioenerg. Res. 2015, 8, 1810–1823. [CrossRef]

57. Liu, S.; Ge, X.; Liew, L.N.; Liu, Z.; Li, Y. Effect of Urea Addition on Giant Reed Ensilage and Subsequent Methane Production by
Anaerobic Digestion. Bioresour. Technol. 2015, 192, 682–688. [CrossRef] [PubMed]

58. Sun, H.; Cui, X.; Li, R.; Guo, J.; Dong, R. Ensiling Process for Efficient Biogas Production from Lignocellulosic Substrates: Methods,
Mechanisms, and Measures. Bioresour. Technol. 2021, 342, 125928. [CrossRef]

59. Herrmann, C.; Heiermann, M.; Idler, C. Effects of Ensiling, Silage Additives and Storage Period on Methane Formation of Biogas
Crops. Bioresour. Technol. 2011, 102, 5153–5161. [CrossRef] [PubMed]

60. Teixeira Franco, R.; Buffière, P.; Bayard, R. Ensiling for Biogas Production: Critical Parameters. A Review. Biomass Bioenerg. 2016,
94, 94–104. [CrossRef]

61. Fortuny, M.; Baeza, J.A.; Gamisans, X.; Casas, C.; Lafuente, J.; Deshusses, M.A.; Gabriel, D. Biological Sweetening of Energy Gases
Mimics in Biotrickling Filters. Chemosphere 2008, 71, 10–17. [CrossRef] [PubMed]

62. Mamun, M.R.A.; Torii, S. Removal of Hydrogen Sulfide (H2S) from Biogas Using Zero-Valent Iron. J. Clean Energy Technol. 2015, 3,
428–432. [CrossRef]

63. Calbry-Muzyka, A.; Madi, H.; Rüsch-Pfund, F.; Gandiglio, M.; Biollaz, S. Biogas Composition from Agricultural Sources and
Organic Fraction of Municipal Solid Waste. Renew. Energy 2022, 181, 1000–1007. [CrossRef]

64. Chen, Y.; Cheng, J.J.; Creamer, K.S. Inhibition of Anaerobic Digestion Process: A Review. Bioresour. Technol. 2008, 99, 4044–4064.
[CrossRef] [PubMed]

70



Energies 2024, 17, 1751
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Abstract: Energy availability is a pivotal driver in fostering sustainable socio-economic develop-
ment. However, sub-Saharan Africa (SSA) grapples with paradoxes headlined by abundant energy
resources but with the world’s lowest access to clean energy index per capita. Faced with a lack of
access to clean energy sources like electricity, rural areas in the majority of SSA countries almost
exclusively depend on biomass-fuels, mostly fuelwood, leading to heightened respiratory health risks
as well as environmental degradation and accelerated climate change. As an alternative, this review
investigates the potential of animal manure as a sustainable energy resource for rural SSA households,
emphasising its utilisation as a feedstock for biogas production using anaerobic digestor technology.
Results show that despite the abundance of literature that reports on successes in lab-scale bioreactor
optimisation, as well as successes in the initial rollout of biogas biodigester technology in SSA with
the help of international collaborators, the actual uptake of biogas bioreactor technology by rural
communities remains low, while installed bioreactors are experiencing high failure rates. Resultantly,
rural SSA still lags significantly behind in the adoption of sustainable clean energy systems in com-
parison to rural communities in other regions. Among some of the hurdles identified as driving low
technology assimilation are onerous policy requirements, low-level government involvement, high
bioreactor-instalment costs, the lack of training and awareness, and water scarcity. Prospects for suc-
cess lie in innovative technologies like the low-cost portable FlexiBiogas system and private–public
partnerships, as well as flexible energy policy frameworks. Bridging the knowledge-implementation
gap requires a holistic approach considering cultural, technological, and policy aspects.

Keywords: energy poverty; biogas; animal manure; sub-Saharan Africa; greenhouse gas emissions;
climate change

1. Introduction

Energy availability is the cog that drives sustainable socio-economic development [1,2].
However, the status of energy availability in sub-Saharan Africa has more than its fair
share of paradoxes. Three facts that stand out are as follows: (i) the population of sub-
Saharan Africa constitutes about 15% of the world’s population [1,3]; (ii) the region is rich
in energy resources and yet remains poor in energy supply, accounting for only 4.3% of the
global energy demand [3]; and (iii) the region has the lowest level of access to electricity
worldwide, with 75% of the global population without access to electricity residing in
this region [1]. Presently, sub-Sharan African economies are overly dependent on fossil
fuels such as oil, coal, and gas to power the various industries that are central to their
economic growth [4]. Despite this over-reliance on fossil fuels, however, Africa and the
sub-Saharan African region still contribute only approximately 2% of the aggregate global
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greenhouse gas emissions while the world’s more developed economies like the USA,
Australia, Germany, and China are responsible for the bulk of the emissions [5].

With greenhouse gas emissions being linked to worsening climate change, the evidence
of which includes increasingly drier and hotter climatic conditions in some parts of the
world while others experience unprecedented floods, wildfires, rising seas levels, among
other changes, the discourse among developed countries is rapidly gravitating towards
clean energy usage to mitigate the damaging effects of climate change [6,7]. However,
less developed economies in the sub-Saharan Africa region will find it cheaper in the
foreseeable future to consume readily available fossil energy sources despite their harmful
effects to the environment [4]. At the household level, 76–80% of urban populations in
the sub-Saharan African region have access to electricity for cooking and heating, while
almost the same percentage (70%) of rural populations rely on unsustainable biomass
sources, especially fuelwood [8,9], exposing them to respiratory health complications
due to polluted indoor environments in addition to environmental degradation due to
deforestation [10,11]. The persistently high demand for wood fuel in rural sub-Saharan
African households is unsustainable as it directly threatens forests resources, thereby
accelerating desertification, which inadvertently increases the region’s carbon footprint
and contributes to global warming [12]. In any case, The United Nations, through its non-
binding Agenda 21, as well as the Kyoto Protocol, strongly advocate for the development
of sustainable, climate-friendly renewable energy systems, particularly in the face of the
imminent depletion of fossil fuels [13]. Hence, the need for appropriate investment in
small-scale biogas technologies to achieve a self-sufficient paradigm shift from traditional
to sustainable and climate-friendly modern bioenergy to deliver a range of benefits to
rural households [14–16]. In this context, manure ought to be considered as a valuable
resource, given its potential for anaerobic digestion, which stands out as a promising
avenue for its sustainable management. The use of animal manure for energy generation,
and in particular as feedstock for anaerobic digestor technology, has received extensive
coverage in both the research and review literature globally as well as in the sub-Saharan
Africa (SSA) context. The vast majority of this research, however, is focussed on anaerobic
digestor-process improvement [17], in particular on feedstock choices for increased biogas
output [18–20], bioreactor design and diagnosis of bioreactor failures [21], impacts of
private–public partnerships on biogas technology development [22], and socio-economic
barriers to technology adoption [23,24]. In so doing, lab-scale successes and achievements
are often misconstrued for on-the-ground implementation success whereas, in practicality,
there is a disconnect between research and implementation [25]. There is still a dearth of
information with regard to the practicality of using animal manure as a clean energy source
in rural SSA.

This review, therefore, plugs this gap by providing an in-depth analysis of animal
manure as an alternative, sustainable energy source for energy-poverty-stricken rural sub-
Saharan Africa (SSA). Emphasis is placed on current knowledge and the use of animal
manure as an energy source, opportunities for growth, and the associated limitations, as
well as on prospects for future advancements in rural settings. The focus on rural areas
was informed by the fact that more people live in rural areas compared to urban areas in
sub-Saharan African countries [8,26], in addition to the fact that, due to high poverty levels,
energy poverty is felt more in rural areas than in urban areas. Consequently, there are high
rates of deforestation in rural areas as residents harvest forest resources to meet their daily
energy requirements.

2. Animal Manure as an Alternative Source of Energy in Rural SSA

Renewable energy resources continue to hog the spotlight in climate change debates
due to their low carbon footprints [5]. Currently, these include solar, wind, hydroelectric,
and biomass resources, which are soon to be joined by green hydrogen. Biomass, and
animal manure specifically, is a centuries-old source of renewable energy, which can either
be directly burned to produce heat energy (akin to coal or wood fuel) [7] or can be fed
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into an anaerobic biodigester to produce combustible gas called biogas [27]. However, the
direct burning of dung pellets for heating and cooking has the disadvantage of producing
smoke that pollutes indoor air and leads to chronic respiratory and eye infections, the
same problem as occurs from burning fuelwood [28]. Besides the production of poisonous
gases like carbon monoxide, sulphur dioxide, and nitrogen oxide, when directly burned as
pellets, cow dung has a low heating value ranging from 10 to 17 MJ/kg, depending on its
moisture content [7]. Anaerobic digestion, however, converts the biomass into energy-rich
biogas, which is ultimately used as a clean renewable energy source for domestic cooking,
heating, and lighting [13]. An added advantage is the production of bio-digestate, which
is a nutrient-rich slurry that farmers can then apply to their fields as organic fertiliser
to increase agricultural productivity. Furthermore, according to ref. [29], the application
of digestate facilitates the settling of phosphorous and metals such as copper and zinc,
consequently diminishing their discharge into surface waters preventing eutrophication or
algal bloom. Within the anaerobic digester, the principal components undergoing alteration
are carbon and nitrogen that result in an 85% reduction in biological-oxygen demand [30].

The development of anaerobic digester technology for biogas production presents
a plausible avenue to ameliorate energy poverty, which is partly responsible for slow
economic development in SSA countries [31]. What makes animal manure particularly ideal
as a feedstock for biogas production is its high moisture and volatile-solids content [12].
In addition, animal manure also contains a diverse assemblage of microorganisms, some
of which play significant roles during the anaerobic digestion process. For example, the
microbial profile of cow dung consists of different bacterial species, including Bacillus spp.,
Corynebacterium spp., Lactobacillus spp., Citrobacter koseri, Enterobacter aerogenes, Escherichia
coli, Klebsiella oxytoca, Klebsiella pneumoniae, Kluyvera spp., Morgarella morganii, Pasteurella
spp., Providencia alcaligenes, Providencia stuartii, and Pseudomonas spp., as well as protozoa
and yeast (Saccharomyces and Candida), lignocellulolytic fungi, and archaea [32–34]. As a
potential replacement for fossil fuels, biogas is produced when animal manure is subjected
to anaerobic digestion by methanogenic bacteria, generating biogas whose composition
varies from 45 to 70% for methane gas (biomethane) and 25–40% for carbon dioxide, as
well as containing some trace gases, including hydrogen sulphide (<10 ppm), nitrogen
(<3 ppm), and hydrogen (<1 ppm), depending on the animal source of the manure [12]
This follows a four-stage process starting with hydrolysis, followed by acid-genesis and
acetogenesis that are induced by a specific consortia of bacteria, with the final step of
methanogenesis undertaken by a consortia of methanogenic archaea, as detailed in the
extant literature [2,13,27,31,35], and as shown in Figure 1 below.

A study by [2] reports that in a supervised anaerobic digestion, cow dung and poultry
litter can produce biogas yields of 0.034 and 0.03 m3/kg, respectively, with methane
concentrations of 60% and 62%, respectively. Biogas with such methane compositions is
not only comparable to fossil fuel derived natural gas that is 75–98% methane [2,13] but
is also classified as good-grade gas since biogas burns more effectively when its methane
component is greater than 50% [31]. In terms of heating value, [36] report that the heating
value of pure methane (natural gas) is 8900 kcal/m3 whereas the heating value of unpurified
biomass-based biogas is in the range of 4800 to 6700 kcal/m3, with a cooking efficiency of
approximately 55% on a small scale. Furthermore, research shows that the energy value of
1 m3 of biogas is between 2000 and 4000 kcal, which can meet the cooking needs of a family
of 4 to 5 people for 3 h, with about 3 m3 of biogas needed to cater for the family’s cooking
needs per day [36]. Regarding anaerobic digester performances, ref. [2] notes that the
cause of irregular and inconsistent biodigester performance is usually a lack of supervision,
which often results in digester underfeeding, improper water mixing, and irregular feeding,
which all reduce yields significantly. With adequate training and consistent use, however,
people reliant on digesters for biogas production should be able to solve these problems.

75



Energies 2024, 17, 1839

Figure 1. Stages in the anaerobic digestion process for the production of biogas from animal manure.

2.1. Present State of Knowledge and Use of Animal Manure for Energy in Rural SSA

The present understanding and use of manure for energy in rural SSA reveals a
nuanced landscape shaped by historical practices, international collaborations, and regional
variations [37,38]. The use of animal manure as feedstock for the generation of biogas
using fixed-dome and floating-drum digesters has been practiced in sub-Saharan Africa
since the 1950s [28], howbeit on a scale too small to tilt the scales towards economic
development [37]. In Kenya, for example, biogas was introduced in 1948, with the first
biodigester being built in that country in 1957 by the company Tunnel Engineering Ltd. [37,
39]. Other early pacesetters are South Africa, where biogas digesters were set up in the
1950s, and Tanzania that began in 1975, while the most recent newcomer to the technology
is South Sudan, where the first biogas digester was installed in 2001 [40]. To date, and
through public–private partnerships, anaerobic digester technology for biogas production
has been rolled out in different rural areas of Kenya, mostly using cow dung as the
main feedstock [39]. An organisation called the Netherlands Development Organisation,
founded in the Netherlands in 1965, provides technical assistance to the Africa Biogas
Partnership Programme (ABPP) supporting national programs on domestic biogas in
several sub-Saharan African countries, including Ethiopia, Kenya, Tanzania, Uganda,
and Burkina Faso [9,39]. This has seen over 18,000 biodigesters being installed across
Kenya since 2009 [39]. In addition to ABPP, another organisation, the International Fund for
Agricultural Development (IFAD), which is funded by the UK Department for International
Development, has been assessing the potential of renewable energy technologies like biogas
in conjunction with a Keyan company, Biogas International Limited (BIL), since 2012 [28].
IFAD has also facilitated south–south cooperation between Kenyan engineers and the
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Indian Institute for Technology, providing a platform for scaling up the biogas technology
in Kenya and beyond [28]. The African landscape is characterised by three different size
types of biogas digesters which include the household digester plant whose gas production
capacity is designed to meet all the cooking and 2–4 h of lighting needs of a family; the
institutional/community digester plant that is typically shared by neighbours, and the
large-scale plant that is designed to supply gas to closed communities [40]. Rural areas are
typically serviced by either family plants or institutional plants, depending on population
distribution. Historically, the fixed-dome bioreactor has been favoured over other designs
like the floating-drum bioreactor due to its perceived durability and low maintenance
costs [40].

In terms of biogas technology uptake, countries in southern Africa have been slow
compared to countries in western, central, and eastern Africa, which embraced international
collaborations to build public–private partnerships as support structures in setting up
national domestic biogas programmes that have supported the increased uptake of the
technology compared to countries in southern Africa. While statistics is scarce, ref. [41]
show that, as of 2005, several southern African countries like South Africa, Swaziland,
Zimbabwe, and Botswana had approximately 100 medium/small-scale digesters (100 m3)
each, Burundi (central Africa) had more than 279 digesters, and Tanzania and Kenya
(eastern Africa) had more than 1000 and 500 digesters, respectively. While a lot might have
changed since 2005, data in Table 1 show that it is the central and east African countries
like Rwanda, Tanzania, Kenya, Uganda, Ethiopia, Cameroon, Benin, and Burkina Faso
that have increased the uptake of biogas technology, even going as far as increasing the
number of trained technicians for both installation and maintenance of biodigesters, with
solid plans for expansion [37]. Contrastingly, not much development has been realised in
southern sub-Saharan Africa outside of South Africa, where significant progress is being
made [42].

Table 1. Distribution of biogas digester facilities in some SSA countries.

Country No. Installed Capacity (m3) Operational (%) Reference

Zambia 60 4–80 [23]
Zimbabwe 711 50–200 15 [43,44]

Ethiopia 15,738–18,534 Various 40 [24,45,46]
Cameroon 164 * Various [46]

Burkina Faso 10,310 Various [46]
Botswana 15 Various [46]

Kenya 13,000–18,560 Various 30 [24,46,47]
Senegal 875 Various [46]

Tanzania 12,000 Various [48]
Uganda 8000 Various [47]
Nepal † 431,629 various 90 [49]

* Data relates only to domestic-level bioreactors. † Nepal is included for benchmarking purposes.

In terms of digester feedstock/substrate, while animal manure is the main type used
in sub-Saharan Africa, ref. [41] points to a combination of food waste and human excreta,
rice husks, and banana and plantain peels as well as groundnuts as among some of the
unconventional substrate types used in pilot studies in Nigeria. The use of human excreta
for biogas generation in rural communities is likely to be met with stiff resistance rooted
in cultural beliefs and there may not be any food waste at all due to food insufficiency in
these settings. However, while there is hope for a change in human perception and cultural
beliefs, what is more concerning is that the available literature points to a mismatch between
laboratory-scale manure-to-biogas research and actual biogas rollout in sub-Saharan Africa.
The scholarly literature is concerned mostly with optimising anaerobic digestor conditions
for optimal biogas output but offers little insight about the actual use of animal manure for
energy generation. In the majority of cases where anaerobic digester technology has been
rolled out, refs. [23,25] point to a high failure rate where biogas plants lie unused due to,
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among other factors; a lack of state investment in biogas research, difficulty in accessing
biogas technology within some national contexts, a lack of supportive policy frameworks
in some countries, low institutional capacity to implement national biogas programmes,
prohibitive regulatory barriers, insufficient feedstock, the constant cost of maintenance,
a lack of training for potential biogas owners, and climate unpredictability that leads to
water shortages and ultimately anaerobic digestor failure.

Differences in biogas adoption rates between Asia (using Nepal as an example of a
developing Asian country) and SSA are influenced by, among other things, the cheaper cost
of building materials in Nepal (Asia) as compared to SSA, the higher numbers of livestock
and hence available feedstock in Nepal compared to SSA, differences in the availability of
loans for biogas infrastructure installation in Nepal compared to SSA countries outside of
South Africa, and the relative maturity of biogas promotion schemes in Nepal, where it
was first introduced in 1992 as the Biogas Support Program, compared to SSA where the
first scheme was introduced in Rwanda in 2007 [24,49]. Intriguingly, there were already
11,919 installed biogas plants in Nepal by the year 1992 when the support scheme was
introduced. Again, unlike in SSA where most national governments are struggling, at the
policy level, to steer development of the biogas sector, Nepal has managed to institution-
alise the biogas industry through a line agency called the Alternative Energy Promotion
Centre (AEPC), which was set up under the Ministry of Science and Technology in 1996
to promote renewable energy projects in that country [49]. The AEPC was set up with
a clear mandate to “form and organise policies on the distribution and implementation
of RETs to boost rural people’s living conditions through clean energy supply and pro-
tection of the local environment from deterioration” [49]. This made it easier for Nepal
to receive international funding to support its biogas industry, resulting in an over 90%
success rate compared to a 40% maximum success rate among SSA countries. Nepal lies
in an earthquake prone area, and in 2015, 16,721 biogas plants were earthquake damaged.
However, by the year 2018 the Nepalese government had already repaired 43.8% of the
damaged plants [49]. Comparatively, Zimbabwe currently has 68 non-functional digesters,
26 abandoned digesters, 3 collapsed digesters, and 7 digesters that never have worked
since being commissioned (Table 2). SSA governments therefore still have a lot to learn
from successful examples like Nepal if they are to turn around the fortunes of the once
hyped but underdeveloped biogas industry.

Table 2. Status survey of Zimbabwe’s biodigester infrastructure from 1980 to 2012.

Year of
Construction

(Phases)

No.
Collapsed

No.
Functional

No.
Non-Functional

No. Yet to
Be Fed

No.
Abandoned

No. Never
Worked

No. under
Construction

1980–1990 0 2 21 0 7 2 2
1991–2000 0 6 17 0 6 3 0
2001–2010 3 5 30 2 13 2 2
2011–2012 0 1 0 0 0 0 2

Total 3 14 68 2 26 7 6

Source: [44].

2.2. Opportunities and Challenges

Biogas has the potential to supply a more sustainable source of energy than solid
biomass like wood fuels in rural households in sub-Saharan Africa [50]. The biggest
opportunity for the development of biogas technology in rural sub-Sharan Africa is the
vast availability of biomass, particularly animal manure [51]. This is because the main
economic activity in rural sub-Saharan Africa is farming, with cattle and small stock rearing
playing a significant role in sustaining those local economies [52]. Furthermore, farmers
tend to house their livestock in kraals during the night, making it easier to accumulate
significant amounts of manure in a short period of time [51]. For example, ref. [53] estimate
that the livestock population in Ethiopia is about 150 million, with an estimated 42 million
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tonnes of dry-weight dung per year, 84% of which is produced by cattle alone. In another
example, a study by ref. [54] in rural Vhembe District in the Limpopo Province of South
Africa estimated the following animal populations: 1,050,685 cows with an estimated
12 kg of manure per animal per day, equivalent to an estimated 0.2 Nm3 of methane per
day; 373,037 pigs (5 kg/animal, 3.6 Nm3 methane); 1,542,903 chickens (0.08 kg/animal,
0.35 Nm3 methane); 253,139 sheep (6 kg/animal, 0.053 Nm3 methane), and 1,147,987 goats
with an estimated 6 kg manure output per animal and an estimated equivalent of 0.367 Nm3

of methane per day. Assuming these numbers to be representative of approximate animal
populations in all of South Africa’s provinces, they represent huge renewable energy
resources that have the capacity to confine South Africa’s energy deficiency to history
if utilised for biogas generation. Conversely, these statistics also show the amount of
environmental damage that is currently ensuing because of the unmanaged animal manure,
with statistics indicating that every 1 kg of cow dung can release about 60 L of gas emissions
into the atmosphere, the largest component of which is methane gas [36]. However,
adopting the biogas technology hinges upon various factors, including environmental,
economic, technical, and social factors [55]. It is imperative to scrutinise seasonal and
geographical variation in the composition of specific of manures [14]. These considerations
will profoundly determine the technical and economic feasibility of accessing manure.
The availability of manure is linked to the organisational structure of animal husbandry,
displaying regional differences [14].

In addition to the ready availability of animal manure, farmers who rear mixed stock
also get different kinds of manure that can be mixed for optimum biogas production. In a
supervised anaerobic digestion experiment, ref. [34] reported that mixing cow and pig dung
with water at a ratio of 3:2:5 resulted in a 10% increase in methane production. In yet another
study, ref. [35] established that mono-digestion of either chicken or goat manure alone
resulted in lower biomethane production compared to co-digestion of chicken and goat
manure, attributing that to the balance of micro- and macronutrients that favour microbial
metabolism and pH regulation in a co-digestion set-up. Meanwhile, use of a single type
of feedstock may result in poor biogas yields if the feedstock used is either recalcitrant to
digestion or has a low carbon to nitrogen (C:N) ratio [13]. Other advantages of resorting to
biogas as an alternative source of energy include the fact that the production of biogas does
not need external application of energy (besides the feedstock), and that it is a simple and
low-cost technology that is easy to set up [13]. In view of the rugged terrain characteristics
of many rural settings, low population density, as well as the often-irregular patterns of
household distribution, the cheaper and technically viable option is to decentralise the
energy distribution system by setting up small-scale anaerobic digesters household by
household [38]. It is estimated that the cost opportunity for a unit of biogas energy over
a digester’s 15 to 20-year life span is bound to be lower than either a unit of solar energy
or the cost of extending a conventional electric grid [56]. Furthermore, estimates report
that, with a supply of around 25 kg of animal manure per day, biogas equivalent to 2 L
of kerosine can be produced a day, which is enough to meet the energy cooking needs of
a family of six [36]. Perhaps the standout advantages of converting animal manure into
biogas are that (i) the biodigester facility can be located anywhere where sufficient biomass
feedstock is available, making it particularly suitable for rural areas where farming is the
main economic activity; (ii) power generation is not time-bound and can be generated
when and where needed, as long as sufficient biomass feedstock is available; and (iii)
the generation of gas or electricity or both in a rural setting promotes industrialisation
of such communities [27]. Additionally, unlike solar energy, biogas can be easily stored
without the need for batteries [9]. Also, although the primary recognized applications of
digestate are as a soil supplement through land application and as a biofertiliser, within the
realm of a bio-based economy the digestate can also be used for various other value-added
products such as algae cultivation and biosorbent production [57]. These advancements
underscore the need for a shift towards leveraging animal manure as a valuable resource
not only for bioenergy production but also for promoting sustainable development as well
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as mitigating environmental impacts associated with waste disposal. Therefore, livestock
manure management under a biorefinery approach seems a fitting solution for future
sustainable development that meets the demands of a circular bioeconomy.

However, despite the enormous potential that biogas has of transforming the fortunes
of citizens in rural SSA, the biggest hurdle to the adoption of this technology is that it is
seen as too complicated and expensive [56]. The claim is not without merit, because the
initial investment costs, especially the costs of either buying a prefabricated biodigester
or the materials needed for constructing a biodigester, are usually too steep for poor rural
households to foot in a single payment [37]. The traditional brick dome biodigesters
(Figure 2), while reliable and durable, generally require expertise to construct, in addition
to the high cost of the materials required [26].

Figure 2. Schematic diagram of a fixed-dome biogas digester with dimensions measured in me-
ters [58].

Biogas technology does, however, become cheaper in the medium to long-term when
taking into consideration the health benefits, the lower time and/or cost spent on firewood
collection/purchase, as well as the lower time spent on cooking. There is a need for an
integrative strategy aimed at ensuring the full participation and technology buy-in of the
target rural communities. Currently, the major limitation to the rollout of biogas technology
in sub-Saharan Africa is that, while most national governments in the region mention the
word ‘biomass’ in their renewable energy policy documents, most lack concise implementa-
tion timelines and methodologies and thus the rate of transformation of policy into reality
on the ground remains low [59–62]. By contrast, in China, for example, renewable energy
policies have been used to support the installation of household scale digesters in rural
areas, which now account for 70% of China’s installed biogas capacity [63]. The technology
buy-in of rural communities should be coupled with information dissemination about the
potential of animal manure in not only easing energy poverty but also eradicating the
health risks associated with indoor house pollution emanating from the use of wood fuel,
supporting conservation of forests, and supporting employment creation as well as a gen-
eral advancement in the quality of life. Admittedly, this will require decentralisation and
devolution of powers from national-level to community-level leadership structures. Also,
apart from local utilisation, biogas cannot be easily liquified and bottled for sale or export
unless it is further enriched to increase its C:N ratio, which can present huge technical
challenges. Another potentially limiting factor in the production of biogas from animal
manure is the availability of water. Water is needed for both animal consumption as well
as for feeding into the anaerobic digesters [50]. However, because of climate change, sub-
Saharan Africa is one of the regions hardest hit by recurring droughts and above-average
temperature increases, which is negatively impacting on animal husbandry and, potentially,
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biogas production. The success of AD systems is intimately tied to water-to-manure ratio,
making water an unarguably critical factor for optimal microbial activity and sustainable
biogas production [38,64]. Inadequate water provision can induce AD-process instability,
reduced gas production, and extended retention times, thereby affecting the economic
viability of biogas projects [65–67]. Furthermore, fluctuations in moisture content within
the feedstock can alter the microbial community composition, potentially fostering the
growth of acid-forming bacteria and the subsequent deterioration of the overall biogas
quality [67,68].

Addressing these intricate microbial dynamics in the wake of a water-scarcity frame-
work is essential for optimising AD performance in SSA. Consequently, water availability
for biogas production requires an effective multifaceted approach encompassing technolog-
ical innovation and policy intervention [37,38]. Prospective mitigation strategies would
aim at bolstering water accessibility, advocating for sustainable water management prac-
tices, and ensuring the resilience of AD systems in the face of climate variability [15,38,50].
According to [50] 60% of 700 biodigesters in Ethiopia were non-operational due to lack of
water. Hence, dry savannas and desert environments require careful consideration for the
functioning of biogas particularly in dry seasons [38] considering that, already, 40% of the
SSA population is faced with water shortages even for drinking and cooking. To mitigate
against water scarcity, induced limitations on biogas production, ref. [50] have suggested a
combination of water harvesting techniques, including rainwater harvesting and storage,
domestic water recycling and aquaculture. While water harvesting may ensure water
availability for digesters particularly during the rainy season, thereby ensuring continuous
production of biogas, it may not be easy to harvest enough water to last through both the
wet and dry seasons, with the usual situation likely to be compounded by droughts. On
the other hand, drawing water is already a daily chore in resource-poor settings of SSA,
and the practice is made more difficult by the excessive distances travelled to fetch water
for domestic use [37,38,50,69], which makes it an almost impossible supposition for poor
villagers to be fetching water for biogas digesters. In another study, however, ref. [38]
suggest, based on laboratory-scale biodigester experiments, a redesign of digesters to incor-
porate larger inlet and outlet pipes to enable use of undiluted fresh dung, which proved
to produce more methane per mass of substrate compared to the currently adopted 1:1
substrate to water ratio. With further research, this approach has the potential to increase
the success of anaerobic digester technology in resource-poor, drought-ravaged settings.
What may be a limitation, though, is the requirement for fresh dung, which may require
that livestock be penned every night to ensure substrate availability.

Holistically, however, governmental support through conducive policies and regu-
latory frameworks is crucial for overcoming water availability challenges in AD projects.
Governments could plug this gap by investing more in water resource management, such
as in the construction of dams as well as the construction of wind turbines for underground
water extraction. This will not only make AD technology technically more viable but will
also go a long way toward improving the quality of life owing to constant water availability.
Also, governments, as custodians of policy, need to promote the adoption of biogas technol-
ogy by removing policy red-tape and providing an enabling environment for public–private
partnerships, which are critical for unveiling financial support for initial investments, as
well as integrating water management considerations into broader energy and agricultural
policies [13,37,50]. The establishment of clear guidelines for water use in AD systems, along
with the enforcement of standards, can create an enabling environment for sustainable
biogas production [38,50]. Collaborative efforts between governments, international organ-
isations, and private stakeholders are essential for developing comprehensive policies that
address water-scarcity challenges holistically [37,38,64].

2.3. Prospects for Future Advancements

The anaerobic digestion technology for biogas production still has room for expansion
through a combination of relatively inexpensive policy initiatives and the development
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of new technology combinations [56]. For example, the over-reliance on fixed-dome and
floating-drum digesters has contributed to the low adaptation of biogas technology in
sub-Saharan Africa due to the need for large quantities of bricks, concrete, and steel,
resulting in steep initial costs for poor rural households. However, there are alternative
biogas technologies like the FlexiBiogas system (developed by the Kenyan Company
Biogas International Limited (BIL), (Nairobi, Kenya)) which is portable and expandable,
has a shorter retention time, can be transported easily and at lower cost, and does not
require skilled technicians for installation, making it suitable for use in rural communities
where fuelwood consumption is highest [28]. Additionally, the FlexiBiogas system can
produce biogas using different kinds of feedstock such as kitchen waste, animal manure,
and agricultural residue, and with dung from just one or two cows in an integrated
farming system, the system can produce approximately 1.2 m3 of biogas daily in addition
to the benefits of by-products like biofertiliser, making it suitable for uptake by poor
rural households [28]. Research also suggests that the use of mixed animal manure–crop
residue–grass feedstocks in anaerobic digestor technology not only results in significantly
increased biogas output as compared to the mono-digestion of cow dung but also goes
a long way toward augmenting the otherwise insufficient manure-based feedstock [70].
Considering that rural economies are agro based, the harvesting of crop residues after a
farming season will not only help in preserving them as feedstock for biogas production but
will also help as cattle feed during the winter when pastures are depleted, which will help
farmers to curb cattle loses. These initiatives, if adopted, may translate into more efficient
anaerobic digester systems and reduce the high failure rates currently being experienced.
To reduce the costs of fixed-dome anaerobic digestor systems, construction materials should
be sourced locally. For instance, groups of families could form brick-laying cooperatives
that would ensure that they have enough bricks for bioreactor construction as well as for
sale, which could augment their income. To increase the competitiveness of anaerobic
digestor systems, and to sway the preference of rural people from a firewood-based energy
economy to sustainable waste-to-energy systems such as biogas, there is need for a thorough
assessment of biogas technologies from both economic and environmental perspectives
to better understand the trade-offs between biogas yields and the costs associated with
installation and maintenance of bioreactor systems.

Another of the available low-cost biogas digester technologies is the low-cost polyethy-
lene tube digester (Figures 3 and 4) that was developed by GTZ/EnDev project in Bolivia,
which has been applied in Bolivia, Peru, Ecuador, Colombia, Centro America, and Mexico
since 2010 [71]. According to [71], this kind of biogas digester costs between 93 Euro and
148 Euro as of 2010 (USD 100.94–USD 160.63, January 2024 exchange rate), and it could
produce enough biogas for cooking and lighting for 4–5 h after charging it with 20 kg of cow
dung or any animal dung plus 60 L of water. Furthermore, the author states that installation
of this digester takes at most a day, including time spent on excavating the trench.

As technology improves, the cost of biodigesters should keep decreasing so that even
poor rural households can afford them. Both the FlexiBiogas system as well as the polyethy-
lene tube digesters are low costs initiatives, with the former having a slight advantage
over the latter in that no excavation is needed for the biogas digester. Additionally, the
FlexiBiogas system uses less water than the polyethene biogas digester, making it more
suitable for sub-Saharan Africa where the climate is getting drier due to climate change.

Policy-wise, governments should promote public–private partnerships and incentives-
based bioenergy policies that are adequately supported by action plans as well as moni-
toring and evaluation strategies [53]. For instance, the South African renewable energy
masterplan is anchored by four pillars, one of which reads, “Building local capabilities in
terms of skills and technological innovation, to enable the rollout of renewable energy and
storage technologies and associated industrial development” [42]. If sub-Saharan African
governments must be true to the aim of turning around the energy situation in their rural
areas and to adopting carbon neutral clean energy systems, then skills development must
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be aggressively pursued as it is one of the cogs that drive the transformation of policy
into practice.

Figure 3. Schematic diagram of a low-cost polyethylene tube biogas digester, complete with biogas
supply lines [71].

Figure 4. Open and closed trench for a tube digester in the Bolivian Altiplano [71].

To increase the uptake and feasibility of the anaerobic biogas digester technology in
rural areas, research should also be directed at enhancing biogas output. To that end, several
research studies have been conducted to assess the effectiveness of applying ‘accelerators’
to the anaerobic digestion tanks/bags in increasing biogas output. The study by [72] found
that supplementation of a manure slurry with 2% by weight (wt%) of metal-oxide (iron
oxides (30–45%)—including magnetite (Fe3O4) and hematite (Fe2O3), carbon (char or coke
fines, 8–20%), and other metal (Na, Mg, K, Al, etc.) oxides)-rich bag-filter-gas dust from
an iron processing plant resulted in a 51.3% increase in methane yield as compared to the
control digester. They attributed the increase to the improved electron-transport capacity of
the anaerobic digester, resulting in increased redox potentials. These observations of Wang
et al. corroborate the findings of an earlier study by [73] who observed increased biogas
production as well as shortened digestion periods when the substrate was supplemented
with iron (Fe) salts, including Fe2(SO4)3, Fe(NO3)3, FeCl3, and FeCl2. The use of iron filings
to maximise biogas production from cow dung was corroborated by [74], who observed
that supplementing a cow dung and jatropha-fruit-exocarp mixture with 10 g of iron fillings
resulted in the production of 586 mL of biogas/day from a 1000 mL slurry as compared to
77 mL of biogas from 1000 mL of cow dung alone. However, while the results were positive
for iron fillings, iron oxides, and/or iron salts, a study by [75] revealed that using zinc oxide
nanoparticles as feed additives in an anaerobic digester reduced methane production by at
least 84.55% owing to a reduction in the abundances of functional bacteria in the families
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Ruminococcaceae and Lachnospiraceae, as well as a massive 96.82% reduction of bacteria in the
Methanothermobacter genus leading to poor fermentation and methanogenesis, respectively.
In yet another promising study, however, ref. [76] observed that adding carbon materials
as additives in anaerobic digesters significantly increased biogas yield by as much as
30–70%, an observation that they attributed to increased methanogenesis because of the
conductive properties of carbon that facilitate direct interspecies electron transfer between
fermenting bacteria and methanogens. While these research studies point to more efficient
anaerobic digester systems that can result in more biogas being produced from the same
amount of substrate compared to non-supplemented digesters, they may not be suitable
for recommendation to poor rural households since this may become an additional cost to
them. That said, further research needs to be performed into how to improve anaerobic
digester efficiency while bearing in mind poor-resource settings.

3. Conclusions

The scrutiny of animal manure as an alternative bioenergy resource in rural sub-
Saharan Africa reveals a multifaceted tableau of insights, opportunities, challenges, and
an auspicious outlook. While animal manure can be directly burned to produce heat
energy, this not only leads to inefficient utilisation of the resource but also results in indoor
air pollution leading to a plethora of respiratory health complications. The cleaner and
more efficient option, therefore, is to use animal manure as feedstock for the generation
of biogas using anaerobic digester (AD) technology. Theoretically, the sub-Saharan Africa
region has adequate livestock to produce enough manure to feed biogas digesters for
the generation of clean energy. Pragmatically, however, the uptake of AD technology in
sub-Saharan Africa is very low compared to developing nations of Asia, and therefore
the existence of renewable resources has not been fully exploited for the betterment of
people’s livelihoods in this region. While international collaborators have helped to kick-
start AD technology in SSA, this initiative has not been met with commensurate policy
frameworks, and this combined with a lack of skilled technicians, lack of funding, inefficient
feedstock utilisation, season drought leading to lack of water, and the inability to repair
damaged biogas infrastructure among other factors has resulted in a near collapse of the
African Biogas Initiative. Additionally, research-level successes have not been translated
into on-field practice. There is a need to close the gap between research-level knowledge
and practical, on-field implementation that requires implementation of facilitative rather
than prohibitive policies, investment in technical training, and the raising of awareness
of the benefits of biogas, especially among rural communities, in order to tap into the
transformative capacity of animal manure as a clean bioenergy resource for sustainable
energy development.
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Abstract: The use of poultry litter (PL) as a sustainable fuel is gaining more attention due to its wide
availability and carbon neutrality. However, this type of feedstock is rich in ash and typically contains
a high concentration of chlorine (Cl) and alkali elements (Na, K). Therefore, it is likely to cause
unwanted issues during combustion and co-combustion, such as chlorine-induced corrosion, ash
deposition, and bed agglomeration. In this study, for the first time, the influence of aluminosilicate
additives on the above problems of poultry litter was investigated. Three aluminosilicate minerals are
under consideration: kaolin, halloysite, and bentonite. Their influence on the chemical composition
and meting tendencies of two poultry litter ashes are determined. The investigated ashes, PL1 and
PL2, are characterized by different chlorine contents of 6.38% and 0.42%, respectively. The results
show that in the case of the chlorine-rich PL1 ash, the additives reduced the chlorine content by up to
45%, resulting in a 3.93% of chlorine in the case of halloysite, 3.48% in the case of kaolin, and 4.25% in
the case of bentonite. The additives also positively influenced the shrinkage starting temperature and
the deformation temperature of the PL1 ash.

Keywords: biomass; poultry litter; combustion; ash; chlorine corrosion; kaolin; halloysite; bentonite

1. Introduction

A sustainable energy policy based on low- or no-emission energy sources is crucial
for meeting climate commitments. Reducing greenhouse gas emissions from fossil fuel
combustion is important to limit the greenhouse effect, and therefore, alternative energy
sources such as biomass are gaining interest. This is supported by the fact that in 2022,
biomass energy production represented 6% of the world’s energy demand, comprising
55% of renewable energy generation [1]. Biomass is a versatile energy carrier, which can
undergo various conversion processes, such as combustion, pyrolysis, gasification, or
hydrothermal carbonization [2–5].

One of the poorly recognized biomass types is poultry litter (PL). It contains mostly
animal manure and bedding material, such as straw or sawdust. The number of poultry
farms in Europe is growing due to the high local demand for meat and eggs, together with
an increase in the export of these products. According to the data [6], 1.4 billion tonnes of
manure from farmed animals were produced annually in EU countries and the UK in the
period of 2016–2019.

Poultry litter is traditionally used either directly as fertilizer on agricultural land or
composted. As a result, this leads to uncontrolled emissions of methane and ammonia,
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lowering local air quality [7]. It also contaminates groundwater with pathogens, antibiotic
resistance genes (ARGs), and hormones, as well as other pollutants [8].

Therefore, the issue of animal litter utilization has become vital, and its combustion
has been established as one of the most desired disposal paths [9,10]. Consequently, this
issue has caught the attention of the European Parliament. According to the regulations
of the European Parliament and the Council (EU 2017/1262), the combustion of poultry
litter on farm premises is allowed [11]. This fact has already been reflected in a growing
number of studies concerning poultry litter combustion, such as the study [12] where the
combustion of chicken litter along with a 10% addition of straw or wood is claimed to
provide self-sufficiency in heating a poultry farm. In addition to the direct combustion of
animal-origin biomass, co-combustion with coal or pyrolysis is also proposed in numerous
studies [13–15].

Although biomass combustion technology has been well-known and has accompanied
humanity since its beginnings, from a technological point of view, it presents us with a series
of challenges and issues. Current power boilers were primarily designed for the combustion
of conventional fuels such as coal, which have significantly different physical and chemical
properties than biomass. Coal, unlike biomass, typically contains low amounts of volatiles
and a high sulfur content [16]. Consequently, the most critical factor for the appearance of
boiler corrosion in coal combustion is considered to be the temperature of the sulfuric acid
dew point [17,18]. On the other hand, in the case of biomass, which is typically low in sulfur,
the main issues with its thermal processing arise from its high content of elements such as
potassium, sodium, and chlorine [19,20]. Their presence leads to the formation of chlorides
and oxides of alkali metals in the ash, promoting ash agglomeration, and slagging [21–26].
Alkali metal chlorides such as NaCl and KCl, with low melting temperatures, are the main
compounds responsible for the high-temperature corrosion of boiler heating elements in
biomass combustion [19,20,27,28]. They not only contribute to an increased oxidation rate
but also lead to the loss of the protective oxide layer, and the formation of cracks and
subsurface corrosion mechanisms [19,27,29]. The corrosion process particularly affects
alloys based on the formation of protective chromium-rich oxides. Due to active oxidation,
the protective layer degrades [21,30,31]. Additionally, besides corrosion, ash deposition on
heating surfaces reduces boiler efficiency. To mitigate corrosion problems in biomass-fired
power plants, the working steam temperature is typically kept below 540 ◦C, resulting in a
lower efficiency of electricity generation [19,32].

Tackling slagging and ash agglomeration is crucial for the operation of biomass-
fired boilers. Therefore, to predict the risk of ash agglomeration and slagging, authors of
numerous studies [33,34] recommend relying on ash fusion temperatures (AFT). In general,
the higher these temperatures, the lower the risk of ash slagging.

Although relying on AFT can assist in assessing the risk of ash slagging and ag-
glomeration, it does not constitute a solution for these issues. To limit ash deposition,
agglomeration, and corrosion processes during biomass combustion, various fuel addi-
tives are applied to influence reactions within the combustion zone. These additives are
expected to impact the ash’s composition, particularly by reducing its chlorine content,
and consequently elevate its melting temperatures. Currently, there is significant research
interest in additives based on aluminosilicates, with an emphasis on kaolin [24,28,35–39].

Nevertheless, the impact of aluminosilicates other than kaolin remains poorly in-
vestigated. Furthermore, the available literature is solely focused on the applications of
additives in the combustion of plant-origin biomass and, according to the authors’ knowl-
edge, the influence of aluminosilicate additives on animal litter ash has not been tested
yet. Therefore, the presented research covers a knowledge gap and provides novel infor-
mation, that may increase interest in animal-origin biomass utilization. The work aims to
determine the influence of three aluminosilicate additives: kaolin, halloysite, and bentonite
on the ash properties of two types of poultry litter collected from European poultry farms.
The influence of the equal doses of additives on the ashes’ characteristics is determined
with laboratory characterization, as a first step before the implementation of the process,
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taking into account the ashes’ chemical composition, chlorine content, melting tendencies,
phase composition as well as microstructural characteristics. The presented research can
contribute to the increase in the interest in animal waste thermal conversion, therefore
increasing the share of renewable energy in the global energy market and strengthening
energy production in rural areas.

2. Materials and Methods

2.1. Poultry Litter

Two types of poultry litter, PL1 and PL2, were subjected to investigation in this study.
The samples were collected from poultry farms located in central Europe. The samples
were air-dried in laboratory conditions at an ambient temperature and milled in a vibrating
mill. The samples were characterized in terms of proximate analysis: moisture content
via the thermogravimetric method, ash content according to PN-EN ISO 18122:2015 [40],
higher heating value (HHV) and lower heating value (LHV) according to PN-EN ISO
18125:2017 [41], as well as an elemental (ultimate) analysis of carbon (C), hydrogen (H), and
nitrogen (N) contents according to PN-EN ISO 16948:2015-07 [42], sulfur (S) and chlorine
(Cl) contents according to PN-EN ISO 16994:2016-10 [43].

According to the proximate analysis presented in Table 1, sample PL1 is characterized
by an ash content of 15.8% (a.r.), an HHV of 16.93 MJ/kg (d.b.), and an LHV of 15.89 MJ/kg
(d.b.). Sample PL2 is characterized by a significantly higher ash content of 48.9% (a.r.),
which is reflected in lower values of the HHV and LHV, reaching 11.79 and 10.96 MJ/kg
(d.b.), respectively.

Table 1. Proximate analysis of the investigated samples (a.r.—as received, d.b.—dry basis).

Sample

Moisture Ash Higher Heating Value Lower Heating Value

M a.r. A d.b. HHV d.b. HHV a.r. LHV d.b. LHV a.r.

% % MJ/kg MJ/kg MJ/kg MJ/kg

PL1 6.8 15.8 16.93 15.78 15.89 14.81
PL2 8.7 48.9 11.79 10.76 10.96 9.79

According to the elemental analysis presented in Table 2, both the PL1 and PL2 samples
contain nitrogen at a relatively high level of 1.53% and 2.60%, respectively. They are charac-
terized by various sulfur contents, 0.09% in sample PL1 and 0.36 in sample PL2, while the
chlorine contents are similar, being 0.56% in sample PL1 and 0.47% in sample PL2.

Table 2. Elemental (ultimate) analysis of the investigated samples (dry basis) together with their Cl/S
molar ratios.

Sample
C H N S Cl Cl/S

% % % % % -

PL1 43.8 4.74 1.53 0.09 0.56 5.64
PL2 30.3 3.85 2.60 0.36 0.47 1.18

The investigated fuels significantly differ in their Cl/S molar ratios, which are calcu-
lated as 5.64 for PL1 and 1.18 for PL2. The Cl/S ratio is of great importance due to sulfate
formation, a reaction of sulfur with alkali chlorides, resulting in alkali sulfates [44,45].
Sulfur in flue gas mainly exists as SO2 and to a lesser extent as SO3 [44]. The equilibrium
and reaction rate equations describing this are as follows:

SO2(g) + 1/2O2(g) ↔ SO3(g) (1)
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Alkali chlorides have a high ability to react with both SO3 and SO2 according to the
following reactions (2)–(6) [44,46]:

SO3(g) + 2ACl(g) + H2O(g) → A2SO4(s) + 2HCl(g) (2)

ACl + H2O → AOH + HCl (3)

AOH + SO2 → AHSO3 (4)

AHSO3 + 1/2O2 → AHSO4 (5)

AHSO4 + ACl → A2SO4 + HCL (6)

where A = Na or K.
Therefore, a high sulfur and sulfate content in fuel is expected to reduce the chlo-

rine content in its ash deposits [47,48], thereby limiting the rate of ash deposition and
corrosion [47,48].

2.2. Fuel Additives

In this work, three commonly occurring, natural aluminosilicate minerals were se-
lected to serve as fuel additives: kaolin, halloysite, and bentonite. The additives are
materials of the clay category whose characteristics and applications were elaborated in
detail in [49]. The scanning electron microscope (SEM) pictures of halloysite, kaolin, and
bentonite used in this investigation are presented in Figures 1–3.

Figure 1. Scanning electron microscope (SEM) image of halloysite [49].

Figure 2. Scanning electron microscope (SEM) image of kaolin [49].
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Figure 3. Scanning electron microscope (SEM) image of bentonite [49].

The presented structural analysis of halloysite samples revealed the presence of hal-
loysite nanoplates (HNPs) and halloysite nanotubes (HNTs), while kaolin is a layered
silicate mineral that features a predominantly plated structure. Bentonite is a clay consist-
ing mostly of montmorillonite, which, similarly to kaolin, features a plated structure.

Aluminosilicate clays have been considered to be fuel additives due to their favorable
characteristics: their easy and safe application, high specific surface area, high porosity,
and consequently, high reactivity [50,51]. Studies do not reveal any negative impact of
aluminosilicates on the combustion process, such as limitations in their efficiency or gener-
ation of pollutants [52,53]. Industrial-application aluminosilicate minerals are chemically
stable powders, which results in their convenient application and transportation. Kaolin,
halloysite, and bentonite are widely available and do not necessitate costly handling before
application. [54].

The application of the aluminosilicate clay powder to the combustion process leads to
bonding alkalis in compounds with high melting points, while chlorine is released into flue
gas as hydrogen chloride (HCl) [29,55]. According to reactions (7) and (8), aluminosilicates
undergo a reaction with potassium chloride (KCl), a compound with a melting point of
770 ◦C, resulting in the formation of kalsilite (KAlSiO4) and leucite (KAlSi2O6) with melting
points of above 1600 ◦C and 1500 ◦C, respectively. Aluminosilicates are proven to react
with other potassium compounds: potassium sulfate (K2SO4) and potassium carbonate
(K2CO3) according to reactions (9) and (10). In addition to reactions (7)–(10), the bonding of
alkalis can be a multi-staged process, starting at a temperature range below the combustion
zone, via the adsorption of the alkali metals on the aluminosilicates’ surface [56].

Al2O3·2SiO2(s) + 2 KCl(g) + H2O(g) → 2 KAlSiO4(s, l) + 2HCl(g) (7)

Al2O3·2SiO2(s) + 2SiO2(s) + 2 KCl(g) + H2O(g) → 2 KAlSi2O6(s, l) + 2HCl(g) (8)

Al2Si2O5(OH)4(s) + K2SO4(g) → 2 KAlSiO4(s, l) + 2H2O(g) + SO3(g) (9)

Al2Si2O5(OH)4(s) + K2CO3(g) → 2 KAlSiO4(s, l) + 2H2O(g) + CO2(g) (10)

The presence of aluminosilicates in the combustion zone leads to the mitigation of
unwanted issues connected to the presence of alkalis and chlorine, bed agglomeration in
fluidized beds, ash deposition, slagging and fouling on boiler heating surfaces, but also
chlorine-induced corrosion by limiting the concentration of chlorine in the ash deposits.

2.3. Ash Preparation and Analyses

The examined poultry litter samples underwent incineration in an air atmosphere
in an electric furnace within a consistent temperature zone of 550 ◦C. The following ash
samples were prepared: pure PL1, PL1 with halloysite, PL1 with kaolin, PL1 with bentonite,
pure PL2, PL2 with halloysite, PL2 with kaolin, and PL2 with bentonite.
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The stoichiometric ratio of the additive can be calculated based on the chlorine content
in the fuel, as performed in [35]. With this method, the stoichiometric ratio of the additive
(SR) can be calculated according to Equation (11).

SR =
MAdditive

MCl2
=

258.14 g
70.9 g

= 3.64 (11)

This method overlooks several factors including the sulfation of alkali metals, the
impurities present in the additives, the incomplete homogenization of the fuel-additive
mixture, and the losses of the additives during combustion. Additionally, potential dis-
crepancies may arise for fuels with higher chlorine contents compared to alkali metals, a
scenario uncommon in plant-derived biomass but relevant in animal-derived feedstock.

For PL1, whose chlorine content equals 0.56%, the SR is calculated as 2.04%, and
for PL2, whose chlorine content equals 0.47%, the SR is 1.71%. Although recommended
stoichiometric doses are approximately 2%, based on the authors’ previous studies with
coal and biomass, the dosage for each additive was increased to 8% of the fuel mass for
several reasons, mainly the elevated ash content in the poultry litter, its heterogeneity, and
the presence of impurities in the additive. Such properties of poultry litter may cause
unfavorable reaction conditions, resulting in the need for over-stoichiometric additive
doses.

According to the research presented in the literature, aluminosilicates are usually
applied to fuels in doses of 1–15%. In the research [57], biomass pellets produced with
kaolin are investigated, and the stoichiometric amount was boosted by 10% to guarantee
the effective integration of kaolin into the pellets. As a result, an additive level spanning
from 0.6% to 2.3% was applied. However, the research concluded that kaolin’s influence
on combustion was negligible, largely due to its low levels of additive incorporation. In
another study [58], higher additive ratios, of up to 15%, were investigated during the
combustion of agricultural biomass. In this case, a swift formation of K–Al/Fe silicates was
observed, with the trend rapidly increasing at an additive ratio of up to 12% and gradually
rising between 12% and 15%. The application of kaolin to olive cake and wood in a dose of
5% was investigated in [28] and a rise in the initial deformation temperatures was observed.

In the presented research, the ashes obtained by the incineration of poultry litter
with and without additives were subjected to elemental analysis, ash fusion temperatures
(AFTs) determination, microstructural characterization, and X-ray diffraction (XRD) phase
analysis.

The ashes’ chemical composition was determined using inductively coupled Plasma-
optical emission spectrometry (ICP-OES).

Ash fusion temperatures were determined under oxidizing conditions through the
microscope-photographic method according to standard ISO 21404:2020-08 [59]. This
process involved identifying and recording the shrinkage starting temperature (SST),
deformation temperature (DT), hemisphere temperature (HT), and flow temperature (FT).
The maximum testing temperature was 1500 ◦C.

The structure and morphology of the powders were examined using a high-resolution
scanning electron microscope (HRSEM). The examinations were conducted using a Supra
35 scanning electron microscope from Zeiss (Jena, Germany) with an accelerating voltage
of 20 kV and magnifications ranging from 100× to 50,000×, equipped with an X-ray
detector with energy dispersion (EDS), model EDX UltraDry from Thermo Scientific™
(Waltham, MA, USA). The powders intended for the study were coated with a layer of gold
approximately 15 nm thick to dissipate the electric charge.

X-ray powder diffractometry analyses were performed on fine powders in PMMA
sample holders minimizing orientation effects. A Bruker D8 Advance (Bruker Co., Billerica,
MA, USA) diffractometer with a high-speed SSD Lynxeye detector was used (Theta-Theta
Bragg-Brentano geometry configuration and CuKa1 radiation), with a 5–80 2-q range; step:
0.02 deg/s; time: 0.5 s (≈1.5 min equivalent time).
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3. Results and Discussion

3.1. Influence of Additives on Chlorine Distribution in Ash

The elemental compositions of the investigated ashes are displayed in Table 3. The
chlorine contents have been recalculated taking into account the dilution of ashes with
additives (Clrec).

Table 3. Elemental compositions of the ashes (dry basis).

Sample Cl Clrec. SO3 K2O SiO2 Fe2O3 Al2O3 Mn3O4 TiO2 CaO MgO P2O5 Na2O BaO SrO

PL1 6.38 6.38 1.37 11.2 59.20 2.60 3.51 0.12 0.25 6.53 2.20 5.02 0.68 0.03 0.02
PL1 halloysite 3.42 3.93 1.04 8.40 56.20 6.95 8.57 0.21 1.07 5.45 1.94 4.19 0.68 0.05 0.02

PL1 kaolin 2.97 3.48 0.98 8.53 58.90 2.34 12.30 0.09 0.37 5.41 1.83 4.06 0.58 0.03 0.02
PL1 bentonite 3.74 4.25 1.10 8.55 58.90 2.65 7.00 0.11 0.23 5.63 2.41 4.06 4.55 0.04 0.02

PL2 0.42 0.42 1.30 6.10 65.90 1.90 4.80 0.08 0.26 5.30 1.70 5.20 0.80 0.03 0.01
PL2 halloysite 0.30 0.46 1.20 6.90 60.70 5.20 8.00 0.17 0.87 5.30 1.60 3.90 0.75 0.05 0.02

PL2 kaolin 0.22 0.38 1.10 6.40 66.60 1.70 8.90 0.07 0.31 5.00 1.50 4.20 0.61 0.03 0.01
PL2 bentonite 0.33 0.49 1.00 6.80 65.30 1.90 6.20 0.08 0.21 5.90 1.80 3.40 1.26 0.05 0.02

As presented in Section 2.1, a higher sulfur content in the fuel can contribute to
reducing the chlorine content in the ashes. This analogy is illustrated by the analysis
of Figure 4. Fuel PL1 with a high Cl/S ratio shows significant chlorine content in the
ash—above 6%. Fuel PL2, with a similar chlorine content but a significantly higher sulfur
content, has a much lower Cl/S ratio, which results in a much lower chlorine content in the
ash, not exceeding 0.5%.

Figure 4. Chlorine and sulfur contents in the fuel samples together with the chlorine content in the
ash (dry basis).

The influence of additives on the chlorine content in ashes is presented in Figures 5 and 6.
For the PL1 ash, whose initial chlorine concentration in ash is extremely high, it has been
visibly reduced as a result of the additives’ presence. Chlorine content reductions of 38.46%,
45.51%, and 33.44% are observed in the cases of halloysite, kaolin, and bentonite additions,
respectively, being the net of the ash dilution effect due to the additive. The release of chlorine
into the gaseous phase took place as a result of the alumina-silication of potassium chlorides.
The chlorine is expected to be released in the form of HCl according to Equations (7) and (8).
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Figure 5. Recalculated chlorine contents in PL1 ashes.

Figure 6. Recalculated chlorine contents in PL2 ashes.

For the PL2 ash, whose initial chlorine concentration is significantly lower, the in-
fluence of additives is not clear. In the case of kaolin, a reduction of 8.67% is observed,
whereas bentonite and halloysite have no positive effect. Two factors are likely to cause the
absence of a clear chlorine reduction. First is the high ash content in PL2 (48.9%), which
results in the dilution of the reagents, causing unfavorable conditions for the reactions to
occur. Second is the already low chlorine content in the PL2 ash (0.42%), which is a result
of the chlorine sulfation reactions taking place during the incineration phase.

3.2. Influence of Additives on Ash Fusion Temperatures

The shrinkage starting temperature (SST), deformation temperature (DT), hemisphere
temperature (HT), and flow temperature (FT) of the investigated samples are presented in
Table 4 as well as Figures 7 and 8.
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Table 4. Ash fusion temperatures of the investigated samples.

Sample SST DT HT FT

PL1 1040 1170 1330 1370
PL1 halloysite 1130 1210 1280 1300

PL1 kaolin 1100 1270 1330 1380
PL1 bentonite 1150 1220 1300 1350

PL2 1140 1240 1390 1490
PL2 halloysite 1160 1240 1310 1380

PL2 kaolin 1170 1270 1340 1420
PL2 bentonite 1150 1260 1380 1470

Figure 7. Ash fusion temperatures of the PL1 ashes.

Figure 8. Ash fusion temperatures of the PL2 ashes.

For the PL1 ash, whose shrinkage starting temperature and deformation tempera-
ture values are lower than those of the PL2 ash, the presence of additives elevates them.
However, the performance of additives in the case of the PL2 ash is not clear, but, what
needs to be emphasized is that the SST and DT temperatures of PL2 are already high and
comparable to those of coal. No positive change in the hemisphere temperatures and flow
temperatures of both the PL1 and PL2 ashes can be observed. These tendencies are in line
with other research on the influence of aluminosilicate additives on the AFT of various
fuels, where, in the case of low-melting biomass ashes, the clear positive influence was
observed by Sobieraj et al. [35], but no clear positive influence was determined in the case
of the coal ashes with AFT temperatures exceeding 1100 ◦C tested by Wang et al. [60].

96



Energies 2024, 17, 1854

Therefore, it can be concluded that the performance of additives is particularly effective in
the conversion of fuels with low melting temperatures.

3.3. Influence of Additives on Ash Morphology

Figure 9 depicts the PL1 ash with additions of halloysite, kaolin, and bentonite. In
comparison, the PL2 ashes appear to be more heterogeneous and irregular, with partially
idiomorphic crystalline particles, small platelets, and minute granules in clusters (Figure 10a).

(a) PL1 (b) PL1 with halloysite

(c) PL1 with kaolin (d) PL1 with bentonite

Figure 9. SEM pictures of the PL1 ashes without additives (a), with halloysite (b), with kaolin (c), and
with bentonite (d).
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(a) PL2 (b) PL2 with halloysite

(c) PL2 with kaolin (d) PL2 with bentonite

Figure 10. SEM pictures of the PL2 ashes without additives (a), with halloysite (b), with kaolin (c),
and with bentonite (d).

In the case of the halloysite addition (Figure 9b), a significant presence of the typical
tubular crystals is observed primarily on the surface of the ash agglomerates, where the
halloysite has adhered. Also, bentonite seems to allow a certain adhesion of particles and
agglomerates onto the platelets of PL1 ash (Figure 9c).

In opposition to this, in Figure 10b, the interaction between PL2 ash and halloysite
seems to be scarce probably due to the predominant ash amount in the ash-additive
blending.

The electrical status of the clay surfaces interacting with one of the ash particles should
also be taken into account: the possibility of the presence (or not) of such weak interactions
may be effective in obtaining a homogeneous distribution especially when the added clay
is in a smaller amount vs. that of the ash and when particular crystals’ morphologies (e.g.,
for halloysite and its tubular crystalline shape) may be a distinctive characteristic.

Kaolin platelets, kaolin sheets, and even packed sheets with adhered ash particles
are present for both PL1 and PL2 (Figures 9c and 10c), leading to a rather homogeneous
distribution of the two materials. Kaolin seems to yield better results in terms of reciprocal
distribution and homogeneity.

Concerning the PL1 with bentonite particles, mixtures seem to be less effective, show-
ing a clear distinction between the two separate fractions (Figure 9d). A noticeable differ-
ence in the better blending of bentonite with the PL2 ash can be noted in Figure 10d, again
attributable to the larger ash content of PL2. In this micrograph, the ash particles seem to
surround and lay stuck on the bentonite platelets.

The performance of aluminosilicate additives in the ash deposits may be more visible
in a higher temperature range, as presented in the work by Hardy et al. [61]. After
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the thermal conversion at 1000 ◦C, the effectiveness of the chlorine removal produced
by kaolin, halloysite, and bentonite was significantly elevated compared that to 600 ◦C.
However, the temperature of 950–1000 ◦C is claimed to be the highest favorable due to
the unwanted high-temperature transformation of aluminosilicates [29]. The porosity
of aluminosilicate particles decreases at higher temperatures, thereby limiting the pore
diffusion of gaseous alkali chlorides into the particles. What is more, in a temperature
above 950 ◦C, meta-kaolinite dissociates into amorphous silica and alumina-silica spinel,
which transfer converts into pseudomullite at 1000 ◦C and both alumina silica spinel and
pseudomullite have low potential to react with KCl [62,63].

3.4. Influence of Additives on Phase Composition

The X-ray diffraction (XRD) patterns of the investigated samples are presented in
Figures 11 and 12 together with the main detected phases listed in Table 5.

Figure 11. X-ray diffraction patterns of samples PL1 (black), PL1 with halloysite (red), PL1 with
kaolin (blue), and PL1 with bentonite (green).
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Figure 12. X-ray diffraction patterns of samples PL2 (black), PL2 with halloysite (red), PL2 with
kaolin (blue), and PL2 with bentonite (green).

Table 5. The selected main phases detected via X-ray diffraction together with their symbols.

Symbol Phase

SiO2 Quartz; Quartz low

KCl
Ca-Phosphates (TCMP, Mg-Whitlockite;
Cl-Hydroxylapatite)
KAlSiO4

KAlSi2O6

KAlSi3O8

The main detected phase in all samples is quartz, which corresponds to the oxide
analysis presented in Table 3 as well as what is typical for animal-origin waste [64,65].
Phases containing calcium and aluminum are also detected as feldspar, phosphates, and
zeolites, which may indicate the possible use of the investigated ashes in the circular
economy, for example, for the synthesis of zeolites [66]. Chlorine is present mainly as
potassium chloride (KCl), which is typical for biomass fuels [67]. The presence of KCl is
higher in the samples without additives, for both PL1 and PL2 fuels (green dots). In the
fuels with additives, the peaks of KAlSiO4, KAlSi2O6, and KAlSi3O8 are detected (blue
triangles and stars), which is a sign of the reactions between additives and potassium
compounds, likely indicating that KCl was dissociated, liberating chlorine in the gas phase.

Also, the presence of some secondary/scarce crystalline phases as metaphosphates and
sulfates, and those as mica-like and chain silicates (likely coming from additive phyllosili-
cates), may indicate the disruption of previous structures (added clay minerals + biomasses)
and the rearrangement of new ones.

These latter rearrangements, of course, may be allocating the potassium ions coming
from chlorides melting or yielding other crystalline species typical of thermal treatments of
biomasses. Those crystalline arrangements are able to coordinate and host the K+ ion in
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silicate lattices, in between layered structures, in channeled radicals, or by anionic radicals,
which could be favored in the range of reached temperatures listed in Table 4. Overall, the
XRD analysis would confirm the interaction between ashes and additives.

4. Conclusions

High-temperature corrosion, ash agglomeration, and the slagging of heating surfaces
are ash-related problems causing significant concerns in boilers burning or co-burning
biomass fuels. When utilizing high-chlorine feedstocks, such as poultry litter, these issues
may be particularly severe, and thus, effective methods for their mitigation must be
adopted.

In the presented research, for the first time, the influence of kaolin, halloysite, and
bentonite on poultry litter ashes has been investigated, taking into account their chlorine
distributions and melting tendencies. For chlorine-rich PL1 ash, the chlorine content
reductions of 38.46%, 45.51%, and 33.44% are observed as a result of the performance of
halloysite, kaolin, and bentonite, respectively. The initial chlorine concentration in the
PL1 sample was reduced from 6.38% to 3.93% in the case of halloysite, to 3.48% in the case
of kaolin, and to 4.25% in the case of bentonite.

Furthermore, the presence of additives elevates the shrinkage starting temperature
and the deformation temperature of PL1 ash, which is expected to make it less prone to
agglomeration and slagging. The shrinkage starting temperature and the deformation
temperature of PL1 ash were increased from 1040 up to 1150 ◦C (bentonite) and from
1170 up to 1270 ◦C (kaolin), respectively.

No clear effect was observed for the PL2 ash, which was rich in ash and low in
chlorine, and its ash fusion temperatures were already high. The elevated ash content
together with its heterogeneity may cause unfavorable reaction conditions, resulting in the
poor performance of additives.

The performance of additives is particularly effective in the conversion of fuels with
low melting tendencies and lower ash contents. The presented research covers a knowledge
gap and is a preliminary step before the process’s implementation, which will be continued
with the same approach, taking into account the optimization of the additives’ dose as well
as various combustion parameters. The first step will be carried out at a laboratory scale,
taking into account various doses of the additives and different combustion temperatures.
Further investigation on a semi-industrial scale will also include emission measurements
with a focus on chlorine’s fate and NOx. Selecting the right dose of fuel additives not only
matters for reducing high temperature corrosion effectively but also significantly impacts
economic aspects. Previous studies have often overlooked this important aspect. Therefore,
in future research, the focus will be on recognizing the influence of individual additives on
the economic aspects of the process.

The thermal conversion of poultry litter may be a crucial part of sustainable energy
production, especially in rural areas and developing countries, as this type of feedstock
is available locally in big quantities. The combustion of poultry litter may provide self-
sufficiency in the heating for poultry farms, reducing the consumption of fossil fuels.
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Abstract: This study examines the considerable volume of food waste generated annually in Slovenia,
which amounted to over 143,000 tons in 2020. The analysis shows that 40% of food waste consists of
edible parts, highlighting the potential for reduction through increased consumer awareness and
attitudes towards food consumption. The study shows that the consumption phase contributes the
most to waste food (46%), followed by primary production (25%) and processing/manufacture (24%).
The study addresses various thermodynamic processes, in particular, thermal conversion methods,
such as torrefaction pyrolysis and hydrothermal carbonization, which optimize energy potential
by reducing the atomic ratio (H/C) and (O/C), thereby increasing calorific value and facilitating
the production of solid fuels. The main results show the effectiveness of torrefaction, pyrolysis and
hydrothermal carbonization (HTC) in increasing the energy potential of food waste.

Keywords: energy; thermodynamic conversions; pyrolysis; torrefaction; hydrothermal carbonization;
food waste; energy potential; chemical composition

1. Introduction

Increasing demand for electricity and limited fossil fuel resources are driving the
growing importance of and the search for new, environmentally friendly energy sources [1].
One possible way to obtain such fuel resources is the processing of waste from the agricul-
tural and food industry, which accounts for more than 95% of total waste biomass, which
can be utilized in a biogas plant, composting plant, incineration or combustion. However,
the main problems with biomass use are its transport and storage, high moisture content,
low calorific value, low density and heterogeneous structure. In addition, biomass has hy-
drophilic properties and is prone to rapid decomposition, creating conditions for the growth
and decay of microorganisms. To overcome these properties, fresh biomass (consisting of
polymers, carbohydrates, including cellulose and hemicellulose, lignin, lipids, proteins
and organic acids) needs to be mechanically, thermally and chemically pretreated [2]. This
study is limited to thermomechanical transformations, including pyrolysis, torrefaction,
hydrothermal carbonization and gasification.

The focus in many EU and other developed countries is to reduce food waste through
effective source separation. Food waste management can be achieved in a variety of ways,
including biological technologies and thermochemical processes. Thermochemical con-
version is a viable option for the management of MSW in addition to biological processes.
Thermochemical processes, such as gasification, incineration, liquefaction, pyrolysis, tor-
refaction and hydrothermal carbonization (HTC), are likely to be more beneficial for the
valorization of FW than anaerobic digestion (AD). However, most of these processes usu-
ally require a pre-treatment of the feedstock and a gas cleaning system to avoid emissions
such as NOx, SOx, particulate matter and heavy metals. Among these processes, HTC
has become a cost-effective method for the thermochemical processing of high moisture
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biomass, which includes food waste, to produce a product with interesting properties as a
biofuel [3].

In recent times, numerous researchers have studied hydrothermal carbonization. For
instance, Khoo et al. [4] investigated the effects of temperature and residence time on the
physical and chemical properties of the resulting products. From the research, it was found
that the carbon yield significantly decreased with increasing temperature. However, this
method increased the heating value compared to raw biomass [4].

Food waste, according to this definition, includes edible and inedible parts. The
inedible part of food is the part of the food that was never intended for human consumption
and is more difficult to avoid, e.g., peels, skins, bones, seeds and shells. The current
definition of food waste does not include food waste destined for processing into animal
feed, food for charitable purposes, paper tissues collected as bio-waste and packaging
that is thrown away with the food waste. In the analysis itself, the authors use different
measurement methods, which makes it even more difficult to compare the results, as the
studies are very limited [5]. Another definition of FW is defined as food and inedible parts
of food returned from the food supply chain that require recovery or disposal [6].

In addition, the fluctuation range of harvests must be considered, so the data must be
measured over several consecutive years. Direct measurement of food waste by researchers
who are experts in this field is cited in the literature as a sufficiently reliable method [7].
There are studies in the literature that, based on various sources, provide estimates of the
amount of food wasted at the EU level. After reviewing the studies at the EU and global
level, the results for the EU range between 158 and 298 kg/year/capita. These estimates are
due to differences in the different studies, system limitations, objectives and methods [8].

The proximate and ultimate analyses of torrefied biomass are optimized during the
torrefaction process to enable the production of powdered biochar with high calorific
value and low moisture content [9]. Lu et al. investigated that it is possible to obtain
more energy from carbonaceous char as solid fuel than from the gases produced during
anaerobic digestion [10].

HTC has great potential for the future conversion of food waste, transforming it from
a lengthy process into a simple and rapid one. In a short time, it converts heterogeneous
and wet biomass (with water content ranging approximately between 50% and 95%) into
sterile and storable char [11].

The chemical and physical composition varies depending on the type of food waste.
These differences pose a major challenge to the adoption of existing international standards
for the disposal, recycling and assessment of food waste. There is also a general consensus
in the literature that current technologies for food waste recycling need to be further
improved to be economically viable. Various studies have highlighted the importance of
improving downstream bioprocesses, leading to the creation of an integrated biogas plant
for the treatment of food waste. The study highlighted the benefits of converting food
waste into energy [12].

The objective of this paper is to address the composition of food waste and to study
its role in biorefineries to identify nutrient synergies and their use in thermal conversion
processes. The novelty of this study represents the fact that there is no research on different
types of waste food for the presented thermochemical process future work.

2. Sources and Types of Food Waste

According to EU data, the total amount of food thrown away in 2021 was more than
58 million tons. Household food waste accounted for around 31 million tons of fresh weight
or 54% of the total. Figures for Europe show that over 88 million tons of food is wasted
each year from primary production to consumption, at a very high cost of an estimated
€143 billion. In addition, 72% of food waste is generated by households and 17 million
tons by the processing sector. In terms of food groups, the highest percentage of loss is
in roots, tubers and oilseeds (25%), with fruit and vegetables accounting for around 22%,
meat and livestock products accounting for 12%, and cereals and pulses at 9%. Recent
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studies have shown that fruit and vegetables are the two food groups that generate the
most waste in Europe. In line with these recommendations, food waste from different
sectors of the agri-food industry (vegetables, fruit, beverages, meat and seafood products,
etc.) is a promising and cost-effective source of functional or bioactive compounds. Excess
food products are also used in nutraceuticals and pharmaceuticals or converted into animal
feed products [13].

In some studies, apple pomace has been selected as the primary food by-product. As
a major waste product of the apple processing industry, they have great potential for use in
the biotechnology industry and also due to their large volume. A total of 0.7 million tons of
apple pomace is produced annually in the EU. Another area is the growing consumption
of meat, which is increasing, while the demand for lower quality products such as blood,
offal or certain muscles is decreasing. According to EU figures, 2 million tons of animal
blood are produced in the EU every year. Brewing industry residues are also an important
source of waste in the EU, with European breweries producing around 4 million tons of
waste brewing grains per year [14].

Food and kitchen waste are available all over the world. The individual process
valorization of these foodstuffs requires the proper identification and classification of
residues and raw materials. A qualitative and characteristic classification of foodstuffs can
be useful, i.e., by group of individual foodstuffs; these are fruit and vegetables, starchy
foods, meat, fish and other foodstuffs, such as raw and cooked food, salads, bread and also
desserts [15].

Food waste can originate from plants or animals and is generated by different parts of
the food supply chain (Table 1) [16].

Different categories have been proposed depending on the causes of waste: old and
unprocessed food due to poor logistics, over-processed food due to poor evaluation, and
inadequate food handling and waste due to oversized portions. Studies look at the average
composition of household, institutional and catering waste and show that these residues
have a pH ranging from 4.2 to 6.7 and 52–88% water. In particular, the high water content
can lead to nutrient loss during dehydration and can lead to a reduction in calorific value.
Fractions rich in polysaccharides are thus a good source of carbon for bioconversion
processes [15].

A shared waste collection facility was likely to be the most cost-effective. It would be
designed to process different waste streams from the food industry, households and other
different sectors [17].

On the other hand, food waste is a sustainable source of energy despite disposal
problems and environmental impacts. Food waste from markets has attracted a lot of
attention because of its rich organic composition. It has an energy value that can be con-
verted into value-added products, such as materials, biochemicals, enzymes and biofuels.
Biofuel production by various methods such as intermediate pyrolysis, fast pyrolysis,
hydrothermal liquefaction or gasification and subsequent Fischer–Tropsch synthesis are
the main thermochemical methods for the conversion of biomass into liquid hydrocarbons.
Thermocatalytic reforming (TCR) is the next new technology, which is a combination of
intermediate pyrolysis and post-catalytic reforming. This process involves intermediate
pyrolysis in which thermal heating and decomposition of the biomass takes place in the
complete absence of oxygen with intermediate heating rates and solid retention times (in
minutes). The next step is reforming, which takes place at elevated temperatures in the
absence of oxygen, with appropriate physical and chemical properties. The recovery of this
type of waste thus depends on the type of pre-treatment and the extent of recycling [18].
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Table 1. The types and sources of individual food wastes generated in different parts of the food
supply chain.

Source Plant Sources Animal Resources

Primary production

- Unharvested crops.
- Crops left in the field after harvest.
- Harvested unsold crops.
- Fruit and vegetables in the process of

decomposition.
- Crops damaged by machinery or other

improper handling.
- Loss of food due to improper storage.
- Worse crop quality (weather conditions,

cultivation method)

- Discarded fish.
- Loss of food due to inadequate storage.
- Dead animals during breeding.
- Loss of milk due to animal disease.

Processing and
manufacturing

- Causes in the processing (inefficiency, pollution, etc.).
- Inedible part of food (wrappers, seeds, bones, fruit peelings, etc.).
- Low utilization of by-products.
- Few manufacturing defects (food recalls)
- Inedible parts of food (created when separating the edible part of food during processing).
- Food damaged due to inadequate packaging.

Retail and marketing

- Food spoiled due to inadequate refrigeration/storage equipment.
- Food with an expired shelf life.
- Unsold food.
- Damaged packaging.
- Food withdrawn and recalled due to health risk, inadequate quality or inadequate labelling.

Final preparation
and consumption

- Improper food storage.
- Too large portions or purchased quantities.
- Expiration dates of edible food.
- Not enough meal preparation planning.
- Unattractive to consumers.
- Inedible part of food (bones, fruit pits and peels, etc.).

Food waste consists of lipids, hemicellulose, cellulose, starch, lignin and protein, which
make up 82–96% of the total volatile compounds. They are similar to other carbonaceous
solid wastes used in bioenergy production (in woody biomass and agricultural and general
municipal solid wastes). They are relatively much richer in lipids (saturated fats) and
proteins. This makes them particularly attractive for processing into biofuels and chemicals.
On the other hand, lipids can be inhibitory during methane (CH4)-producing processes
(e.g., anaerobic digestion) as they increase the methanation time. Protein is also a large
proportion of food waste and is associated with a proportion of meat and dairy products
together with lipids. Most food waste contains a high water content (on average 80 % by
weight). The high water content makes food waste susceptible to biodegradation and poses
a major problem for long-term storage. For this reason, reducing the water content, which
should normally be below 10%, is an essential pre-treatment step. Pyrolysis and gasification
reduce the energy input during treatment and thus avoid negative impacts. The value
of the O/C ratio indicates the degree of polarity, and the H/C atomic ratio indicates the
degree of aromaticity and stability of the samples. Summarizing the results from different
studies, it could be concluded that the carbon content of food waste ranges from 40.0 to
60.0%, hydrogen from 5.0 to 13.0%, nitrogen from 1.5 to 6.0% and oxygen content is defined
in a wider range from 17.0 to 41.0%. According to some reports, high oxygen content in
individual food samples may result in a high proportion of liquid in pyrolysis, while on
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the other hand, low oxygen content is desirable as the reduction of oxygen compounds
improves the stability of the bio-oil [12].

Evidence from various studies suggests that elevated HHV in food waste is usually
characterized by a high proportion of meat and dairy products in a given sample (HHV of
meat > 25.2 MJ/kg) [19].

As mentioned earlier, animal products are rich in protein and fat, while fruit, vegeta-
bles and cereals are higher in carbohydrates. Given the elemental composition of proteins,
fats and carbohydrates, there is a large amount of carbon present, which makes discarded
food easily biodegradable [20].

3. Materials and Methods

Pyrolysis, gasification, liquefaction, carbonization and torrefaction are common ther-
mochemical processes for converting biomass from food waste to produce liquid, solid
and gaseous products. The effect of these processes depends on the oxygen supply and the
reaction temperature. Almost all biomasses can be burned if their calorific value is high
enough, which can reduce the consumption of fossil fuels [21].

A number of countries have targeted legislation and regulations for solid waste
management, but implementation varies widely. The most common food waste treatment
methods in use today are anaerobic digestion, composting, incineration, fast pyrolysis,
gasification, hydrothermal carbonization and hydrothermal liquefaction (Figure 1) [22].

Figure 1. Typical food waste recovery technologies.

3.1. The Methods for Thermochemical Conversion
3.1.1. Torrefaction

Torrefaction (also known as low-temperature pyrolysis) is one of the most efficient
processes for treating biomass. The process is carried out between 200 ◦C and 300 ◦C
in a neutral atmosphere, at atmospheric pressure and with a residence time of up to
90 min. The absence of oxygen inhibits the combustion process and accelerates the thermal
decomposition of the torrefied biomass [2].

The final result of the torrefied biomass is influenced by the temperature, duration
and flow rate of the carrier gas, particle size, composition and presence of catalyst, etc. [21].

The resulting biochar typically has much better physical and chemical properties than
raw biomass; it has a higher calorific value, higher energy and mass density, improved
hydrophobicity and better friability, giving it similar properties to coal [23].

Torrefaction causes the breakdown of hemicellulose and the dehydration of cellulose
and lignin [24]. Studies have shown that the oxygen–carbon ratio is reduced, and the
energy value is increased [2].

109



Energies 2024, 17, 1897

The process is particularly suitable for treating food waste with high moisture content
and subject to biodegradation. One of the disadvantages of torrefaction is the presence
of dioxins (by-products of incineration in various industrial processes) and dioxin-like
contaminants in the charred end product [25].

As the moisture content of the biomass is significantly reduced during the torrefaction
process, the moisture content of the final product is about 1 to 3% [2].

Hydrogen is also an important energy source in biomass combustion, but it is usually
present in biomass in the form of CH or OH bonds. The oxygen contained in biomass
is useful in combustion, but a higher oxygen content reduces the calorific value of the
biomass. It is important that the torrefaction process achieves a calorific value close to
that of coal (25–35 MJ kg−1). Recently, torrefaction has been used as an efficient method of
biomass pre-treatment for the production of bio-oil from pyrolysis [21].

3.1.2. Pyrolysis

Pyrolysis produces energy from waste biomass in the form of solid and liquid biochar
and synthetic gas [26]. This thermal decomposition process takes place in the absence of
oxygen. The chemical reactions are complex and consist of several steps. The process takes
place in a pyrolysis reactor in two stages. The first stage produces a liquid, solid char and
gas, and the second stage produces a liquid bio-oil. In the absence of a condenser, all the
feedstock is thermally decomposed into gases, which are then used in the combustion
chamber to provide heat [27].

The pyrolysis process is carried out at high temperatures, ranging from 300 to 1000
◦C. The operating conditions have a strong influence on the resulting products, as fast
pyrolysis uses finely ground feedstock, which gives high bio-oil yields. In slow pyrolysis,
however, the bio-oil content is much lower. The operating parameters can be varied to
obtain the desired range of products, which depends on the feedstock selected [26].

3.1.3. Gasification

The gasification process usually takes place in a temperature range between 600 ◦C and
1200 ◦C. Gasification is usually divided into gasification, steam gasification and supercritical
water gasification, depending on the reaction environment. Gasification of biomass is
an oxygen-deficient thermal process in which the feedstock is converted into a gaseous
product, where the main products are H2 and CO. The improved properties of biomass are
higher calorific value and lower volatile content [21].

Gasification is a thermochemical partial oxidation process that takes place at high
temperatures. During the gasification process, the solid feedstock is transformed into a
gaseous fuel. The composition of the resulting gases depends strongly on the type of
feedstock, but the product produced is mainly composed of methane, carbon monoxide
and hydrogen [28].

3.1.4. Hydrothermal Carbonization

Hydrothermal carbonization is the process of converting selected biomass into energy-
and carbon-rich charcoal. It involves hydrolysis, polymerization, dehydration and car-
bonization processes taking place at moderate temperatures between 180 and 260 ◦C and
pressures between 35 and 55 bar. As food waste contains moisture, it is used as an organic
solvent at higher temperatures and pressures when exposed to HTC due to its reduced
dielectric constant. Such exposure of food waste is not economically feasible in the above
processes due to the intense evaporation of the moisture present [29].

The hydrothermally produced solid product can be used as a fuel, adsorbent or catalyst,
while the use of the liquid product is limited. The main constituents of the hydrothermally
produced gaseous product are carbon dioxide and trace hydrocarbons [30].

The HTC process reduces the ratio of hydrophilic to hydrophobic substances, convert-
ing organic feedstocks into hydrocarbon-rich solids. Studies have confirmed that the use
of HTC in conjunction with a mechanical water removal process is more energy efficient
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than using a conventional thermal drying process to control water content. The use of
a combination of HTC and pyrolysis is a promising method to reduce the high energy
efficiencies associated with water evaporation [31].

3.2. Technologies Depending on FW Type

In Table 2, several technological options for processing food waste are listed. The
selected technology should be simple and capable of handling the heterogeneous nature
and moisture content of food waste. It must allow for relatively short treatment times,
on-site separation and separation at transfer stations to continuously reduce the volume of
waste and thus the need to transport it to landfill [22].

Table 2. Characteristics of technological processes for treating food waste from a technical and
economic perspective [22].

Technology Characteristic Processing Cycle The Results

Incineration

- Large quantities required.
- Necessary mixing for

uniform quality.

- Large amounts of different
heterogeneous biomasses,
including food waste.

- Heat for steam production
and heating.

- Ash.
- Heavy metals.

Fast pyrolysis

- Fast processing.
- Pre-treatment of drying

the raw material to a
moisture content of
10–15% is required.

- Some food waste is
unsuitable because it
contains moisture.

- 60–75% of liquid product.
- 15–20% biochar.
- 10–20% non-condensable

gases.

Gasification

- Pre-treatment of drying
the raw material to a
moisture content of 10 to
20% is required.

- Waste must be carbonized.
- Part of the waste is not

suitable for gasification.

- Pre-drying process is
required. - Synthetic gas.

Hydrothermal
Carbonization (HTC)

- Waste can be wet.
- Acetone is required for

extraction.
- Crushing into a mixture.

- Short processing cycles.

- 49–75% of the carbon
present is retained in the
charcoal.

- 20–37% in the liquid
phase.

- 2–11% in the gaseous
phase.

Hydrothermal
liquefaction (HTL)

Torrefaction

- Water and inexpensive
catalyst are required.

- There is no sensitivity to
wet waste.

- A portion of food waste in
municipal waste, due to
its high moisture content,
is not suitable for
torrefaction

- It processes heterogeneous
wet waste.

- Needs to be crushed into a
relatively homogeneous
mixture.

- Very rapid processing
cycles.

- By-products include the
liquid phase
(approximately 85% of the
hydrolysate)—mixed solid
phases (approximately
15% as dry weight).

- Produces solid fuels with
high energy content and
improved combustion
properties.
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4. Results and Discussion

To summarize the data from the Statistical Office of the Republic of Slovenia (SURS),
over 143,000 tons of food waste was generated in Slovenia in 2020. The amount of food
waste is increasing annually and has increased by an average of 3% per year in the period
from 2013 to 2021. According to SURS estimates, 40% of food waste consists of edible parts,
which could be significantly reduced with appropriate consumer awareness and the right
attitude towards food. The remaining part consisted of peels, skins, seeds, etc., which are
considered inedible parts of food waste. Although the average annual amount of food
wasted by Slovenians is lower than the European average, a comparison between 2017 and
2020 shows an increase in the amount of food wasted and thrown away per capita, from
64 kg to 68 kg [16].

The amount of food waste produced at different stages of the food supply chain is
shown in Figure 2 [32].

Figure 2. The amount of food waste produced at different stages of the food supply chain.

Unlike biochemical conversion, in which the substrates are slowly broken down
during anaerobic metabolism, thermal conversion is an energy-intensive way of obtaining
energy from biomass. During thermal conversion, the high heating values of the biomass
and processes such as dehydration, deoxygenation and dihydroxylation are determined.
The calorific values of biomass are crucial for the selection of biomass for energy production
and the assessment of its potential for economic feasibility. The thermal values of biomass
samples can be determined by computational models or direct measurements [33].

Table 3 shows the approximate and final values of selected biomass produced from
different types of food waste, both dry and ash-free values, and a summary of the calorific
contents for each biomass.

High-moisture food waste has a low calorific value. The low calorific value is also due
to the high elemental oxygen-to-carbon (O/C) ratio. The high HHV of animal-based food
waste is probably due to the higher hydrogen-to-carbon (H/C) ratio. During combustion
itself, combustible gases are released, which are associated with a large amount of energy.
A number of studies have reported that most of the calorific values of food waste were
not only below a combustible index of 23 MJ/kg but also higher than a combustible index
of 14.5 MJ/kg. This points to the fact that most types of food waste cannot be considered
as alternative renewable fuels without pre-treatment. These chemical components are
present in hydrolyzed form in liquid food waste. The chemical and elemental composition
(carbon-C, hydrogen-H, oxygen-O, sulphur-S, nitrogen-N, etc.) of food waste and charcoal
makes it possible to determine the quality of the fuel or charcoal produced from food waste.
Lignin-rich food waste is desirable for the production of highly efficient solid fuels because
of its high thermal stability in comparison with cellulose and hemicellulose. The lower the
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atomic O/C ratio, the higher the calorific value of the solid fuel produced. All food wastes
with a low fuel ratio are less reactive unless pre-treatment is carried out [29].

Table 4 shows the values of elemental composition in biochar obtained from different
biomass sources through the processes of torrefaction and hydrothermal carbonization,
and it emphasizes the lack of research in the field of torrefaction.

Table 3. Approximate and final values of selected biomass derived from different types of food waste,
dry and ash-free, and a summary of the calorific values for each biomass.

Biomass C N O H S
Ash

Content
VM
%

FC %
HHV
(MJ/kg)

O/C H/C

Animal-based [33] [30]
Egg 23.49 3.03 7.65 23.11 1.02 62.50 18.90 18.60 10.09 1.24 1.17
Fish 44.42 7.41 28.67 7.90 1.25 10.35 75.56 14.09 15.20 0.49 2.12

Meat (Beef
fat—processing) 70.95 0.70 16.90 11.01 - 0.44 99.50 0.06 36.64 0.11 1.16

Manure and whey 28.2 1.7 20.3 3.6 0.5 45.7 - - 15.9 0.54 1.53
Plant-based [33] [30,34]

Pumpkin 48.85 3.50 39.33 6.67 - 1.65 92.32 6.03 19.12 0.60 1.63
Potatoes 42.20 2.15 48.05 5.84 - 1.76 93.39 4.85 14.12 0.86 1.65
Carrot 42.45 2.17 47.63 5.55 - 2.19 81.86 15.95 13.88 0.84 1.56

Grape pomace (GP) 44.14 1.27 41.91 6.18 - 6.50 76.22 17.28 - 0.79 1.68
Garlic 42.96 1.08 37.40 5.49 0.88 12.20 67.64 20.17 15.83 0.65 1.52
Peanut 59.27 3.30 22.39 8.18 - 6.86 93.95 0.81 27.77 0.29 1.64

Apple chip pomace (ACP) 47.94 1.96 40.90 6.66 0.07 2.47 81.65 15.88 - 0.64 1.66
Rice husk 46.26 1.36 45.92 6.46 - 11.80 73.50 14.70 16.20 0.74 1.67
Corn stalk 45.67 0.31 47.60 6.42 - 2.59 87.19 2.59 17.65 0.78 1.68

Wheat straw 51.25 0.63 42.81 5.18 0.13 3.70 80.00 7.80 17.10 0.63 1.21

Empty fruit bunces 48.30
45.53 1.00 43.70 6.66 0.34 3.00 82.21 10.41 19.45 0.68 1.65

Olive pulp-
including kernels 51.91 1.65 40.45 5.99 - 3.10 75.20 21.80 21.70 0.58 1.38

Coconut husk 50.05 0.41 43.63 5.80 0.10 3.40 61.80 34.80 19.10 0.66 1.39
Banana peel 47.50 1.00 45.50 7.03 - 8.30 - - 9.19 0.71 1.77
Energy crops 40.30 2.1 24.0 4.6 0.3 28.7 - - 16.4 0.44 1.37

Vegetable, garden and
fruit waste 29.50 2.0 21.4 3.0 0.3 43.8 - - 14.9 0.54 1.22

Table 4. A comparison between torrefaction and hydrothermal carbonization of certain food waste,
including their chemical composition and energy value.

Torrefaction [24,34] Hydrothermal Carbonization [12,33–35]

Biomass
(Animal- and Plant-Based)

C N O H S Ash
HHV
(MJ/kg)

O/C H/C C N O H S Ash
HHV
(MJ/kg)

O/C H/C

Manure and whey - - - - - - - - - 35.5 - 13.6 3.8 - - 14.5 0.28 1.28
Chicken - - - - - - - - - 66.1 6.46 16.22 9.9 0.3 1.02 32.97 0.18 1.8

Grape pomace [35] - - - - - - - - - 61.46 1.72 29.97 5.16 - 1.69 - 0.36 1.01
Apple chip pomace - - - - - - - - - 62.10 2.26 27.86 6.94 0.07 0.77 - 0.34 1.34

Rice husk 55.82 0.91 - - 0.02 21.24 - - - 49.26 0.68 43.57 6.48 - 12.10 16.50 0.66 1.57
Corn fiber - - - - - - - - - 49.25 0.25 44.28 6.21 - 0.53 19.47 0.67 1.15

Wheat straw - - - - - - - - - 53.02 0.63 40.88 5.36 0.11 1.30 19.30 0.57 1.21
Empty fruit bunces 47.07 1.35 42.24 4.95 0.11 - - 0.67 1.26 54.30 1.02 38.29 4.14 0.24 4.16 22.07 0.53 0.91

Olive pulp-
including kernels 51.8 0.1 41.5 6.1 0.02 0.5 19.6 0.60 1.41 61.16 1.68 30.63 6.53 - 4.80 24.30 0.37 1.28

Coconut husk - - - - - - - - - 59.52 0.50 34.17 5.71 0.10 0.30 23.90 0.43 1.15
Energy crops - - - - - - - - - 41.2 - 21.9 3.9 - - 23.1

Raw vegetables, fruits and peels [12] 55.86 3.15 10.93 5.15 - 24.91 23.83 0.15 1.10 - - - - - - - 0.52 1.41

Elemental composition analysis, which includes hydrogen (H), carbon (C), nitrogen
(N), sulphur (S) and oxygen (O), has a central role to play in assessing the properties
of biomass and coal and allows for an accurate material balance and determination of
calorific value. This analysis can be performed individually or in combination to obtain
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comprehensive results, with C, H, N and S expressed on a dry basis. In particular, the
hydrogen content affects the amount of heat of combustion and, conversely, the C content.
Although oxygen promotes combustion, it reduces the calorific value due to its diluting
effect on carbon. Elemental analyses of biomass generally show a higher proportion of O
and C, followed by H, N and S, although the proportions vary depending on the type of
biomass [33].

In the process of torrefaction of biomass, the decrease in the O/C ratio is due to the
increased lignin content, which has a lower O/C ratio than cellulose and hemicellulose.
This shift reduces the oxygen content, enriches elemental carbon and consequently in-
creases the calorific value. In addition, the H/C ratio decreases due to the release of volatile
compounds, but this is attenuated by the increasing lignin content at higher torrefaction
temperatures, which affects the balance between hydrogen and carbon. Although tor-
refaction increases calorific value due to the lower O/C and H/C ratios, it also results
in weight loss, which offsets some of the calorific benefits gained, especially at higher
temperatures. Therefore, torrefied biomass has a higher carbon content and lower oxygen
content compared to raw biomass, which has a positive effect on the O/C ratio and calorific
value (Table 4).

Based on the measured values of biomass products, it is evident that food waste
with high moisture content and high O/C ratio has a low heating value (HHV). The
understanding of the HHV of fuels and substrates is determined on the basis of the atomic
ratios of O/C and H/C. The high heating value of animal waste biomass is most likely due
to the higher H/C ratio, as combustion releases a large amount of gases [33]. Food waste
with a low fuel ratio is less reactive unless preprocessing is used.

Waste containing meat with a higher carbon content (70.95%) had a higher calorific
value (36.46%), which is in line with the claim that high-carbon biomass has a high calorific
value. The predominantly low HHV values of the different biomass food wastes are
consequently attributed to the high oxygen levels, which do not promote combustion but
have a negative effect on the conversion of biomass to liquid fuel. Pyrolysis as a biomass
conversion process lowers the atomic H/C and O/C ratios, increases the heating value and
thus achieves better solid fuel production [36].

As shown in Table 2, several technological options are available for the treatment of
food waste. When selecting a technology for the treatment of food waste, a number of
aspects need to be carefully considered. The technology selected must be simple and able
to cope with the heterogeneity of food waste and its moisture content. It must generate
materials or products with energy value that can be used for further applications. In
addition, it must allow relatively short recovery cycles [22].

Compared to other municipal waste fractions, food waste is characterized by its high
moisture content and poses a challenge for efficient incineration or conversion processes. A
high moisture content, especially in fruit and vegetables, can lead to the release of dioxins
when incinerated together with organic substances. This moisture content significantly
lowers the heating value of food waste and thus reduces its energy quality. The varying
characteristics of different food waste sources, compounded by limitations such as small
sample sizes and inconsistent categorization, underscore the need for comprehensive
analysis to refine energy models. The moisture content of food waste ranges from 1.59% to
74%, exceeding the variability of coal. The complex chemical composition of food waste,
including lignin, cellulose, hemicellulose and extractive substances, varies between solid
and liquid forms, which affects the assessment of energy potential. The high cellulose
content, which mainly comes from plant and fruit parts, underlines the potential of food
waste for energy conversion. HTC for charcoal production depends on process parameters
such as pressure, temperature and the ratio of biomass to water, with temperature having
the greatest impact on product yield. Higher temperatures favor liquid and gaseous
products over solid carbonaceous charcoal, as shown in Table 4 [30].

In studies on the HTC of food waste, temperature plays a decisive role in changing the
quantities of volatile substances. Elevated temperatures reduce the volatiles and increase
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the amount of fixed carbon and ash, resulting in a higher carbon content in the carbonaceous
coal. As mentioned above, the effect of temperature varies depending on the type of food
waste due to its different chemical composition and thermal stability. Optimal temperature
selection is critical to maximize the carbon content depending on the intended use, as found
in various studies [30].

In addition, hydrodynamic cavitation (HC) technology has shown distinct advan-
tages in simplicity and cost-effectiveness at different stages, including water treatment,
lignocellulosic biomass pre-treatment, food processing and emulsification [37].

Torrefaction, a thermal pre-treatment process carried out at 200–300 ◦C in an inert
atmosphere, improves the properties of biomass by increasing energy density, improving
ignition properties and reducing moisture content. It increases the ratio of carbon to
oxygen (C/O) and carbon to hydrogen (C/H), improving combustion efficiency and
biomass storage. While the energy yield exceeds the mass yield due to the loss of volatile
compounds, torrefaction significantly densifies the biomass and increases its energy content.
During this process, the removal of oxygen produces gaseous compounds containing
carbon, oxygen and hydrogen, which are crucial for reducing heat content and enabling the
conversion of biomass into a solid fuel like coal. In addition to carbonization, torrefaction
offers a way to produce solid fuels for heat and power generation, which underlines its
importance for energy production [38].

Torrefaction is like pyrolysis and carbonization. The essential difference between
pyrolysis, carbonization and torrefaction lies in their production objectives. The main
objective of pyrolysis is to maximize liquid production while minimizing char yield. In
carbonization, the objective is to increase the fixed carbon content and reduce the hydrocar-
bon content of the solid product, while in torrefaction, the objective is to increase the solid
biochar content with specific atomic ratios (O/C) and (H/C) [36]. For electricity generation,
torrefied biomass is used either alone or in combination with coal, which reduces the
need for large quantities of coal. Different tests were performed to determine the moisture
content (MC), ash content (ash), volatile matter content (VM) and fixed carbon content (FC)
of different biomasses. These tests provide a basis for comparing how raw or torrefied
biomass performs compared to coal in energy production. The volatile matter content of
raw biomass before torrefaction is typically high, ranging from 70 to 88% by weight, while
the fixed carbon content is low, ranging from 10 to 21% by weight. After torrefaction, the
composition of VM (and MC) in the biomass decreases, resulting in an increase in the FC
composition. The VM content of torrefied biomass is approximately 40 to 85 wt.%, while
the FC content is 13 to 45 wt.%. Some authors use the FC/VM ratio to analyze the degree of
torrefaction of biomass. The value of the atomic ratio increases with increasing torrefaction
temperature as the FC content increases, while the VM content decreases after torrefaction.
Based on the values investigated above, raw biomass has an FC/VM ratio of 0.14 to 0.24,
while torrefied biomass has an FC/VM ratio of 0.33 to 0.53 [38].

Chen et al. reported on the volatile matter (VM) content in raw biomass before
torrefaction. Research results showed that VM content is typically high, ranging between
70 and 88 mass%, while its fixed carbon (FC) content is usually low, ranging between
10 and 21 mass%. After torrefaction, the composition of VM (and moisture content, MC)
in biomass decreases, resulting in an increase in the FC composition. The volatile matter
content in torrefied biomass is approximately in the range of 40 to 85 mass%, while the FC
content ranges between 13 and 45 mass% [39].

Nhuchhen and Basu, along with some other researchers, utilized the FC/VM ratio for
the analysis of torrefaction extent in biomass. The ratio should increase with the increase in
torrefaction temperature since the FC content increases, while the VM content decreases
after torrefaction [40].

5. Conclusions

Considering the prevailing energy crisis and escalating pollution, there is an urgent
need for research efforts aimed at promoting cleaner production through the exploration of
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environmentally sustainable energy sources. Central to this endeavor is the compelling
challenge posed by excessive food waste, a prominent global problem facing humanity. This
paper presents the results of investigations exploring various thermodynamic processes to
convert food waste into valuable products with significant energy potential, representing a
remarkable advance in the field. Careful research and analysis have shown that food waste,
especially that with a relatively high moisture content, has a relatively low energy value,
typically around 14 MJ/kg. Consequently, most food waste cannot be used as a renewable
fuel source without pre-treatment by pyrolysis, torrefaction or hydrothermal carbonization.

According to Ipiales et al., hydrochar as a solid product contains approximately
40–90% of the initial carbon from the raw material and includes energy values ranging
from 15–30 MJ/kg [41].

All processes, pyrolysis, torrefaction and hydrothermal carbonization are recognized
techniques used to optimize the energy potential of food waste by reducing the atomic
H/C and O/C ratios, thereby increasing the calorific value and enabling better solid fuel
production. The post-pyrolysis results show significant differences in the yield of the
different food waste categories, with meat/fat having the lowest yield (3.4%) and egg waste
having the highest char value (50.52%). This indicates that biomass with a low char yield
can be converted into gasses or bio-oils after pyrolysis. In addition, oily wastes prove to be
particularly suitable for pyrolysis as they have a high energy yield and minimal operating
costs associated with carbon management.

An advantage of torrefaction is that it allows for precise measurement of biomass
weight loss during the process [42].

The concept of fuel ratio, expressed as the predefined ratio of carbon to volatile
matter (FC/VM), is proving to be a key benchmark for evaluating the fuel potential of
food waste and offers insights into its suitability as a substitute for charcoal or coal. The
effectiveness of hydrothermal carbonization (HTC) as a transformative technology for food
waste conversion is underappreciated as it demonstrates its versatility in processing plant
and animal waste into products like biofuels. HTC is proving to be a viable way to produce
solid fuels from wet and low-grade biomass, complemented by pyrolysis, which excels in
the production of bio-synthetic fuels from high-energy biomass. Torrefaction, which takes
place by controlled heating in a non-oxidative atmosphere at 200 to 300 ◦C, is characterized
by its ability to remove moisture and volatile compounds to produce an energy-rich fuel.

A review of the recent literature indicates that torrefaction is a highly promising
technique for enhancing the efficiency of biomass for energy utilization. Despite numerous
studies conducted, there still remains a wealth of information on torrefaction that is not
adequately identified and researched in detail [42].

As mentioned in the introduction, the novelty of this study lies in the fact that there
is a lack of research on different types of food waste for the presented thermodynamic
process. Our future work will focus on exploring this area further.

In summary, the results and research of this study highlight the promising potential of
thermodynamic processes such as pyrolysis, torrefaction and hydrothermal carbonization
in converting food waste into valuable energy sources.
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Abstract: The chemical looping reforming and combustion of methane have attracted increasing
interest as processes for clean energy and syngas production, with potential to reduce carbon dioxide
emissions. Previous literature on the development of oxygen carriers evidenced the effects that
oxygen availability exerts on the selectivity of the oxidation reaction. In the present paper, we
evaluate the performance of chromite sand (Chro), cerium dioxide (CeO2), and mixed cerium–copper
oxide (Ce–Cu) as oxygen carriers for either reforming or combustion according to their oxygen
availability. The oxides are tested in 2 to 5 min reduction intervals in a CH4/N2 mixture (5, 10
and 20% vol.) followed by regeneration in O2/N2 (3, 5, or 21% vol.), with redox cycles conducted
either at 850 ◦C or 950 ◦C. The obtained rank of selectivity towards complete CH4 combustion is
Ce–Cu > CeO2 > Chro. Another relevant finding is the role of the degree of carrier conversion in
promoting partial or total oxidation. In particular, the selectivity towards CO2 markedly decreases
at increasing carrier conversion, disclosing new strategies for process design and optimization by
controlling the carrier conversion degree.

Keywords: chemical looping; combustion; reforming; methane; oxygen carrier

1. Introduction

Chemical looping combustion is an emerging technology allowing for the inherent
separation of CO2 in flue gases [1,2].

It is accomplished by using a suitable oxygen carrier, usually a metal oxide with
multiple oxidation states (e.g., FeOx, MnOx, NiOx), and it has the important advantage
of limiting NOx formation thanks to the flameless behavior and well controlled process
temperature [3]. Chemical looping can also be effectively used for the reforming and partial
oxidation of methane, with high selectivity toward H2 and CO depending on the nature
of the carrier [4]. Cu and Ni oxides generally favor complete oxidation, while cerium
oxide is more suitable for partial oxidation to CO. In addition to selectivity, other crucial
issues to consider for oxide selection in chemical looping operation are coke deposition
and carrier lifetime, in particular, for fluidized bed systems, where attrition phenomena
are more relevant [2]. Furthermore, the safety and disposal of the spent carrier are also
fundamental aspects that need to be explored. In this respect, the use of Ni compounds is
decreasing due to concerns about their toxicity [5].

The trade-off between combustion and partial oxidation is somehow connected to the
prompt availability of oxygen-rich sites in the microstructure of the carrier. In the case of
cerium dioxide, for example, it has been repeatedly observed that while the production
of carbon monoxide is overall favored compared to combustion, carbon dioxide can be
nonetheless formed at the start of the reaction due to the high availability of surface
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oxygen species [6,7]. The availability of surface oxygen, related to the energy barrier for
oxygen vacancy formation, the amount of total oxygen available for exchange (oxygen
carrying capacity), the morphology and the surface chemistry, particularly oxygen vacancy
concentration, all greatly affect the selectivity of oxidation [8]. For example, it has been
suggested that the mechanism of methane oxidation on cerium dioxide changes as surface
oxygen is depleted, with the activation of methane occurring preferentially on oxygen
anions at the start of reaction, while on more reduced surfaces activation occurs also on
oxygen vacancy sites [9]. Oxygen vacancies have also been observed to play a critical role
in determining selectivity for reforming over combustion for iron oxygen carriers [10], with
increased vacancy concentration favoring the partial oxidation of methane and lowering
the energy barrier for C–H bond cleavage. In the present paper, we further investigate this
shift in selectivity, which needs to be carefully evaluated to properly design the chemical
looping process.

Natural chromite sand, made of a mixture of chromium and iron oxide mixed with
other species such as alumina, silica, and others, is commonly used in metallurgy as foundry
sand and as a source of chromium [11,12]. It has been previously investigated, as a catalyst,
for use in fluidized bed combustion for CO abatement providing limited advantages [13],
whilst copper-modified chromite proved more effective [14]. Its potential application as
an oxygen carrier has, to the author’s knowledge, so far not been investigated at depth in
the literature. However, due to its inclusion of high concentrations of oxidation active iron
oxide species (especially in low-grade chromite sands) and its high melting point, these
materials may deserve further investigation. Copper oxide is a well-known catalyst for
low-temperature combustion as well as for the decomposition of methane [15], but it is
not commonly used for reforming processes. The use of CeO2 for reforming processes has
been investigated via several aspects, in particular the redox kinetics and carbon deposition
at different temperatures and residence times [7,16,17]. Chemical looping combustion
with CuO or CeO2 has also been tested in fluidized bed apparatus [18–20], providing good
results in terms of the material’s lifetime, mechanical resistance, and regeneration efficiency.

The aim of the present research is to understand the potential use and the chemical
behavior of different natural and synthetic oxygen carriers under changing operating
conditions, moving from chemical looping combustion to partial methane oxidation. The
influence of equivalence factor, temperature and conversion time is reported and discussed
to provide further insights into the design of the process and the materials.

2. Materials and Methods

2.1. Materials

Three types of oxygen carriers have been selected: natural chromite sand (Cromitec
400, hereafter defined Chro), CeO2 and CeO2/CuO (samples named Ce–Cu) granules.

Commercial powders of CeO2 (PIKEM, Wilnecote, UK) and CuO (Merck, Darmstadt,
Germany) have been uniaxially pressed around 90 MPa, obtaining 20 mm diameter pellets
subsequently crushed and sieved to 0.60–0.84 mm and thermally treated for 20 min in air
at 900 ◦C.

For all the prepared materials O2 capacity was computed based on reducible species
content. The main properties of the carriers are reported in Table 1.

Cerium–copper carrier exhibits the highest O2 capacity value while chromite has
the lowest, the oxygen capacity being related to FeO alone; therefore, this excludes the
possibility that Cr2O3 can be reduced at the process temperature.

Samples of the carriers have been characterized by electronic microscopy FE-SEM
(Zeiss SIGMA, Carl Zeiss Microscopy GmbH, Jena, Germany, D) and X-ray powder diffrac-
tometry (XRD) using a Bruker D8 Advance (Bruker–Karlsruhe, Karlsruhe, Germany, D)
diffractometer.
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Table 1. Properties of oxygen carriers.

Chro CeO2 Ce–Cu

Size (mm) 0.20–0.40 0.60–0.84 0.60–0.84
Density (kg/m3) 4170 7220 6930

O2 capacity (mmol/g) 0.90 1.45 2.98
Major phases
CeO2, wt. % - >99 68
CuO, wt. % - - 32

Cr2O3, wt. % 47 - -
FeO, wt. % 26 - -

Al2O3, wt. % 15 - -
MgO, wt. % 10 - -
SiO2, wt. % 1 - -

2.2. Experimental Apparatus

The schematic of the experimental rig used for chemical looping tests is shown in
Figure 1. The reactor is a 10 mm ID quartz tube equipped with a ceramic distributor in
the bottom. The reactor is installed inside an electric furnace (Carbolite 1200, Carbolite
LTD, Hope Valley, UK). Bronkhorst mass-flowmeters are used to supply gas streams from
compressed gas bottles (O2, N2, CH4). A Pollutek GAS-3100P continuous gas analyzer
(Pollutek Gas Analysis, Lubbeek, Belgium) has been employed for O2, CO, CO2, CH4 and
H2 detection.

Figure 1. Schematic of the experimental apparatus. Flowrate Controller (FC) indicates the flowmeters.
Temperature Indicator (TI) indicates the thermocouple.

In a typical experiment, a mass of 14 to 16 g of oxygen carrier is loaded in the reactor to
ensure the same bed volume for the three oxygen carriers (≈5 cm3), with a layer of ceramic
wool on the top of the bed to limit fluidization and avoid the entrainment of particles
outside the reactor. The residence time of the gas stream in the fixed bed was lower than
0.1 s. For the half cycle of reduction, streams of 1 NL/min of CH4 at 5, 10 and 20 vol.%
in N2 were selected to study the effect of methane concentration on reaction selectivity,
while for carrier regeneration, streams of O2 at 3, 5, or 21 vol.% in N2 at a total 1 NL/min
flow rate were evaluated. The main factor in the choice of oxygen concentration during
regeneration was the necessity to avoid overheating triggered by the exothermic reaction
without loss in regeneration efficiency.
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Reduction experiments were carried out by varying the time between 2 and 10 min,
while for regeneration the reactor was kept on stream until a breakthrough in the inlet
oxygen molar fraction was obtained.

2.3. Data Elaboration

The CH4 conversion, ξCH4 , is evaluated by the integration of the difference between
the inlet and outlet methane flow rate divided by the methane fed during the reduction
step of length tc = 2, 5 or 10 min (Equation (1)). The outlet molar flow rate is calculated
using N2 balance as a reference.

ξCH4 =
∫

(qin × yCH4,in − qout × yCH4,out)dt/(qin × yCH4,in × tc) (1)

The CO and CO2 selectivity (ηCO, ηCO2 ) are computed (Equations (2) and (3)) based
on the converted CH4 by integration of their molar fraction profiles,

ηCO =
∫

(qout × yCO,out)dt/(qin × yCH4,in × tr) (2)

ηCO2 =
∫

(qout × yCO2,out)dt/(qin × yCH4,in × tr) (3)

Carbon deposition is calculated from carbon balance by considering the amount of CO
and CO2 released during the regeneration stage, also calculated by integrating the molar
fraction profile. Carbon selectivity can therefore be obtained as

ηC =
∫

(qout × yCO,out + qout × yCO2,out)dt/(qin × yCH4,in × tc) (4)

The equivalence factor of a single run corresponds to

e = nO2 av,i/nO2 stoich, CH4 (5)

where nO2 stoich, CH4 indicates the moles of oxygen necessary for stoichiometric total com-
bustion of the total fed methane, while nO2 av,i is the total amount of oxygen which can be
released from the carrier i.

nO2 stoich, CH4 = 2(qin × yCH4,in × tc) (6)

The reactions considered for carrier reduction are

2CeO2 → Ce2O3 + 1/2O2 (R1)

Fe2O3 → 2FeO + 1/2O2 (R2)

CuO → Cu + 1/2O2 (R3)

Therefore, for cerium dioxide, the amount of available oxygen was calculated consid-
ering complete reduction to Ce2O3:

nO2 av, CeO2 = 1/4(mCeO2 /MCeO2 ) (7)

For chromite, the amount of oxygen was calculated considering the FeO content
of chromite only (Table 1), the reduction of the other oxides contained in chromite be-
ing thermodynamically hindered at the investigated temperature. The maximum re-
leasable O2 content derives from converting FeO to Fe2O3 and then reducing it back to FeO
(Equation (8)), ωi being the generic mass fraction of the component i. The reduction of FeO
to metallic Fe was excluded,

nO2 av, Chro = 1/4(mChro × ωFeO)/MFeO (8)
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While the thermodynamic formation of completely reduced Fe would be feasible,
metallic iron was not observed in the XRD patterns of reduced samples. Similarly, Leion
et al. also excluded the total reduction of iron when discussing the use of ilmenite as an
oxygen carrier [21].

For the Ce–Cu carrier, both reactions R1 and R3 were considered,

nO2 av, Ce-Cu = 1/4(mCe-Cu × ωCeO2 )/MCeO2 + 1/4(mCe-Cu × ωCuO)/MCuO (9)

The oxygen capacity (Table 1), reported as mmol of O2 per gram, is also used to
evaluate the conversion degree of the carrier, ξcarrier, obtained by evaluating the total
oxygen released during the reduction step through oxygen balance for CO, CO2, O2 and
H2O species, H2O production being estimated via hydrogen balance.

ξcarrier =
∫

{qout × [0.5 × yCO, out + yCO2,out + yO2,out] + 0.5[2 × qin × yCH4,in − qout × (2 × yCH4,out − yH2,out)]}dt/nO2,av,carrier (10)

where “carrier” indicates Chro, CeO2, or Ce–Cu.
Experimental errors are mainly caused by the intrinsic transient character of the

looping operation and are estimated in ±10% of the reported data.

3. Results

3.1. Reaction Test Results

Figure 2 shows the volumetric fraction profiles of CH4, CO, CO2, H2 and O2 for both
oxidation (t = 1 ÷ 3 min) and regeneration (t = 4 ÷ 9 min) on the Chro carrier for a 2′
reduction step in 10% methane followed by 6′ regeneration in 3% O2. A 1′ flushing with
N2 was performed in the passage from oxidation to regeneration and vice versa. It is
clearly visible how the volume fractions change as reaction proceeds, with CO2 production
decreasing during the reduction step, whilst the H2 and CO volume fractions increase.
Similar profiles are also observed over CeO2, while for the Ce–Cu carrier, CO and H2
production were found to be almost completely absent, even for longer reduction steps.
Considering an equal mass of carriers, the Ce–Cu carrier theoretically offers the highest
oxygen availability compared to the other two tested (see Table 1). Also, the Ce–Cu carrier
is the only one that shows the release of gaseous oxygen due to thermal dissociation
at the investigated temperature, thus providing oxygen in a larger amount for reaction
with methane.

Figure 2. Volume fraction profiles of CH4, CO, CO2, H2 and O2 during a test at 950◦

(Chro, yCH4 = 0.10, YO2 = 0.03).
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Figure 3 shows the comparison among Chro, CeO2 and Ce–Cu carriers in terms
of CH4 conversion for tests carried out at 850 and 950 ◦C with reduction time of 2 or
5 min. It is clear that, in terms of maximum methane conversion, the rank of the carrier is
Ce–Cu > CeO2 > Chro, as a consequence of the difference in O2 capacity and availability.
Oxygen is the most widely available in the Ce–Cu carrier, both in terms of the quantity of
available oxygen (Table 1) and of the easiness of oxygen release, as it is the only investigated
material that releases gaseous oxygen at the investigated reaction temperature. Therefore,
it is not surprising that methane conversion is greatest for this material, as the combustion
reaction is not strictly surface-mediated, but can also involve fully gaseous species. It is
worth noting that this Chemical Looping Oxygen Uncoupling (CLOU) mechanism [22] is
also likely responsible for the similar values of ξCH4 at 850 and 950 ◦C for Ce–Cu, owing to
the capability of this carrier to make available gaseous molecular O2 imposing a less strict
limit on process kinetics compared to the strictly surface-mediated oxidation on the other
carriers, with the presence of metallic Cu further favoring the reaction by providing active
sites for methane C–H bond cleavage.

Figure 3. Average CH4 conversion in Chro, CeO2 and Ce–Cu carriers at 850 and 950 ◦C (yCH4 = 0.10);
the error bars reported in red in the plot indicate the standard deviation in triplicate tests.

On the contrary, the very low values of ξCH4 obtained for Chro and CeO2 carriers at
850 ◦C moved the investigation preferably to the temperature of 950 ◦C. Furthermore, Chro
carrier exhibited greater instability in performance, particularly after undergoing cycles
at 950 ◦C. After undergoing reaction at 950 ◦C, the material appeared more effective even
at a lower temperature: the observed average ξCH4 for 2 min partial oxidation steps at
850 ◦C was 1.7 ± 0.2% for fresh material, while it increased to 7.4 ± 0.4% after the material
underwent reaction at a higher temperature. It is likely that the material undergoes
structural changes during operation at higher temperatures. Once extracted from the
reactor, Chro carrier was found to be partly sintered, and this could be the reason for the
differences in performance.

Table 2 reports the selectivity and yield data for Chro, CeO2 and Ce–Cu at 950 ◦C
and yCH4 = 0.10. The equivalence factor changes largely due to the difference in oxygen
capacity of the three carriers. The greater availability of oxygen in Ce–Cu clearly appears,
resulting in conversion up to 0.83 and the total combustion of methane regardless of the
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total reduction time. The catalytic activity was retained over repeated cycles (>10) of
reduction and oxidation for all samples.

Table 2. CH4 conversion, CO selectivity and CO2 selectivity for Chro, CeO2 and Ce–Cu carriers
(yCH4 = 0.10, 950 ◦C).

Time, min e ξCH4
ηCO ηCO2

Chro 2 0.81 0.13 0.12 0,29
5 0.32 0.37 0.45 0,00

CeO2 2 1.25 0.19 0.24 0.78
5 0.50 0.25 0.58 0.54

Ce–Cu 2 2.48 0.60 0.00 1.00
5 0.99 0.83 0.00 1.00

For Chro and cerium dioxide, selectivity and conversion change throughout the reaction.
Figure 4 shows CH4 conversion, and CO and CO2 selectivity, at different CH4 concen-

trations, as well as reduction time over CeO2 carrier. The trends in the changes of these
variables are mutually consistent: ξCH4 decreases as the mole fraction of CH4 increases,
corresponding to a lower equivalence factor in the whole test. Selectivity towards partial
oxidation also increases with a longer reduction time.

Figure 4. CH4 conversion, CO selectivity and CO2 selectivity over CeO2 carrier at 950 ◦C, YCH4

= 0.05, 0.10 and 0.20: (a) reduction time 2 min, (b) reduction time 5 min; the error bars in the plot
indicate the standard deviation in triplicate tests; the error bars reported in red in the plot indicate
the standard deviation in triplicate tests.

The selectivities of CO and CO2 clearly exhibit opposite trends when increasing the
mole fraction of CH4 for both reduction times. Therefore, the conditions required to achieve
total combustion, over CeO2, are those corresponding to a short reduction time and low
yCH4 , i.e., a higher equivalence factor.

Experimental data, for all carriers, have also been evaluated to allow for consideration
of carbon deposition. Coke formation was appreciable only for experiments carried out
at 950 ◦C, where the presence of carbon lowered the selectivity towards CO2 and CO.
Table 3 reports the carbon selectivity, ηC, for these tests, which is always below 10%, with
the exception of the test with Chro at yCH4 = 0.10 and t = 5′ (ηC = 11.9%), which was
affected by a partial agglomeration of the fixed-bed particles. The accumulated carbon
was readily converted during carrier regeneration, without causing apparent problems to
carrier regeneration.
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Table 3. Carbon (coke) selectivity (%) in Chro, CeO2 and Ce–Cu at different yCH4 and oxidation times
(T = 950 ◦C).

yCH4
0.05 0.05 0.10 0.10 0.20 0.20

Time, min 2 5 2 5 2 5

Chro 3.5 0.7 1.3 11.9 - -
CeO2 7.7 2.4 4.4 1.1 1.0 0.7

Ce–Cu 0.8 0.1 0.5 1.4 4.6 2.6
Mean standard deviation ±0.3.

Figure 5 displays the instantaneous selectivity towards CO and CO2 for tests carried
out with CeO2 carrier at 950 ◦C and increasing yCH4 . The reported behavior is consistent
with the changes in operating conditions and the transient character of the test. CO2
selectivity was the highest at the initial time, i.e., at maximum equivalent factor (e → +∞),
and declined with decreasing e, corresponding to the progressive depletion of oxygen sites
in the carrier. The increase in the mole fraction of CH4 leads to a shift in the CO2 curves
towards lower values due to the lower equivalence factor and the lower availability of
oxygen. Congruently, the selectivity behavior of CO is perfectly symmetrical with that
of CO2.

Figure 5. Instantaneous CO and CO2 selectivity in CeO2 carrier at YCH4 = 0.05, 0.10 and 0.20 as a
function of carrier conversion degree (tc = 5′, T = 950 ◦C).

3.2. Characterization of the Samples

Oxygen carriers, before and after use in the reactor, have been characterized by SEM
and XRD analyses.

Figure 6 displays the SEM images of the granules at different magnifications. Low-
magnification images (Figure 6a,b) demonstrate that for the CeO2 and Ce–Cu carrier, the
granules remain almost unchanged before and after use in the reactor. No fine particles
were formed during reaction, which is reasonable, as the tests were carried out in a fixed
bed without abrasion and rather limited thermal stress. In general, all granules are dense
with well-defined external surfaces. Therefore, we have confirmed the good mechanical
stability of both synthetic CeO2 and Ce–Cu carriers. The morphology of Chro carrier
granules recalls the cubic-octahedral symmetry of the material with isometric/rounded
granules with smooth surfaces and without microstructures, a bit like crystalline faces.
Some particle agglomerates are also evident in the case of chromite use (Figure 6b). In this
regard, a rather large agglomerate was recovered after unloading the chromite bed, while
the other two materials did not present similar problems.
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Figure 6. SEM images of Chro, CeO2 and Ce–Cu granules at 10× (a,b) and 10,000× (c,d) magnification
before (a,c) and after (b,d) utilization in the reactor.

The XRD analysis (Figure 7) proves that before and after the test, the CeO2 and Ce–Cu
samples were very similar, without substantial crystallographic–structural and crystalline
difference. Only a certain difference can be seen in terms of crystallite size. The Ce–Cu
carrier exhibits some peaks of CuO (pristine oxide) and Cu2O, as a consequence of the
reduction step and incomplete regeneration. Conversely, before and after the test, chromite
samples exhibit large differences with clear oxidation phenomena and the presence of
Fe2O3 peaks in the one subjected to chemical looping. Some spinel structures between Fe
and Chro oxides also appear for the used Chro carrier. Also, a higher baseline for chromite
is present due to the lower degree of crystallinity of this natural material.

Ceria samples do not exhibit a substantial presence of any additional phases or Cerium
oxide with different oxidation states (e.g., Ce2O3), and they appear quite pure and com-
posed of a single phase according to XRD analysis. Even after undergoing several reaction
steps, the material does not display any relevant change, either from the chemical or
structural point of view (e.g., entry or loss of oxygen), with no apparent change in cell
parameters. Both the spacing and intensity of reflections are completely coherent before
and after treatment. This finding suggests very good stability and regeneration efficiency.

Ce–Cu samples are also very similar before and after reaction, without substantial
crystallographic–structural and crystalline difference in the present CeO2, before and after
treatment. The only changes in Ce–Cu carrier are exhibited concerning the copper phase,
with some peaks of Cu2O (cuprite) appearing together with CuO (tenorite, as pristine
oxide) peaks in the spent material, as a consequence of the reduction step and incomplete
regeneration. Concerning this regeneration process, some traces of the presence of an
intermediate oxidative phase, where copper is present with both oxidation numbers as
Cu4O3 (paramelaconite, where Cu1+

2Cu2+
2O3), have been found [23]. Even a certain

difference could be appreciated in terms of crystallite size before and after treatment.
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Figure 7. XRD patterns of Chro, CeO2 and Ce–Cu before and after utilization in the reactor.

The chromite sample comes from mineral natural sand collecting several spinel phases
with a complex stoichiometry (Mg,Fe)(CrAl)2O4, Fe(Cr,Al)2O4, AlFe2O4, etc., according
to the main elements already found in the chemical analyses. The higher baseline of the
patterns is due to a fluorescence effect of XRD in the presence of transition metals (Mn,
Co, Ni, Fe, Cr, and others). Only a few traces of accessory residual and refractory mineral
phases have been found (e.g., corundum, magnetite, olivine).

4. Discussion

Table 4 provides a comparison of methane conversion and selectivity as the input
mole fraction and carrier conversion vary for the three materials investigated. The cells
in which there are high values (0.50) of selectivity in CO2 and CO have been highlighted
in dark and light grey, respectively. Despite some inconsistencies due to the limits of the
experimental technique, especially regarding short conversion times, it can be noted that
the initial phases of reaction (ξcarrier = 0.1) favor the total oxidation of methane with the
production of CO2, while the progress of the carrier conversion (ξcarrier = 0.2) leads to the
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partial oxidation and formation of CO. For the values investigated, Ce–Cu always promotes
total combustion with the formation of CO2 and CO present only in traces. This can be
attributed to the high O2 capacity of the carrier, as well as its CLOU behavior due to the
release of gaseous oxygen. These results could be linked to the different activities of oxygen
sites in the carrier [8], depending on their ease of accessibility.

Table 4. CH4 conversion, CO and CO2 selectivity in Chro, CeO2 and Ce–Cu at different yCH4 values
and conversion degrees of the carrier (T = 950 ◦C).

yCH4
0.05 0.05 0.10 0.10 0.20 0.20

ξcarrier 0.10 0.20 0.10 0.20 0.10 0.20

Chro
ξCH4 0.18 (-) 0.21 0.14 (-) (-)
ηCO 0.15 (-) 0.39 0.58 (-) (-)
ηCO2 0.85 (-) 0.36 0.35 (-) (-)

CeO2

ξCH4 0.29 0.28 0.22 0.21 0.17 0.16
ηCO 0.47 0.33 0.59 0.74 0.63 0.80
ηCO2 0.53 0.77 0.44 0.27 0.39 0.24

Ce–Cu
ξCH4 0.73 0.73 0.74 0.74 0.74 0.74
ηCO 0.00 0.00 0.00 0.00 0.00 0.00
ηCO2 1.00 1.00 1.00 1.00 0.87 0.88

The microstructural analysis showed different behaviors among the three carriers
(Figure 6c,d). The granules of CeO2 retain their surface characteristics well even after
exposure to high temperature and redox atmosphere. On the contrary, chromite gives rise
to an evident modification of the exposed surface with fractures and the formation of an
amorphous layer, while the crystalline structure remains unchanged in the internal core of
the granule (Figure 6d). An intermediate behavior occurs for Ce–Cu granules, where some
formations of sintered micro-granules are evident (Figure 6d) upon the exposure to high
temperature and chemical reaction, probably due to the less refractory character of copper
oxide with respect to ceria.

Conversely, before and after the test, chromite samples exhibit large differences with
clear oxidation phenomena, with a presence of peaks from neo-formed Fe2O3 (particularly
lying on the surface of the granules where the oxidation process was more intense) in the
one subjected to chemical looping, together with a rearranging of chemical compositions
of the phases. Iron oxide phases appear to be segregated on the grain surface. This is
consistent with phase diagrams for Fe–Cr–O systems reported in literature [24,25].

The CuO–CeO2 oxygen carrier displayed the highest oxygen availability, while the
chromite carrier showed limited activity towards methane.

Overall, the good selection of reaction step duration is crucial to ensuring the desired
process selectivity for all oxygen carriers. Previous literature has suggested that the mech-
anism of reaction of methane on cerium dioxide changes as the material is reduced [9],
and so does the selectivity. Methane was shown to be activated on surface oxygen sites
over oxidated cerium dioxide, which are also active in the further oxidation of syngas. As
the surface oxygen sites are depleted, methane activation starts occurring on the formed
oxygen vacancies, while the lower surface oxygen availability stops the further formation
of CO2 and H2O. This must be considered when discussing process optimization, and
the extent of reduction reached by the carrier can be used to modulate reaction selectivity.
Limiting reaction time allows one to reduce coke deposition, but should be accomplished
with care, as an overly strict limitation in the reaction step duration can cause a noticeable
overall loss in selectivity towards partial oxidation.

In the case of cerium dioxide, the present paper clearly displays the presence of a lower
threshold in the extent of carrier conversion that needs to be surpassed if one is to observe
a significant prevalence of partial oxidation when compared to complete combustion.
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A carrier conversion lower than 10% (Figure 5) in the observed reaction conditions
leads to a very high influence of total combustion on process yield. The previous literature
on chemical looping over cerium dioxide showed the need for short reaction cycles to
avoid excessive carbon deposition [26,27], but this tradeoff between complete and partial
oxidation also needs to be addressed when selecting cycle length.

Chromite also displayed a similar behavior to CeO2 carrier, with a first phase of
reaction where complete oxidation is favored followed by a second step with prevalent
syngas formation. In this case, the first phase of complete combustion is most likely
attributed to the reduction of surface Fe2O3 to Fe3O4, with the further reduction to FeO
being responsible for the generation of syngas, as previously reported in the literature for
iron-based oxygen carriers [28]. In general, chromite sand displayed low activity and yields
for both chemical looping reforming and combustion, despite its relevant content (26%)
of iron species. While iron species demonstrated activity related to methane oxidation,
as shown by the XRD patterns, chromium species were shown to not be active in the
experimental conditions investigated, and the material displayed significant aggregation
and carbon deposition during reduction, leading to an overall unsatisfying performance of
the material.

Finally, in the case of the Ce–Cu process, step duration showed no effect on the
selectivity towards either complete or partial oxidation for these short reaction times, as
oxygen uncoupling favored complete combustion independently of the extent of carrier
reduction. The Ce–Cu carrier thus appears to be unsuited for reforming, but shows excellent
performance for combustion. For the Ce–Cu carrier, the selection of an ideal reduction step
duration would thus mostly be determined by the rate of carbon deposition compared to
the rate of oxidation as carrier conversion increases. Previously, Saddiq et al. investigated
the kinetics for the oxidation of liquefied petroleum gas (propane/butane mixture) on 10%
CuO/CeO2 powder at 800 ◦C, and observed that a first-order kinetic model best described
the reforming reaction, thanks to the high availability of oxygen, while a shrinking core
model best described the reaction rate of pellets of the same material due to reduced
oxygen release [29]. Nonetheless, high oxygen release was observed in both cases. He
et al. also investigated the use of a 50/50 wt. % CuO/CeO2 oxygen carrier for methane
reforming [30]. They observed an almost complete selectivity towards partial oxidation
above 850 ◦C, coupled with a very high carbon deposition, but this is not consistent with
our observed results. In our experiments, the Cu–Ce oxygen carrier was almost completely
selective towards complete oxidation both at 850 ◦C and 950 ◦C, and carbon deposition
became relevant only for the longer-running tests at higher methane concentration. This
discrepancy in results could be partly explained by the lower methane concentration and
shorter reaction time used in our experiments compared to their results. The high selectivity
towards complete combustion observed for our results can also be related to the preparation
method employed for the Ce–Cu carrier. He et al. [30] prepared their sample through the
co-precipitation method, which may allow a more intimate mixing of the two phases,
allowing for cerium dioxide to play a major role in determining process selectivity. Our low
carbon deposition results are closer to the observations made by Elgarni et al. [31], who
also observed limited carbon deposition for CeO2-supported CuO. Both Elgarni et al. [31]
and Tijani et al. [32] observed a reduction in overall oxygen exchange capacity for CeO2-
supported Cu carriers when increasing the operation temperature above 900 ◦C, which
would coincide with an increase in carbon deposition, but this is not immediately evident
in our experimental results, as only limited aggregation was observed in our case for the
Ce–Cu carrier.

5. Conclusions

The chemical looping conversion of methane was investigated in a lab-scale fixed-bed
reactor. Three oxygen carriers with different oxygen capacities, one exhibiting CLOU be-
havior, were used. The materials showed different reactivity and oxygen transport capacity
depending on their chemical composition, crystallographic phases, and microstructure.
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The rank of the studied carriers in methane conversion was Ce–Cu > CeO2 > Chro. The
Ce–Cu carrier was very effective in achieving the full oxidation of methane, whilst CeO2
allowed either full or partial oxidation. Carbon deposition on CeO2 was appreciable only
for tests carried out at 950 ◦C. Natural chromite was unsatisfactory because of the absence
of any contribution of the prevalent Cr2O3 phase.

The study of the process has also shown that the operating conditions and the control
of the carrier conversion degree can alternatively lead to the partial (high CO selectivity) or
total (high CO2 selectivity) oxidation of CH4. Indeed, the selectivity towards carbon monox-
ide also increases with a longer reduction time. The degree of carrier conversion, tunable by
an effective switching strategy between the two cyclic phases of reduction and regeneration,
is therefore a key parameter in guiding the process towards the desired products.

The further development of the research will consider steady-state operation, prefer-
ably in a circulating fluidized bed where the residence times of the gas and solids in
reducing and oxidizing reactors can be easily modified.
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Nomenclature

Symbols Meaning Units
q Molar flow rate mmol/min
yi Molar fraction of compound i dimensionless
t time Min
mi Mass of carrier i Mg
Mi Molar mass of compound i g/mol
e Equivalence factor for methane oxidation dimensionless
nO2 stoich, CH4 Oxygen amount for stoichiometric combustion mmol
nO2 av,carrieri Oxygen availability in carrier mmol
ξCH4 Methane conversion dimensionless
ξcarrier Conversion of carrier i dimensionless
ηi Selectivity for compound i dimensionless
ωi Mass fraction of compound i dimensionless
Subscripts
in Reactor inlet -
out Reactor outlet -
c Combustion step -
r Regeneration step -
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Abstract: Methane fermentation, which is one of the key processes in biogas production, plays an
important role in the conversion of biomass to energy. During this process, changes occur in the
chemical composition of organic feedstocks, including the chemical composition of grasses. The
assessment of these changes is crucial for the efficiency and productivity of biogas production. The
material for this study comprised fully mature grass blades with leaves and inflorescences and was
collected from extensively used meadows and pastures, as well as cultivated and set-aside areas in
the Wielkopolskie Voivodeship, the communes of Białośliwie and Trzcianka, Poland. The aim of this
study was to compare methane fermentation efficiency in nine grass species and identify the biomass
component involved in biogas production. The results indicate that the fermentation process, as
expected, changed the cellulose content. The lignin content of the grasses before fermentation varied
more than the cellulose content. The content of holocellulose (sum of carbohydrate components) in
the grasses ranged from 59.77 to 72.93% before fermentation. Methane fermentation significantly
reduced the carbohydrate content in the grasses, with a low degree of polymerization. Grassland
biomass-based biogas production is a viable alternative to conventional fossil fuels.

Keywords: renewable energy; biogas plant; grasses; chemical composition

1. Introduction

Grasses from extensively managed meadows and pastures are a common source of
animal feed. However, in modern livestock farming, the feed of choice has changed from
species-rich forage obtained from natural grasslands typically low in energy content to
cultivated crops and high-energy feed concentrates. There are vast areas of underutilized
grassland that need to be managed [1]. Globally, as the focus on alternative energy sources
increases and mineral fertilizer prices soar, grassland biomass could be used for biogas
production. The digestate produced from agricultural biogas plants [2,3] can be used as
a fertilizer that positively influences the growth and development of grasses and the soil
environment. The production of biogas from biomass, waste, or by-products is recognized
as renewable energy [4,5]. In Austria and Germany, about 50% of agricultural biogas
plants use grass silage as a biogas source [6]. Biogas plants are RESs (Renewable Energy
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Sources) installations that are completely independent of weather conditions, season,
or precipitation and, considering the current energy market situation, are increasingly
common and gaining importance.

The amount and composition of the biogas obtained from different grasses depends
on several factors such as the type of bacteria used, process condition (temperature),
type of substrate, and its chemical composition [7,8]. Biogas typically comprises about
55% methane, 45% carbon dioxide, and minor amounts of other components [9]. To
optimally utilize biomass for renewable energy, Pilarski et al. [10] propose the production
of bioethanol and biogas simultaneously from corn, since it is one of the most widely
cultivated crops in the world and has many applications, ranging from animal and human
nutrition to biofuel production. The biomass produced by corn (leaves, stalks, and ears)
is used in biogas plants, while the grain is used for ethanol production. The resulting
distillery digestate is reused for biogas production.

In the context of the global challenges of climate change and the demand for more
sustainable forms of energy, understanding and developing grass fermentation is an im-
portant step towards achieving the Sustainable Development Goals. By deepening our
understanding of the mechanisms of this process and identifying potential strategies to
optimize it, we can collectively strive to create greener and more efficient energy production
systems using the wealth of natural resources that are grasses.

The anatomy and chemical composition of plant biomass within the same species vary
greatly. This variation is influenced by several factors: growing conditions, plant devel-
opmental stage, and its morphological parts. Understanding the chemical composition of
the raw material is integral to optimizing its use. In a literature review on the influence of
chemical composition on the calorific value of biomass and the correlation of the individual
components, the authors report that these are very important indicators [11]. In addition,
policies in the agricultural sector are driving environmentally friendly biomass energy
production systems. This further emphasizes the role that cultivated grasslands can play in
sustainable biogas production [12]. This study focuses on the biogas production potential
of different grass species growing under different conditions.

In this study, nine grass species were investigated as a potential source of biogas. The
structural and plant by-product components were analyzed and the effect of the anaerobic
digestion process on the change in their respective content was also analyzed. These
analyses helped identify the components primarily involved in biogas production and how
they affect the composition and yield of the digestate. The species diversity of grasses in
terms of their suitability for fermentation and process optimization strategies to increase
biogas production efficiency is also discussed.

2. Materials and Methods

2.1. Material Collection

The material for this study was collected from extensively used meadows and pastures,
as well as cultivated and set-aside areas during the 2020 growing season. The material
comprised fully mature grass blades with leaves and inflorescences from the area of the
Wielkopolskie Voivodeship; the communes of Białośliwie and Trzcianka. Nine grass species
were selected for this study. These were reed fescue (Festuca arundinacea Schreb.); brome
grass (Bromus inermis Leyss.); perennial ryegrass (Lolium perenne L.); westerwold ryegrass
(Lolium multiflorum var. westerwoldicum); meadow fescue (Festuca pratensis Huds.); meadow
ryegrass (Alopecurus pratensis L.); meadowgrass (Poa pratensis L.); meadow timothy (Phleum
pratense L.); and soft hair (Bromus hordeaceus L.). The harvested grasses were placed in an
air-conditioned laboratory until constant humidity was achieved. For chemical analyses,
the raw material was manually cut into small pieces and then ground in a Retsch SM 200
laboratory cutting mill. The milled raw material was sieved to separate the analytical
fraction with a particle size of 0.1–0.4 mm. The raw material prepared in this way was used
for further testing.

135



Energies 2024, 17, 4100

2.2. Chemical Composition

Structural and adventitious components were determined using standard assay methods:

- Cellulose was determined according to Seifert using dioxane and acetylacetone [13];
- Lignin was determined according to Tappi using 72% sulfuric acid [14];
- Holocellulose was determined using sodium chlorite [15];
- Extractives were determined in a Soxhlet apparatus using 96% ethanol [16];
- Ash was determined according to DIN 51731;
- Hemicelluloses were calculated arithmetically based on the difference between holo-

cellulose and cellulose. Hemicellulose content was calculated based on the difference
between the contents of holocellulose and cellulose.

2.3. Batch Test

The research experiments on biogas production (batch test) were carried out in the
Ecotechnologies Laboratory (Department of Biosystems Engineering, PULS)—the largest
Polish biogas laboratory (encompassing over 260 reactors working in temporary or perma-
nent mode). The fermenters used for this experiment were used within the last 15 years for
analyzing the methane production efficiency of over 3500 different substrates.

Methane fermentation was performed in 2 dm3 glass reactors according to DIN 38
414-S8 and the guidance of VDI 4630 published by the Association of German Engineers
in Dresden.

In order to proceed correctly with the biogas efficiency analysis, it was important
to maintain the methodological proportions of tested substrates and inoculum. For this
purpose, he following analyses were indispensable: dry matter (PN-75 C-04616/01) and
organic dry matter (PN-Z-15011-3). The mentioned analyses were crucial for the calculation
of the methane efficiency of the checked materials expressed in units like m3/Mg FM (fresh
matter); m3/Mg DM; and m3/Mg ODM.

Approximately 13 g of each grass species with about 1100 g of digestate (rich in
methanogenic bacteria with dry matter content of 2.7–2.9% and ash content of 28–30%) was
used in the experiment. The experiment was conducted in a multi-chamber bio-fermenter
(Figure 1). The materials were placed in the reactors and then flooded with digestate. The
reactors, purged with nitrogen (to create anaerobic conditions), were placed in a water
bath at 39 ◦C ± 1 (mesophilic fermentation) to ensure optimal conditions for the process.
Biogas yield from each chamber was transferred to cylindrical store-equalizing reservoirs
that were filled with liquid resistant to gas solubility [17,18]. The daily measurements of
produced gases (methane, carbon dioxide) were made every 24 h, with an accuracy of
0.01 dm3.

The gas yield was analyzed using an infrared sensor for methane and carbon dioxide
measurement and by an electrochemical sensor for oxygen measurement (Gas analyzer—
GA5000 GeoTech company, Hong Kong, China). The calibrations of the GA5000 analyzer
were made every 7 days using the calibration gases (65% CH4 and 35% CO2 presented in
one mixture).

The results are presented on a dry matter basis as the average of 3 samples after
deduction of the background, which was digestate.

According to the norm DIN 38 414-S8, the criterion to finish the methane production
test from analyzed substrates was the time when daily gas generation reached the level of
less than 1% of the total production obtained during the whole experiment.

After the fermentation process, the chemical composition of the digestate was exam-
ined using the same determinations as for the raw test material. The results are presented
on a dry matter basis as the average of 3 samples.

All analyses were performed using R Statistical Software (v4.4.0-“Puppy Cup”) [19]
using the agricolae package [20].
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Figure 1. Scheme of bio-fermenter for biogas production research (3-chamber section): 1—water
heater with temperature regulator, 2—water pump, 3—insulated conductors of calefaction liquid,
4—water coat, 5—bio-fermenter with charge capacity 2 dm3, 6—sampling tubes, 7—biogas transport-
ing tube, 8—gas sampling valve, 9—biogas volume-scale reservoir.

3. Results and Discussion

Below, Table 1 shows the cellulose, lignin, holocellulose, and hemicellulose content
of selected grasses before fermentation and after fermentation. The cellulose content
ranged from 35.17 to 36.92%, with L. westerwoldicum having the lowest content (31.34%)
and B. inermis having the highest content (38.65%). Slightly higher amounts of cellulose
(34%) in bagasse leaves (determined by the Kürschner–Hoffer method) were reported by
Tapia-Maruri et al. [21]. Similar differences in the content of α-cellulose in genotypes of
different grass species were shown by Rahaman et al. [22]. For instance, they reported
13.10–40.76% α-cellulose in Sorghum bicolor, 35.2140.98% in Arundo donax, and 17.20–27.28%
in Pennisetum purpureum.

Table 1. Main components of selected grass species with statistically significant differences before
and after methane fermentation (Tukey’s test). Mean values with standard deviation for each species
are presented (statistically significant at p < 0.01).

Grass Species

Cellulose [%] Lignin [%] Holocellulose [%] Hemicellulose [%]

Before After Before After Before After Before After

Methane Fermentation

Festuca arundinacea 35.56 cd ± 0.11 31.11 b ± 0.46 17.28 ab ± 0.36 44.86 a ± 0.18 67.43 bc ± 0.43 44.56 ab ± 0.54 31.87 b ± 0.51 13.45 ab ± 0.61

Bromus inermis 38.65 a ± 0.53 31.36 b ± 0.14 14.89 e ± 0.34 44.62 a ± 0.22 68.40 b ± 0.44 42.67 bc ± 0.56 29.75 bc ± 0.71 11.31 bcd ± 0.70

Lolium perenne 34.28 e ± 0.14 33.35 a ± 0.27 15.58 de ± 0.18 41.50 b ± 1.32 65.48 bcd ± 1.35 43.36 bc ± 1.20 31.20 b ± 1.23 10.01 cd ± 1.47

Lolium westerwoldicum 31.34 f ± 0.02 30.41 bc ± 0.19 16.12 bcde ± 0.39 44.55 a ± 0.06 59.77 e ± 0.63 44.44 ab ± 0.69 28.43 c ± 0.62 14.03 a ± 0.73

Festuca pratensis 35.17 d ± 0.12 29.96 c ± 0.23 15.90 cde ± 0.24 44.26 a ± 0.72 63.69 d ± 0.68 41.66 bcd ± 0.15 28.52 c ± 0.60 11.70 abc ± 0.38

Alopecurus pratensis 36.42 bc ± 0.26 29.48 c ± 0.14 17.70 a ± 0.92 44.72 a ± 0.25 68.97 bc ± 2.19 41.20 cd ± 0.77 32.55 b ± 2.02 11.72 abc ± 0.78

Poa pratensis 36.13 bc ± 0.03 31.37 b ± 0.73 16.71 abcd ± 0.15 45.32 a ± 0.15 71.42 a ± 0.23 42.37 bc ± 0.64 35.29 a ± 0.20 11.00 bcd ± 1.25

Phleum pretense 36.92 b ± 0.52 31.28 b ± 0.50 17.02 abc ± 0.25 39.67 c ± 0.49 65.48 cd ± 0.60 40.06 d ± 2.60 28.56 c ± 0.78 8.78 d ± 1.18

Bromus hordeaceus 36.39 bc ± 0.45 33.67 a ± 0.44 12.44 f ± 0.22 44.74 a ± 0.41 72.93 a ± 0.62 47.01 a ± 0.41 36.54 a ± 0.57 13.34 ab ± 0.78

a, b, c, d, e, f—homogeneous groups.
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The fermentation process, as expected, altered the cellulose content. The loss of
cellulose mass varied widely, depending on the grass species. The smallest loss was
observed in L. perenne (2.71%) and L. westerwoldicum (2.97%), while the largest was observed
in A. pratensis (19.06%) and B. inermis (18.86%). A slight loss of 7.47% was observed in
B. hordeaceus. The loss of cellulose content in the remaining species ranged from 12.51 to
15.28% (Figure 2).

Figure 2. Mass loss of cellulose, holocellulose, and hemicelluloses because of the methane fermenta-
tion process [%].

The lignin content of the grasses before fermentation varied more than that of cellulose.
It ranged from 12.44% for B. hordeaceus to 17.70% for Alopecurus pratensis (Table 1). For most
species, the lignin content ranged from 15.58% to 17.02%. A very low lignin content (only
4.81%) in bagasse leaves was determined by Tapia-Maruri et al. [21]. Perhaps their modified
method of determining lignin influenced the amount. Large discrepancies in lignin content,
ranging from 13.41% to 26.25%, were shown by Rahaman et al. [22] in the genotypes of
six grass species tested. Even the same species showed different contents of lignin. For
instance, the lignin content in Saccharum spontaneum ranged from 17.20% to 23.01%, while in
Arundo donax it ranged from 18.77% to 22.40%. After the fermentation process, significantly
higher amounts of lignin were observed. For most grasses, the amount of lignin in the
digest was 44–45%, with the exception of Phl. pratense (39.67%) and L. perenne (41.5%). The
increased lignin content in the digestate is due to the mass loss of carbohydrate compounds
during the fermentation process. The apparent increase in lignin content ranged from 133
to 200% (Figure 3).

The content of holocellulose before fermentation ranged from 59.77% to 72.93%
(Table 1). L. westerwoldicum had the lowest content, while B. horeaceus had the highest
content. The holocellulose content in the majority of the species ranged from 63% to 69%.
After the fermentation process, the holocellulose content ranged from about 22% to 29%.
Only L. westerwoldicum showed a reduction in holocellulose content to 15%.

The analysis carried out showed that the content of hemicelluloses in the grasses
before fermentation ranged from 28% to 36.5% (Table 1). These values are higher than
previously reported values and could have a positive effect on the fermentation process.
Rahaman et al. [22], studying six grass species, determined the content of hemicelluloses
to be between approximately 12% and 20%. According to Rahaman et al. [22], Saccharum
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spontaneum had the highest hemicellulose content (20.19%), while Arundo donax had the
lowest hemicellulose content (11.97%).

 

Figure 3. Apparent increase in lignin content as a result of the fermentation process [%].

The methane fermentation process significantly reduced the content of low-polymerized
carbohydrates in the grasses. The concentration of hemicelluloses after fermentation ranged
from 8.78% in Phl. pretense to 19.54% in F. arudinacea. The percentage loss of hemicelluloses
during the fermentation process ranged from 39.32% in F. arudinacea to almost 70% in Phl.
pretense (Figure 2). P. pratensis and L. perenne also showed a significant loss of hemicelluloses
(68.83% and 67.92%, respectively).

Table 2 shows the content of ethanol-extractable substances in the grasses before and
after the fermentation process. Analysis of the mean values of extractives and ash showed
statistically significant differences for all components.

Table 2. Change in extract and ash content with statistically significant differences due to fermentation
(Tukey’s test). Mean values with standard deviation for each grass species are presented (statistically
significant for p < 0.01).

Grass Species Extraction Substances [%] Ash [%]

Before After Before After

Methane Fermentation

Festuca arundinacea 15.95 cd ± 0.90 6.32 bc ± 0.27 5.39 f ± 0.02 44.40 a ± 0.47
Bromus inermis 12.02 f ± 0.62 6.24 c ± 0.07 8.57 b ± 0.02 44.61 a ± 0.01
Lolium perenne 17.04 c ± 0.50 6.55 bc ± 0.22 6.14 e ± 0.01 34.21 d ± 0.33

Lolium vesterwoldicum 25.04 a ± 0.35 6.61 bc ± 0.35 9.46 a ± 0.02 41.08 b ± 0.20
Festuca pratensis 20.77 b ± 0.14 6.71 bc ± 0.30 7.40 c ± 0.54 41.97 b ± 0.26

Alopecurus pratensis 14.19 de ± 0.25 6.83 bc ± 0.26 4.51 g ± 0.01 38.77 c ± 0.61
Poa pratensis 16.01 c ± 0.34 7.63 a ± 0.12 4.21 g ± 0.02 38.10 c ± 0.24

Phleum pretense 15.76 c ± 0.30 6.91 b ± 0.03 6.33 e ± 0.02 30.60 e ± 0.14
Bromus hordeaceus 12.46 ef ± 0.81 5.61 d ± 0.11 6.93 d ± 0.06 45.12 a ± 0.14

a, b, c, d, e, f—homogeneous groups.

Before fermentation, the content of ethanol-extractable substances in the different
grass species ranged from 12.02% to 25.04%. After the fermentation process, the amount of
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ethanol-extractable compounds ranged from 5.61% in B. hordeaceus to 7.63% in P. pratensis.
The other grasses contained between 6.24% and 6.91% of these substances after fermen-
tation. Analysis of the results showed that the loss of ethanol-extractable substances
quantitatively was comparable to the decrease in the content of hemicelluloses. The loss
ranged from 48.09% in the case of B. inermis to as much as 73.60% in L. westerwoldicum.

Table 2 also shows the ash content of the grasses before and after methane fermentation.
Before fermentation, as with the extractives, there was a wide variation in ash content
among species, ranging from 4.21% to 9.46%. Ash content depends on various factors,
and the wide variability found in this study is comparable to other studies. Depending
on the development stage of the plant, Herrmann et al. [23] found between 7% and 16%
ash in ryegrass mixture, between 4% and 10% in Sorghum bicolor, and between 10 and19%
in Helianthus annuus. The same authors showed ash content ranging from 7% to 11% in
meadow fescue.

After the fermentation process, higher amounts of ash were observed in the residue
than in the fresh plant material. Its amount in the digest ranged from 30.60% to 45.12%.
This was more than 5–9 times the amount of mineral compounds in fresh grasses. Such
a large increase in ash concentration in the assayed material was due to the addition of a
fermentation inoculant, the composition of which cannot be disclosed due to analysis and
potential industrial use.

The potential to produce biogas with a high methane content is an important quality
parameter for plant biomass used as biogas feedstock. The main factor influencing the
amount of methane yield that can be obtained under favorable process conditions in biogas
plants is the choice of plant species [23]. Tilman et al. [24] concluded that biofuels derived
from low-input native perennial grasses can produce more useful energy and reduce
greenhouse gas emissions and agrochemical pollutants compared to arable crops such as
maize or soya.

In Table 3, the authors show the data of dry matter and organic dry matter of the
studied grass species. The dry matter ranged from 89.85% to 92.98%. Gobena et al. [25]
found that the average dry matter of different grasses was about 92.78%. Waliszewska
et al. [26] found that the average dry matter content of different grass species was about
93.53%. Both cited publications show that the authors obtained higher dry matter content
in the studied grass species than this study. This could be due to the different storage
conditions for the samples or the ability of the plant to retain water.

Table 3. The content of dry matter and organic dry matter in different grass samples.

Grass Species DM [%] ODM [%]

Festuca arundinacea 91.21 93.00
Bromus inermis 90.80 94.61
Lolium perenne 92.98 87.10

Lolium westerwoldicum 90.61 92.30
Festuca pratensis 92.07 94.73

Alopecurus pratensis 91.16 94.93
Poa pratensis 89.85 91.65

Phleum pretense 90.96 92.35
Bromus hordeaceus 91.24 92.38

The content of organic compounds in the dry matter of the studied grass species
ranges from 87.10% to 94.93%. The lowest content of organic compounds was observed in
L. perenne, while the highest content was observed in A. pratensis, F. pratensis and B. inermis.
Platače and Adamovičs [27] examined timothy and meadow fescue in their study. They
observed dry matter organic compounds in the range of 92.98% to 95.01% for timothy and
93.12% to 93.95% for meadow fescue. These values are comparable to the current study.

Amaleviciute-Volunge et al. [28] studied different grass species and reported bio-
gas yields ranging from 63.2 to 114.3 dm3·kg−1 FM. Chiumenti et al. [29], who studied
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perennial grasses, reported a biogas yield of 164.6 dm3·kg−1 FM and a methane yield
of −87.4 dm3·kg−1 FM. Scarlat et al. [30] found that the methane yield of grass was
55–128 dm3·kg−1 FM. Slightly higher biogas yields of 510–560 l/kg VS were obtained by
Kasulla et al. [31], with approximately 60% methane from the napier grass hybrid. Similar
biogas quantities of 540–580 L/kg VS were reported from extensive grassland in a study by
Korres et al. [12]. Species from which more than 400 m3·Mg−1 VS of biogas can be obtained
are feasible to consider as biogas feedstock. The results of the present study show that
many grass species from Polish grasslands can be used for biogas production.

Analyzing the data shown in Figure 4, no correlation was found between the holocel-
lulose content and the amount of biogas obtained during the fermentation process.

Figure 4. Amount of biogas and methane [m3·Mg−1 VS] obtained vs. holocellulose [%].

The species L. westerwoldicum, containing only 59.8% holocellulose, yielded more than
400 m3·Mg1 VS of biogas, while B. hordeaceus, with the highest content (almost 73%) of
holocellulose, produced only 381 m3·Mg−1 VS of biogas. There was also no correlation
between the lignin content of the grasses and biogas production (Tables 1 and 4).

Table 4. The content of methane and overall biogas yield in different grass samples.

Grass Species
Methane Yield
[m3·Mg−1 VS]

Biogas Yield
[m3·Mg−1 VS]

Festuca arundinacea 239.36 437.89
Bromus inermis 232.45 429.24
Lolium perenne 187.80 356.94

Lolium westerwoldicum 220.62 406.15
Festuca pratensis 229.56 423.08

Alopecurus pratensis 229.16 425.97
Poa pratensis 219.34 415.40

Phleum pretense 205.62 396.58
Bromus hordeaceus 211.00 381.36

The grass species B. hordeaceus containing the least lignin (12.44%) among the grasses
tested had the lowest biogas yield. It is likely that other biomass components, e.g., phenolic
substances with complex chemical structure, may have an inhibitory effect on biogas
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production. According to literature reports, high methane production can be obtained
from plants with low lignin content and high amounts of non-structural carbohydrates
and soluble and easily degradable cellular components [32,33]. The authors of the present
study, based on the results obtained from nine grass species, do not unequivocally support
such a claim. The amount of biogas produced may depend on many other factors, hence
each species should be studied individually.

4. Conclusions

The process of anaerobic digestion for biogas production results in significant changes
in the structural and incidental biomass components of the grass species studied. Low-
polymerized carbohydrates (hemicelluloses) were degraded to the greatest extent. Lignin
was the least degradable and most prominent biomass component in the digestate.

The lack of correlation between carbohydrate and lignin content and the biogas yield
suggests that only a comprehensive study of the chemical composition of the biomass can
predict which species will be most favorable in terms of suitability for biogas production.

The high biogas production and methane content of the biogas indicate that grasses
from Polish meadows could be an alternative source of biogas from renewable sources.

Given the well-known anaerobic digestion technology and the need for rural develop-
ment and sustainable energy production, biogas production from grasses is an attractive
solution that meets many legal, agronomic, and environmental requirements.
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Abstract: Soil contaminated with petroleum-derived products should be used to cultivate energy
crops. One such crop is Zea mays. Therefore, a study was performed to determine the suitability
of Zea mays biomass obtained from gasoline-contaminated soil for energy purposes. The analysis
included determining the heat of combustion and calorific value of the biomass, as well as the content
of nitrogen, carbon, hydrogen, oxygen, sulfur, and ash in the biomass. Additionally, the suitability of
vermiculite, dolomite, perlite, and agrobasalt for the phytostabilization of gasoline-contaminated soil
was evaluated. It was found that the application of sorbents to gasoline-contaminated soil significantly
reduced the severe negative effects of this petroleum product on the growth and development of Zea
mays. Gasoline contamination of the soil caused a significant increase in ash, nitrogen, and sulfur,
along with a decrease in carbon and oxygen content. However, it had no negative effect on the heat of
combustion or calorific value of the biomass, although it did reduce the energy production from Zea
mays biomass due to a reduction in yield. An important achievement of the study is the demonstration
that all the applied sorbents have a positive effect on soil stabilization, which in turn enhances the
amount of Zea mays biomass harvested and the energy produced from it. The best results were
observed after the application of agrobasalt, dolomite, and vermiculite on gasoline-contaminated soil.
Therefore, these sorbents can be recommended for the phytostabilization of gasoline-contaminated
soil intended for the cultivation of energy crops.

Keywords: heat of combustion; biomass energy; calorific value; sorbents; gasoline; enzymes

1. Introduction

Biomass as an alternative energy source is becoming increasingly important in the
context of efforts to combat global warming and reduce the use of fossil fuels [1–3]. This is
justified by the fact that biobased products emit fewer greenhouse gases compared to fossil
feedstocks [4,5]. Plant biomass first garnered attention as a sustainable energy source in
the 1970s [4–9], and interest in the subject has grown as efforts to mitigate climate change
have intensified. Current research on biomass focuses on several primary objectives:
reducing greenhouse gas emissions, decreasing fossil fuel exploitation, and increasing
energy self-sufficiency [10–12]. Biomass energy production holds significant potential to
reduce society’s dependence on fossil fuels [2,10].

The calorific value of biomass is a key parameter, particularly when considering its use
as an energy source [13]. Biomass derived from agricultural residues has a calorific value
of approximately 1.26 × 104 MJ Mg−1, which is half the calorific value of coal and one-
third that of diesel [7,14]. The calorific value of petroleum derivatives ranges from 41.5 to
47.0 MJ kg−1 [15]. According to Amaral [16], gasoline is composed of a variety of hydrocar-
bons with different molecular structures. Molecules with a higher number of atoms have
higher boiling points, and their calorific value generally increases, with hydrogen having a
higher calorific value compared to carbon. According to Zaharin et al. [17], gasoline blends
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with ethanol and butanol (E10, E10B5, E10B10, and E10B15) result in lower calorific values,
ranging from 41.7 MJ kg−1 to 43.1 MJ kg−1.

The calorific value of biomass is significantly lower than that of gasoline [7]. The
calorific value of gasoline is almost four times higher than that of biomass, indicating
the relatively lower efficiency of biomass as a fuel in terms of the energy released during
combustion [13]. Nevertheless, biomass has other advantages, such as a lower impact on
greenhouse gas emissions, which can compensate for its lower heating value [18].

One of the main applications of biomass is the production of biofuels such as ethanol
and biodiesel [2,19,20]. The European Parliament and other international institutions
promote the development of advanced biofuels, which can be produced from agricultural
residues, such as straw or crop leftovers [20–24]. The use of such feedstocks minimizes the
impact on land use changes and does not compete with food production. In recent years,
there has been particular interest in the use of corn residues, which exhibit low resistance
to bioconversion processes [9,25]. This means that corn residues, such as stalks, leaves, or
cobs, are relatively easy to convert into biofuels or other bioproducts through biochemical
processes, such as fermentation or enzymatic decomposition. The chemical structure of
plant residues is less complex and more susceptible to degradation, making bioconversion
more efficient and leading to higher yields in the production of bioethanol and other
forms of renewable energy [26,27]. As a result, maize biomass is one of the most popular
feedstocks for biogas production in the energy sector, particularly in countries such as
Germany and Austria, where biogas production is well developed [28,29]. Similarly, maize
silage, from both whole plant and grain, is highly valued for its energy content, particularly
in Poland, where it is used not only for biogas production but also for ethanol [30]. The
growing interest in maize biomass, driven by its high biomass yield, makes it an attractive
option for biogas plants and contributes to the reduction in greenhouse gas emissions by
replacing fossil fuels with renewable energy sources.

One of the challenges associated with the use of biomass for energy is soil degrada-
tion [31–33], caused by the over-exploitation of agricultural land and the use of pesticides
and herbicides [33–36]. Plants, sorbents, and soil microorganisms can play a crucial role in
mitigating these negative effects without reducing crop yields. Finding effective methods to
remediate soils contaminated with petroleum-derived products, such as gasoline, remains
a major challenge [37,38].

The use of adsorbent materials capable of binding and retaining contaminants on their
surface, as noted by Kapoor and Zdarta [39], has proven effective in reducing the bioavail-
ability of toxic compounds in the soil. Petroleum products can lead to soil degradation,
reduced fertility, and adverse effects on soil microbiomes and biogeochemical processes oc-
curring in soil formations. Vermiculite, dolomite, perlite, and agrobasalt are four materials
that have shown promising properties for improving the quality of soils contaminated with
petroleum-derived products. Vermiculite, a natural mineral with high water and nutrient
absorption capacity, can support the development of soil microorganisms by improving soil
structure and increasing its water-holding capacity [40,41]. Dolomite, a mineral composed
mainly of calcium and magnesium carbonate, can neutralize soil acidity [42,43]. Due to
its porous structure, perlite increases air circulation in the soil. It has the ability to store
water and nutrients. It consists mainly of silica (SiO2) and oxides of potassium, magnesium,
and calcium, which are essential for the development of the plant’s root system [44–46].
Agrobasalt, a by-product of the basalt industry, contains numerous micro- and macroele-
ments, such as potassium, magnesium, calcium, and iron, and can stimulate enzymatic
activity in the soil, improve soil fertility, and support plant growth [47,48].

Consequently, the search for effective methods of remediating contaminated soils is
of paramount importance, as abiotic factors influence the derivatives and end products of
petroleum substance degradation. Sorbents can prevent the penetration of contaminants,
along with water and oxygen, into deeper soil profiles, thereby affecting permeability, pH
levels, and nutrient availability [49–54].
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The aim of this study was to determine the suitability of Zea mays biomass from
gasoline-contaminated soils for energy purposes. The analysis included the determination
of the heat of combustion and the calorific value of the biomass, as well as the content
of nitrogen, carbon, hydrogen, oxygen, sulfur, and ash in the biomass. Additionally, the
effectiveness of vermiculite, dolomite, perlite, and agrobasalt in the phytostabilization
of soil subjected to gasoline contamination was also assessed. This research objective
prompted us to formulate the following hypotheses: (1) the energy value of Zea mays
biomass is determined by its content of non-fuel elements; (2) the heat of combustion
and calorific value of Zea mays biomass are functions of soil contamination with gasoline;
(3) the amount of energy extracted from Zea mays biomass depends on soil supplementation
with sorbents.

2. Materials and Methods

2.1. Research Design

The subject of the study was soil taken from an agricultural field from a depth of 0
to 20 cm. This soil was formed from loamy sand. Such soils take up an area of about 50%
of arable land in Poland. Based on the classification by the International Union of Soil
Sciences [55], this soil is identified as Eutric Cambisol. Its granulometric composition was
as follows: sand—75.68%; silt—23.08%; clay—1.24%. The content of organic carbon (Corg)
was 9.29 g, total nitrogen (NTotal)—1.22 g, and pHKCl—4.2. The study was carried out in the
vegetation hall in a pot experiment in 4 replicates. Plastic pots were used for the experiment,
the volume of which allowed to fill them with soil in the amount of 3.2 kg. The experiment
was carried out in two series: uncontaminated soil and soil contaminated with unleaded
gasoline 95 at 0 and 24 cm3 kg−1 of soil. Zea mays of the DS1897B variety (producer Pioneer,
Warsaw, Poland) and the following sorbents were used for phytostabilization of gasoline-
contaminated soil: vermiculite with a fraction of 1–5 mm (producer Sobex, Drezdenko,
Poland), dolomite with a fraction of 0.5–1 mm (producer Sobex, Drezdenko, Poland), perlite
with a fraction of 3–6 mm (producer Biovita Ltd., Tenczynek, Poland), and agrobasalt with
a fraction of 1–7 mm (producer Biovita Sp. z o.o., Tenczynek, Poland). The sorbents used
were applied in amounts of 0 and 10 g kg−1 d.m. of soil (Figure 1). Unleaded gasoline
95 was purchased at a PKN Orlen (Poland) gas station. Its density varies from 0.720 to
0.775 g cm−3, and its sulfur content is a maximum of 10 mg kg−1. The characteristics of the
petroleum substance are available on the PKN Orlen website [56].

 
(a) (b) (c) (d) 

Figure 1. Test sorbents used in the experiment (a) vermiculite; (b) dolomite; (c) perlite; (d) agrobasalt.

In the experiment, homogeneous fertilization with macronutrients was applied in
the amount (mg kg−1 d.m. of soil): N—225 in the form of N2H4CO, P—50 in the form of
KH2PO4, K—150 in the form of KH2PO4 and KCl, and Mg—15 in the form of MgSO4 ×
7H2O. Three days after packing the soil, eight seeds of Zea mays each were sown in pots.
When the plants germinated, five plants were left in each pot.
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The growing period of the plants was 60 days, but harvesting of the aboveground
parts and roots of corn was carried out at stage 51 of the Biological Federal Institute,
Bundessortenamt and Chemie (BBCH) (Figure 2).

 

Figure 2. Zea mays on the day of harvest. The series without contamination: (a) control; (b) with
vermiculite; (c) dolomite; (d) perlite; (e) agrobasalt; and series (f) contaminated with gasoline;
(g) vermiculite; (h) dolomite; (i) perlite; (j) agrobasalt.

2.2. Laboratory Analyzes

After harvesting Zea mays at BBCH stage 51 and determination of biomass, the plants
were ground and dried. The plant samples were then milled using a laboratory grinder
(Retsch SM 200, Haan, Germany) and a sieve with a mesh diameter of 0.5 mm. The next step
was to determine the heat of combustion (Q), heating value (Hv), and energy production
(Yep) of the Zea mays biomass (Figure 3). The determination of Q was carried out according
to the procedure described in PN-EN ISO 18125:2017 [57], and the calorific value (Hv) of
Zea mays was calculated according to the formula of Kopetz et al. [58].
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Figure 3. Methods for determining the energetic value of plants.

In order to characterize the biomass of plants for energy purposes, its carbon (C), hydro-
gen (H), sulfur (S), nitrogen (N), oxygen (O), and ash contents were determined (Figure 4).
The contents of C, H, and N were determined according to PN-EN ISO 16948:2015-07 [59],
S—PN-G-04584:2021 [60] and PN-EN ISO 16994:2016-10 [61], and ash was determined
according to PN-EN ISO 18122:2016-01 [62].

 

Figure 4. Methods of chemical analysis of plants.

2.3. Statistical Data Processing and Analysis

In order to evaluate the effects of gasoline (G) and vermiculite (V), dolomite (D), perlite
(P), and agrobasalt (A) on Zea mays biomass, its Q, Hv, and Yep, as well as the content of
N, C, H, S, O, and ash in the biomass, influence indices were calculated using formulae
presented in our previous publications [52,63–65]. The data were illustrated on heat maps
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using the RStudio 2023.06.0 [66] with the R 4.2.2 addition [67] and the gplots library [68].
Statistical analysis of the results was performed using the Statistica 13.0 package [69].

Tukey’s test, principal component analysis (PCA), and Pearson’s simple correlation
coefficients were used for this purpose. The coefficients of η2 were also calculated and
presented in a pie chart using the Circos 0.68 package [70]. All statistical analyses were
performed at a significance level of p < 0.05.

3. Results

3.1. Zea mays Biomass

Soil contamination with gasoline revealed the sensitivity of Zea mays to this xenobiotic
(Table 1, Figure 5). Its application to the soil reduced the parameters characterized by the
plant (Ya, Yr) by 83% and 84%, respectively. Soil not contaminated with gasoline gave an
average yield of 70.26 g d.m. per pot for aerial parts and 7.52 g d.m. per pot for roots,
irrespective of the sorbents used (Table 1). The ratio of Ya biomass to Yr biomass was 9.43,
and the greenness index (SPAD) was 43.87. On the other hand, the soil contaminated with
gasoline yielded Ya at 24.45 g d.m. per pot and Yr at 1.80 g d.m. per pot. The ratio of
Ya biomass to Yr biomass was 13.33, and the SPAD index was 45.73. A slight stimulating
potential of the sorbents against Zea mays was found in the uncontaminated soil. The
exception was perlite, which reduced the amount of Ya biomass by 12%.

Table 1. Zea mays biomass, SPAD (6th leaf phase).

Objects
Aboveground Parts

(Ya)
Roots
(Yr) Ya/Yr

Greenness Index
(SPAD)

Grams of Dry Matter per Pot

Us 74.145 a 7.018 a 10.565 44.322 ab

V 70.961 ab 8.850 a 8.018 43.984 ab

D 72.325 ab 7.612 a 9.502 44.856 ab

P 65.447 b 7.429 a 8.810 42.322 b

A 68.428 ab 6.685 a 10.237 43.878 ab

G 12.679 e 1.114 b 11.384 45.372 ab

V_G 26.448 cd 1.749 b 15.119 45.256 ab

D_G 30.099 c 2.025 b 14.862 45.753 ab

P_G 20.080 d 1.874 b 10.713 44.278 ab

A_G 32.946 c 2.258 b 14.589 48.013 a

Explanations of the abbreviations of the sorbents tested (objects) are given in the abbreviations section. Homoge-
neous groups denoted with letters (a–e) were calculated separately for each part of the plant and greenness index.

On the other hand, in a series of experiments where the soil was contaminated with
gasoline, all the sorbents (vermiculite, dolomite, perlite, and agrobasalt) had a positive
effect and significantly reduced the toxic effects of this contaminant on Zea mays. For
example, the use of agrobasalt in gasoline-contaminated soil increased the amount of
Ya biomass by 2.6 times, dolomite by 2.4 times, vermiculite by 2.1 times, and perlite by
1.6 times. The application of sorbents to uncontaminated soil had no significant effect on
root biomass, whereas it increased the size of Zea mays biomass in gasoline-contaminated
soil. Thus, the sorbents used in the study were very effective in reducing the negative
effects of gasoline on the growth and development of the plant under study. The above-
mentioned relationships were also reflected in the yield ratio of aboveground parts to plant
roots, which, in the gasoline-contaminated series, was highest in the sites supplemented
with vermiculite, dolomite, agrobasalt, and perlite, respectively. The above statements are
confirmed by the results shown in Figure 5. The positive indices of the effect of sorbents on
the yield of Zea mays grown on gasoline-contaminated soil clearly demonstrate that they
can be used to mitigate the effects of this contaminant on this plant. Their values for Ya
biomass ranged from 0.584 (perlite) to 1.599 (agrobasalt), and for Yr biomass from 0.571
(vermiculite) to 1.028 (agrobasalt).
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Figure 5. Indexes of the influence of gasoline (G) and sorbents on the yield of aboveground parts
(Ya), roots (Yr), the ratio of yield of aboveground parts to plant roots (Ya/Yr) and the greenness
index (SPAD). Explanations of the abbreviations of the sorbents tested (objects) are given in the
abbreviations section.

3.2. Contents of Ash, Nitrogen, Carbon, Hydrogen, Sulfur and Oxygen in Aboveground Parts of
Zea mays

Both gasoline soil contamination and sorbent application had an effect on the ash
content and non-ash elements in the aboveground biomass of Zea mays (Table 2). Soil
contamination with gasoline caused a significant increase in sulfur, nitrogen, and ash and a
decrease in carbon and oxygen. For maize grown on uncontaminated soil, soil supplementa-
tion with dolomite and agrobasalt resulted in a significant increase in ash content, dolomite
and perlite in nitrogen content, and perlite and agrobasalt in oxygen content. Dolomite and
perlite contributed to a significant reduction in hydrogen content, while these sorbents had
no statistically significant effect on sulfur content. The effect of sorbents on the content of
ash and non-ash elements in maize biomass extracted from gasoline-contaminated soil was
slightly different. Namely, vermiculite caused an increase in ash content, dolomite, perlite,
and agrobasalt—nitrogen, perlite—sulfur and all sorbents—oxygen. In turn, all sorbents
contributed to a decrease in carbon content: vermiculite, dolomite and perlite—hydrogen,
dolomite and perlite—ash, and dolomite—sulfur.

Table 2. Ash content and elements determining the energy value of aboveground biomass of Zea
mays (%).

Objects * Ash
Nitrogen

(N)
Carbon (C) Hydrogen (H) Sulfur (S) Oxygen (O)

Us 4.971 f 2.044 g 51.124 ab 5.730 ab 0.092 de 36.039 b

V 4.970 f 1.940 h 51.319 a 5.788 a 0.082 e 35.901 b

D 5.710 d 2.683 e 50.865 b 5.538 cd 0.098 d 35.105 c

P 5.097 f 2.347 f 49.163 c 5.488 d 0.101 d 37.804 a

A 5.328 e 2.035 g 49.212 c 5.739 a 0.083 e 37.604 a

G 9.636 b 4.158 c 49.244 c 5.746 a 0.215 b 31.000 g

V_G 10.594
a 3.962 d 47.998 d 5.584 bcd 0.206 bc 31.657 f

D_G 9.150 c 4.615 a 47.434 e 5.459 d 0.195 c 33.146 e

P_G 9.130 c 4.316 b 47.162 ef 5.503 d 0.247 a 33.642 d

A_G 9.547 b 4.294 b 47.030 f 5.676 abc 0.212 b 33.240 de

* Explanations of the abbreviations of the sorbents tested (objects) are given in the abbreviations section. Homoge-
neous groups indicated by letters (a–h) were calculated separately for each parameter tested.
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The described changes in the chemical composition of maize biomass extracted from
soil supplemented and unsupplemented with sorbents and contaminated and uncontami-
nated with gasoline are well represented by the indexes of influence of gasoline (G) and
sorbents on the content of ash and elements determining the energy value of the above-
ground biomass of Zea mays presented in Figure 6. These indices show that the chemical
composition of the biomass was more strongly influenced by gasoline than by sorbents.
In the case of petroleum substances, the influence index for ash was 0.939, N—1.035, and
S—1.322, while for C and O it was negative, respectively: −0.037 and −0.140. These indexes
were significantly higher than the sorbent influence indices. The exception was the sorbent
influence indices for C. Their values were low and almost always negative.

Figure 6. Indexes of the influence of gasoline (G) and sorbents on the content of ash and elements
determining the energy value of aboveground biomass of Zea mays. Explanations of the abbreviations
of the sorbents tested (objects) are given in the abbreviations section.

3.3. Energy Value of Aboveground Parts of Zea mays

All sorbents contributed to increasing the calorific value (Hv) and heat of combustion
(Q) of the biomass of aboveground parts of maize grown on soil not contaminated with
gasoline (Table 3). The highest Hv value was found under perlite (15.578 MJ kg−1) and
dolomite (15.563 MJ kg−1). The heat of combustion was also highest in plant biomass
extracted from soil supplemented with the mentioned sorbents. Perlite increased Q from
18.710 MJ to 19.268 MJ, while dolomite increased Q from 18.710 MJ to 19.250 MJ. The Hv
and Q values of maize grown on gasoline-contaminated soil were increased only by the
effect of dolomite, whereas they were decreased by the effect of vermiculite. In this series
of experiments, both perlite and agrobasalt did not change the Hv and Q values. Since
gasoline greatly reduced the growth and development of Zea mays, the amount of energy
extracted (Yep) from maize on contaminated soil was reduced by 0.927 MJ per pot. This
was a 5.8-fold reduction. The introduction of sorbents into gasoline-contaminated soil
significantly increased Yep yields, with agrobasalt and dolomite increasing Yep production
the most. The impact index for the former sorbent was 1.603, and the latter 1.388 (Figure 7).
Such a spectacular effect of sorbents was not observed for maize biomass produced on
uncontaminated soil.
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Table 3. Heat of combustion (Q), calorific value (Hv), and amount of energy obtained (Yep) from Zea
mays biomass.

Objects *
Heat of Combustion (Q) Heating Value (Hv) Energy yield of Plant

Biomass (Yep), MJ pot−1
MJ kg−1 Air-Dry Matter Plants

Us 18.710 f 15.115 f 1.121 b

V 18.769 e 15.163 e 1.076 c

D 19.250 a 15.563 a 1.126 a

P 19.268 a 15.578 a 1.020 e

A 19.080 b 15.422 b 1.055 d

G 18.982 c 15.340 c 0.194 j

V_G 18.820 d 15.206 d 0.402 h

D_G 19.093 b 15.432 b 0.465 g

P_G 18.979 c 15.337 c 0.308 i

A_G 19.015 c 15.368 c 0.506 f

* Explanations of the abbreviations of the sorbents tested (objects) are given in the abbreviations section. Homoge-
neous groups denoted with letters (a–j) were calculated separately for Q, Hv, and Yep.

Figure 7. Indexes of the influence of gasoline (G) and sorbents on the heat of combustion (Q), calorific
value (Hv), and amount of energy produced (Yep) from Zea mays biomass. Explanations of the
abbreviations of the sorbents tested (objects) are given in the abbreviations section.

3.4. Interactions Between Zea mays Yield and Its Energy Value

Gasoline (G) had a significantly greater effect on the dependent variable than the
sorbents used (Figure 8). This petroleum-based substance influenced up to 96% of the yield
of the underground parts of the plants, 93% of the carbon content of the plant biomass, and
the ash content. It affected the energy yield of the biomass (Yep) by 72%, the calorific value
of the biomass (Hv) by 68%, the yield of the aboveground parts of the plant (Ya) by 65%,
the sulfur content (S) by 58%, and the oxygen content (O) by 55%. Sorbents, on the other
hand, reduced the hydrogen content (H) by 85%, the heat of combustion (Q) by 74%, and
the nitrogen content of Zea mays biomass by 52%. Only the leaf greenness index was more
dependent on the combined use of sorbents and gasoline (S × G).

Calculated Pearson’s simple correlation coefficients (Figure 9) and principal compo-
nent analysis (PCA) (Figure 10) allowed us to determine the strength of the interaction
between the parameters studied. Thus, the amount of energy produced (Yep) was signif-
icantly positively correlated with Zea mays biomass, C and O content, and significantly
negatively with N, S, and ash content. The heat of combustion (Q) and the calorific value
(Hv) of plant biomass were negatively correlated with the H content, while they did not
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form significant correlations with the other parameters studied. There was a significant
positive correlation between N content and ash and S content and C, O, and H content, and
a negative correlation between C and O and ash, S, and N content.

Figure 8. Share of independent variables (η2) in determining dependent variables in Zea mays biomass,
%. Explanations of the abbreviations of the sorbents tested (objects) are given in the abbreviations
section.

Figure 9. Pearson’s simple correlation coefficients. Significant at p = 0.05, n = 24. Red color—statistically
significant, black color—statistically insignificant. Explanations of the abbreviations of the sorbents
tested (objects) are given in the abbreviations section.
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Figure 10. The interaction between the studied parameters using (PCA). Explanations of the abbrevi-
ations of the sorbents tested (objects) are given in the abbreviations section.

4. Discussion

Petroleum-derived products are toxic to all soil organisms [71,72] and plants [54,73–75].
Therefore, rapid and effective detoxification of these soils is important [37,76,77]. Our
research shows that Zea mays is highly susceptible to the destructive effects of gasoline.
Under the influence of this pollutant, plant biomass decreased by 83%. The negative effect
of gasoline on maize growth and development was significantly reduced by all the sorbents
used in the study, i.e., vermiculite, agrobasalt, perlite, and dolomite. This is probably
due to the adsorption of gasoline by these sorbents, which limited the direct contact of
gasoline with the plant roots. According to the literature [52,70,78–81], their effectiveness
in revitalizing soils depends on the type of sorbent. In our study, despite the positive
effectiveness of all sorbents, agrobasalt and dolomite were the most effective. The effect
coefficients of these sorbents on Zea mays biomass were very high, being 1.599 for the
first sorbent and 1.374 for the second, respectively. The effectiveness of agrobasalt and
dolomite may be due to their ability to neutralize contaminants and improve soil properties
by providing both calcium and magnesium, which may benefit plant growth and pH
regulation [82]. According to Huang et al. [83], the particle size of the sorbent is also one
of the main factors affecting its effectiveness in neutralizing soil acidity, as the reaction
rate between calcium material and H+ in the soil depends on the specific surface area. Cai
et al. [84] also observed that dolomite accelerates the mineralization of nitrogenous organic
compounds, thereby improving the respiration of acidic soils. On the other hand, Wu
et al. [82] observed that smaller dolomite particles have a larger specific surface area, which
may increase their ability to adsorb pollutants and improve soil structure; larger agrobasalt
particles have a greater ability to adsorb pollutants [85,86]. These factors clearly influence
interactions with the soil microbiome by promoting the growth of microorganisms that
stimulate Zea mays growth. This is due to the different sorption capacity and chemical
composition of these sorbents [87–93].

The negative effect of gasoline on Zea mays was not only limited to biomass production
but also caused changes in its chemical composition. Under its influence, the content of N,
S, and ash in the biomass increased, and the content of C and O decreased. The increase in
the content of N, S, and ash was much greater than the decrease in the content of C and
O. The index of the effect of gasoline on the content of S, N, and ash was 1.322, 1.035, and
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0.939, respectively. Changes in the chemical composition of the biomass of gasoline-treated
plants may result from the direct toxic effect of this substance on the plant, disturbances in
the uptake of ions by the plants, and dysfunctions in the ion balance [94,95]. The above
considerations are only appropriate for this research. However, it should be taken into
account that in environmental research other issues come into play that are extremely
important for the existence of ecosystems and consequently for human and animal health.
These include the contamination of groundwater with benzene, toluene, ethylbenzene, and
xylene (BTEX), which stresses all organisms that use the resource [96,97]. The significant
amounts of carbon, hydrogen, and oxygen, as well as nitrogen and sulfur, in Zea mays
biomass are also important for energy production. Through combustion, fermentation, or
gasification, these components can be converted into heat, electricity, or biofuels such as
bioethanol [98,99].

In our study, despite the variable effects of gasoline on the chemical composition of
the plant, we found a positive effect of this substance on the heat of combustion and the
calorific value of the biomass. Of course, this did not bridge the differences between the
energy production of maize grown on uncontaminated and contaminated soil, due to the
negative effect of this pollutant on the yield of corn, and thus on the amount of biomass
and energy obtained [100,101].

Energy production (Yep) was positively affected by all sorbents. It was increased most
by agrobasalt (influence factor of 1.603) and least by perlite (influence factor of 0.583). Thus,
they can play an important role in the cultivation of plants on soils degraded with organic
compounds for energy purposes. Also, Zahed et al. [102]; Vasilyeva et al. [50]; Wyszkowski
and Kordala [103]; Sabitov et al. [104]; Wyszkowski et al. [105]; and Wyszkowska et al. [106]
demonstrated the usefulness of sorbents (biocarbon, zeolite, kaolinite, vermiculite, di-
atomite, bentonite, activated carbon, molecular sieve, halloysite, sepiolite, expanded clay,
biochar, and alginite) in the phytostabilization of soil contaminated with petroleum-derived
products. According to Zhang and Liang [107], Qu et al. [108], and Vocciante et al. [109],
the amount of energy extracted from Zea mays biomass depends on the soil properties, so
sorbents introduced into the soil may help to modify the soil structure, increasing its capac-
ity to retain water and nutrients, thus influencing higher biomass production. According
to Ho et al. [110]; Atero-Calvo et al. [111]; Wyszkowski and Kordala [112]; and Kamenchuk
et al. [113], sorbents can influence the availability of elements that are key to the intensity
of the photosynthetic process, thereby increasing biomass and energy while offsetting the
stress caused by soil contamination [114].

Both our results and those of other authors [100,115,116] indicate the significant
potential of Zea mays to replace fossil fuels. Maize grown on contaminated soils has a high
energy potential as an alternative energy source. A study by Morales-Máximo et al. [115]
also demonstrates that Zea mays biomass has a high energy potential as an alternative
energy source. The average calorific value determined by these authors in samples of
plant material was 17.6 MJ kg−1, and in our study, it ranged from 18.7 MJ kg−1 to 19.3 MJ
kg−1, which is at a comparable level compared to other biofuels [117–119]. Replacing fossil
fuels with Zea mays biomass has numerous environmental benefits. Biomass combustion
is carbon dioxide-neutral, as the CO2 released during combustion is offset by the CO2
absorbed by the plant during photosynthesis [4,98,99]. Additionally, biomass production
can help reduce emissions of other harmful gases, such as nitrogen and sulfur oxides,
which are typical of fossil fuel combustion [115,118,120].

Despite its many benefits, biomass production from Zea mays also poses several
challenges. One of the main problems is competition for land and water resources with
food production [121,122]. Therefore, it is important to develop technologies and practices
that minimize these conflicts, for example by using marginal soils that are not suitable
for food production. Further research into the genetic improvement of maize may in the
future lead to varieties with higher energy yields and better resistance to environmental
stresses [123]. Summarizing the results of our study, it can be concluded that Zea mays
biomass has great potential as a sustainable energy source that can contribute to reducing
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fossil fuel consumption. However, it is crucial that biomass production be carried out in a
sustainable manner, taking into account both environmental and social aspects.

5. Conclusions

Gasoline creates unfavorable conditions for the growth and development of Zea mays.
Growing maize on non-remediated soil limits its use for energy purposes. On the other
hand, the application of agrobasalt, dolomite, vermiculite, and perlite to contaminated soil
enhances both biomass production and the amount of energy obtained from it. The amount
of energy obtained from Zea mays was significantly positively correlated with carbon and
oxygen content and negatively correlated with nitrogen, sulfur, and ash content. Our
research shows that all the sorbents tested represent a promising strategy for managing
sites contaminated with petroleum-derived products.
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Abbreviations

Us—uncontaminated soil, V—uncontaminated soil with the addition of vermiculite, D—uncontaminated
soil with the addition of dolomite, P—uncontaminated soil with the addition of perlite, A—uncontaminated
soil with the addition of agrobasalt, G—soil contaminated with gasoline, V_G—soil contaminated
with gasoline with the addition of vermiculite, D_G—soil contaminated with gasoline with the
addition of dolomite, P_G—soil contaminated with gasoline with the addition of perlite, A_G—soil
contaminated with gasoline with the addition of agrobasalt. Ya—yield of aerial parts, Yr—yield of
roots, Ya/Yr—the ratio of aboveground parts yield to plant roots, SPAD—greenness index, Q—heat
of combustion, Hv—calorific value, Yep—energy yield, C —carbon, H—hydrogen, S—sulfur, N—
nitrogen, O—oxygen.
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36. Baćmaga, M.; Wyszkowska, J.; Borowik, A.; Kucharski, J. Effect of Sulcotrione and Terbuthylazine on Biological Characteristics of
Soil. Appl. Soil Ecol. 2024, 195, 105232. [CrossRef]

37. Gertsen, M.M.; Arlyapov, V.A.; Perelomov, L.V.; Kharkova, A.S.; Golysheva, A.N.; Atroshchenko, Y.M.; Cardinale, A.M.; Reverberi,
A.P. Environmental Implications of Energy Sources: A Review on Technologies for Cleaning Oil-Contaminated Ecosystems.
Energies 2024, 17, 3561. [CrossRef]

38. Ambaye, T.G.; Chebbi, A.; Formicola, F.; Prasad, S.; Gomez, F.H.; Franzetti, A.; Vaccari, M. Remediation of Soil Polluted with
Petroleum Hydrocarbons and Its Reuse for Agriculture: Recent Progress, Challenges, and Perspectives. Chemosphere 2022,
293, 133572. [CrossRef] [PubMed]

39. Kapoor, R.T.; Zdarta, J. Fabrication of Engineered Biochar for Remediation of Toxic Contaminants in Soil Matrices and Soil
Valorization. Chemosphere 2024, 358, 142101. [CrossRef] [PubMed]

40. Yu, M.; Tariq, S.M.; Yang, H. Engineering Clay Minerals to Manage the Functions of Soils. Clay Miner. 2022, 57, 51–69. [CrossRef]
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93. Tuchowska, M.; Wołowiec, M.; Solińska, A.; Kościelniak, A.; Bajda, T. Organo-Modified Vermiculite: Preparation, Characterization,
and Sorption of Arsenic Compounds. Minerals 2019, 9, 483. [CrossRef]

94. Wojcieszak, D.; Przybył, J.; Czajkowski, Ł.; Majka, J.; Pawłowski, A. Effects of Harvest Maturity on the Chemical and Energetic
Properties of Corn Stover Biomass Combustion. Materials 2022, 15, 2831. [CrossRef]
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