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Abstract: This paper investigates the thermal behavior of binary mixtures 
composed of spent biomass of Chlorella vulgaris (CHo) and various types of waste, 
using thermogravimetric analysis (TGA) and micro-combustion calorimetry 
(MCC) in both oxidizing (air) and inert (nitrogen) atmospheres. The results showed 
that the nature of the waste and the type of atmosphere strongly influence the 
degradation processes. In air, mixtures with lignocellulosic (CHo-G) and textile 
(CHo-T) components favored complete oxidation, characterized by early ignition, 
low residue, and moderate thermal stability. In nitrogen, the CHo-A and CHo-P 
mixtures exhibited efficient pyrolysis, with lower decomposition temperatures (Ts) 
and reduced amounts of residue. From an energy perspective, CHo-P mixtures 
exhibited the highest calorific parameters (HRC and THR), which makes them 
suitable for direct energy recovery applications. Influence score analysis confirmed 
the superior performance of CHo-G mixtures (3.35–3.56), due to synergistic 
interactions between algal biomass and woody compounds. In contrast, CHo-C 
mixtures exhibited low energy efficiency and modest thermal behavior. The 
conclusions emphasize that the selection of waste type and working atmosphere is 
essential for optimizing thermochemical conversion, highlighting the potential of 
CHo mixtures for sustainable energy recovery applications.  
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1. Introduction 

Modeling and optimizing the thermal stability and heat release capacity of waste mixtures with biomass 
residues has been the main focus of numerous studies. The integration of advanced kinetic and thermodynamic 
methods provides an in-depth understanding of co-processing processes through co-pyrolysis, facilitating the 
development of efficient technologies for recycling and thermal recovery of waste and biomass [1,2]. Modeling 
heat release capacity and total heat flux also helps in selecting the best waste mixture to maximize its potential for 
co-processing in cement plants. Numerous researchers have used a variety of modeling techniques to optimize this 
process. Numerical modeling, modeling with chemical industry software, and the use of various AI tools are some 
of these methods [3–6]. Modeling of higher heating value (HHV) based on the elemental composition of biomass 
solid waste (BSW) was performed using empirical correlations derived by multiple regression. This process had 
high accuracy (R2 > 0.9) and a prediction error of less than 15%. This method helps to estimate the energy 
performance of different combinations of BSW and assists in choosing the best method of energy recovery [3]. 
The activation energy, pre-exponential factor, and thermodynamic parameters were determined in addition to the 
pyrolysis analysis of Nanche BSC stone (Byrsonima crassifolia) using kinetic models obtained from non-
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isothermal thermogravimetric experiments. These findings allowed the modeling of the pyrolytic degradation 
process and demonstrated that this residue is capable of generating bioenergy [5]. 

Conclusive results regarding the reduction of the energy barrier in plastic waste degradation and the fact that 
predictive modeling based on artificial intelligence could be useful for optimizing pyrolysis were obtained in a 
recent study by Gandhi et al. [7]. Another recent study evaluated how plastic composition influences interactions, 
kinetics, and product yields in the co-pyrolysis of date palm waste (DPW) and polyethylene foam (PEF) mixtures 
[8]. Co-pyrolysis tests in a fixed-bed reactor, as part of the study by Nawaz and Razzak [8], showed that the 
maximum bio-oil yield (38.85%) was obtained at an equal ratio of 50% PEF and 50% DPW. Consequently, combining 
PEF and date palm waste is a promising option for improving the recovery process through pyrolysis [8]. 

The co-pyrolysis of polyethylene terephthalate (PET) and Samanea saman seeds (SS) was examined to 
determine the reaction kinetics and synergistic effects of these two raw materials [9]. To determine the kinetic 
parameters, several isoconversional models were used to study mixtures of SS and PET in different proportions, 
with the results showing that the 3:1 SS/PET mixture produced the highest yield of volatile compounds and the 
strongest synergistic effect at high temperatures [9]. Another study investigates the co-pyrolysis of tea stems (TS) 
with PET, focusing on the interactions between them during pyrolysis [10]. The results show that the TS/PET ratio 
is the main factor determining synergy. The mixture with 25% TS and 75% PET showed the least antagonistic 
effects, while the one with 75% TS and 25% PET showed both positive and negative synergistic effects. There is 
the presence of oxygenated compounds, which indicates the formation of aromatic hydrocarbons in the co-
pyrolysis process, according to FT-IR spectroscopy [10]. 

Thermogravimetry, complex pyrolysis (Py) technique, gas chromatography (GC), and mass spectrometry 
(MS) were used to investigate the co-pyrolysis of Chlorella pyrenoidosa algae with polystyrene (PS). Distinct 
stages of decomposition and a significant synergistic impact were found at a ratio of 1:1. There was a decrease in 
apparent activation energy and favorable changes in the composition of the bio-oil, characterized by an increase 
in aromatic hydrocarbons and a decrease in oxygenated and nitrogenated compounds. This method offers a viable 
solution for the sustainable recovery of plastic and biomass waste [11]. 

In this paper, mixtures of waste with spent biomass from Chlorella vulgaris, originating from a 
photobioreactor designed for carbon dioxide capture, were investigated using numerical modeling and 
optimization methods. There are several studies that have examined co-pyrolysis and numerical modeling of 
biomass mixtures with different types of waste, but few studies have examined the use of residual biomass from 
Chlorella vulgaris photobioreactors for carbon dioxide capture as co-incineration material in cement plants. The 
novelty of this study consists in the use of residual biomass from Chlorella vulgaris photobioreactors integrated 
with TGA and MCC experimental data to develop a predictive model that optimizes the thermal stability and heat 
release capacity of the mixtures, with direct applications in co-processing and energy recovery in the cement 
industry. In addition, the use of residual biomass from CO2 capture processes is in line with the principles of the 
circular economy, by reintegrating a secondary stream into a sustainable energy application, thus contributing to 
both emission reduction and efficient resource recovery. 

2. Materials and Methods 

The materials used for the study were a series of waste products, such as: plastic waste-P, textiles-T, 
cardboard-C, tires-A, used railroad ties-G, and microalgae residues-CHo. Plastic waste consists mainly of 
polyethylene terephthalate. The textile waste consists of a mixture of cotton and synthetic fibres. A tire intended 
for off-road use was used to obtain a sample of worn tire. The used railroad ties were procured from the regional 
branch of the railroad in Iași, while the microalgae residues came from a carbon dioxide capture photobioreactor. 

The study evaluated the impact of using CHo biomass in binary mixtures with waste: C, G, T, P, and A on 
the thermal decomposition process. To create the mixtures, the mass fraction of CHo was considered as an 
independent variable in the planning of the experiments. This varied between 15 and 45% with a central value of 
30% and a variation range of the independent variable of ±15%. Thermal analyses of the samples were conducted 
under dynamic conditions in both air and nitrogen environments, at a flow rate of 20 mL/min, a heating rate of 10 
°C/min, across a temperature range of 25–700 °C, with sample masses of approximately 7 mg. Thermogravimetric 
measurements were performed using a Mettler Toledo TGA/SDTA 851e, a high-precision instrument capable of 
TG, DTG, and DTA analyses with controlled temperature and heating rates. The system, operated through the 
STAR SW software for automated data acquisition and evaluation, was calibrated for DTA using certified standard 
metals (In, Al, and Au) following the manufacturer’s specifications. All experiments were carried out in 40 µL 
alumina crucibles equipped with lids containing an evacuation hole, ensuring high thermal stability and 
reproducible measurement conditions. Based on the two thermogravimetric curves (TG and DTG), the amount of 
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residue remaining after the process was obtained, as well as the values of the statistical heat resistance index (Ts), 
obtained using the equation: 

TS = 0.49 × [T5%+0.6(T30% − T5%)] (1)

where T5% is the temperature at which 5% of the sample mass was lost, and T30% represents the temperature 
corresponding to the loss of 30% of the sample mass. In both cases, initial moisture losses were neglected, if any. 

The binary mixtures were previously analyzed by thermogravimetric analysis in air and nitrogen, as well as 
by micro combustion calorimetry (MCC). MCC tests were performed under regulated conditions, featuring a 
gradual rise in temperature within the pyrolyzer at a heating rate of 1 °C/s from 25 °C to 750 °C, in a nitrogen 
environment with a flow rate of 80 cm3/min. The gases produced by the pyrolysis process subsequently move into 
the combustor, where they ignite at a steady temperature of 900 °C, and the combustion continues for 600 seconds. 
The sample volatiles were fully oxidized in the combustor to determine the total heat release (THR), and the 
instrument was calibrated using standard procedures, including verification of gas flow and heat-release detection, 
ensuring accurate and reproducible measurements. The results obtained from the experiments were used to create 
the database that was used for statistical processing. Following the thermogravimetric analysis of the mixtures, a 
database was created that includes the percentage amounts of residue and the Ts values calculated for the two 
working environments. The database obtained by applying the MCC technique consists of the results obtained for 
the following parameters: the amount of residue following MCC analysis- Char Yiled, total heat released (THR), 
the time at which the first maximum heat release rate is recorded (TIME1), and heat release capacity (HRC). 

The statistical processing of the available experimental data was performed using the specialized software 
SigmaPlot 11.00 (Systat Software Inc., San Jose, CA, USA). Using this method, information was obtained on the 
mean values, standard deviation, standard error of the mean, confidence interval of the mean, amplitude, maximum 
and minimum values, median, distribution intervals (25% and 75%) data, asymmetry and kurtosis tests, 
Kolmogorov-Smirnov test, Shapiro-Wilk test for assessing the normality of data distribution. The sum of values 
and the sum of squares were also calculated, the latter being a measure of deviation from the mean value [12]. To 
check for statistically significant differences between pairs of data series, the Kruskal-Wallis test was applied, 
including the multiple comparison procedure for pairs (Student–Newman–Keuls method). The test statistic for 
one-way analysis of variance is calculated as the ratio of the sum of squares of the experimental data sets to the 
sum of squares of the residuals. The Kruskal-Wallis test belongs to the category of nonparametric tests and is 
based not on raw values but on data ranks [13]. When the Kruskal-Wallis test indicates a significant result, it can 
be concluded that at least one of the groups differs significantly from the others. However, the test does not 
specifically indicate where these differences occur or how many there actually are [13]. 

3. Results and Discussion 

Following thermogravimetric analysis and micro-scale combustion calorimetry, the following values were 
obtained for the parameters considered relevant for assessing the influence of adding CHo in mixture with different 
wastes, presented in Tables 1 and 2 [14]. 

Table 1. Amount of residue, statistical heat resistance index temperature (TS) resulting from thermogravimetric 
analysis of CHo and waste mixtures. 

CHo Concentration 0.0 0.2 0.3 0.5 1.0 Waste Type Working Atmosphere Parameter 

C 
Air Residue, % 16.7 20.6 21.1 18.7 13.1 

Ts, °C 149.0 139.0 136.0 126.0 143.0 

Nitrogen Residue, % 30.5 36.6 35.0 33.4 33.5 
Ts, °C 160.0 155.0 154.0 151.0 142.0 

A 
Air Residue, % 12.1 23.3 12.8 16.5 13.1 

Ts, °C 188.0 183.0 179.0 161.0 143.0 

Nitrogen Residue, % 39.6 34.6 38.7 36.5 33.5 
Ts, °C 188.0 185.0 176.0 172.0 142.0 

G 
Air Residue, % 22.3 6.4 7.4 7.1 13.1 

Ts, °C 157.0 123.0 129.0 116.0 143.0 

Nitrogen Residue, % 22.1 23.2 25.8 25.6 33.5 
Ts, °C 159.0 144.0 141.0 140.0 142.0 
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Table 1. Cont. 

CHo Concentration 0.0 0.2 0.3 0.5 1.0 Waste Type Working Atmosphere Parameter 

T 
Air Residue, % 0.8 6.0 8.3 8.9 13.1 

Ts, °C 153.0 153.0 145.0 138.0 143.0 

Nitrogen Residue, % 3.5 20.2 22.7 26.4 33.5 
Ts, °C 164.0 163.0 160.0 153.0 142.0 

P 
Air Residue, % 1.3 5.9 7.8 8.5 13.1 

Ts, °C 199.0 193.0 182.0 172.0 143.0 

Nitrogen Residue, % 18.2 17.8 23.5 25.1 33.5 
Ts, °C 205.0 208.0 190.0 176.0 142.0 

Table 2. Amount of residue, total heat released (THR), heat release capacity (HRC), time when the first maximum 
heat release rate value is recorded (TIME1) following MCC analysis. 

CHo Concentration 0.0 0.2 0.3 0.5 1.0 Waste Type Parameter 

C 

Char Yield, % 25.1 28.8 26.4 29.4 27.7 
THR, kJ/g 9.4 8.2 9.3 9.3 10.8 

HRC, J/g·K 129.3 134.5 144.4 110.7 104.2 
TIME1, s 190.5 223.5 128.5 184.0 109.0 

A 

Char Yield, % 35.1 35.1 34.6 33.5 27.7 
THR, kJ/g 25.0 21.3 21.5 17.1 10.8 

HRC, J/g·K 391.5 327.6 224.8 217.5 104.2 
TIME1, s 208.0 157.5 177.5 171.5 109.0 

G 

Char Yield, % 15.3 17.8 20.1 22.0 27.7 
THR, kJ/g 12.9 12.6 12.5 12.0 10.8 

HRC, J/g·K 171.2 157.2 138.7 117.6 104.2 
TIME1, s 240.5 196.0 202.0 211.0 109.0 

T 

Char Yield, % 10.5 13.4 2.3 19.3 27.7 
THR, kJ/g 12.9 13.7 12.5 12.5 10.8 

HRC, J/g·K 262.4 255.6 209.4 170.1 104.2 
TIME1, s 175.5 235.5 251.0 196.5 109.0 

P 

Char Yield, % 10.8 12.7 0.0 19.5 27.7 
THR, kJ/g 17.2 16.1 15.2 13.8 10.8 

HRC, J/g·K 454.3 346.2 274.0 204.1 104.2 
TIME1, s 97.0 237.0 96.5 150.0 109.0 

Numerical and graphical methods, known as descriptive statistics, are used to organize, present, and analyze 
data [15,16]. In this study, statistical processing of the data obtained from thermogravimetric analysis and MCC 
techniques was performed for binary waste-biomass mixtures. Based on the results of the statistical description of 
the data (Table 3), similar values of standard deviation are observed for the quantities of residue obtained from 
thermogravimetric analysis (columns 1 and 2). The amplitude, i.e., the difference between the maximum and 
minimum values, which indicates the range of values over which the experimental data distribution extends, has 
values between 17.37 and 77.26. The median, the statistical parameter indicating the middle of the data series, has 
values close to the average values, which shows a uniform distribution of the experimental data. The analysis of 
the experimental data distribution reveals a positive asymmetry for the 4 columns analyzed. The flattening indices 
of the variation curve of the analyzed data (kurtosis) have low values, which indicates a good distribution of data, 
i.e., there is little data that has values very different from the mean. 

Table 3. Statistical description of experimental data from thermogravimetric analysis for CHo mixtures. 

Column Size Missing Mean  Std. Dev.  Std. Error C.I of Mean  Range 
Col. 1 15 0 11.954 6.289 1.624 3.483 17.370 
Col. 2 15 0 28.336 6.745 1.741 3.735 20.900 
Col. 3 15 0 151.646 25.037 6.464 13.865 77.260 
Col. 4 15 0 164.535 19.531 5.043 10.816 67.286 
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Table 3. Cont. 

Column Max Min Median 25% 75% Skewness Kurtosis 
Col. 1 23.260 5.890 8.540 7.178 18.180 0.750 −1.183 
Col. 2 38.680 17.780 25.840 23.268 34.873 0.175 −1.443 
Col. 3 192.787 115.527 144.932 130.783 176.776 0.268 −1.354 
Col. 4 207.604 140.318 160.310 151.493 176.190 0.733 −0.0222 

Column K-S Dist. K-S Prob.  SWilk W SWilk Prob.  Sum  Sum of Squares 
Col. 1 0.287 0.002 0.825 0.008 179.310 2697.269 
Col. 2 0.212 0.069 0.911 0.142 425.040 12,680.775 
Col. 3 0.167 0.304 0.933 0.307 2274.695 353,724.847 
Col. 4 0.149 0.453 0.939 0.365 2468.030 411,418.690 

Col. 1—residue quantity (%) in air, Col. 2—residue quantity in nitrogen (%), Col. 3—Ts values (°C) in air, Col. 4—Ts values 
in nitrogen (°C). 

Following the Kruskal-Wallis test, the differences between the median values of the analyzed groups are 
greater than would be expected by chance, indicating a statistically significant difference (p = <0.001). This is 
evidenced by high values of the q parameter (Table 4) in the Student-Newman-Keul method. 

Table 4. Results of the Kruskal-Wallis test of binary mixtures with CHo-thermogravimetric analysis. 

Comparison Diff. of Ranks q p < 0.05 
Col 4 vs. Col 1 591.000 8.738 Da 
Col 4 vs. Col 2 384.000 7.549 Da 
Col 4 vs. Col 3 75.000 2.200 Nu 
Col 3 vs. Col 1 516.000 10.144 Da 
Col 3 vs. Col 2 309.000 9.063 Da 
Col 2 vs. Col 1 207.000 6.071 Da 

According to the q values from the Student-Newman-Keuls test presented in Table 4, it was established that 
there are no statistically significant differences (p > 0.05) between the Ts values for air (column 3) and the Ts 
values for nitrogen (column 4). 

Table 5 presents the statistical description of the data obtained using the MCC technique. Low standard 
deviation values are observed in column 2, indicating a lower dispersion of these experimental data. The amplitude 
has values between 13.36 and 235.49. The uniform distribution of the experimental data is highlighted by the close 
values of the median to the mean values. A positive asymmetry is observed for columns 2 and 3, and a negative 
asymmetry for columns 1 and 4. The flattening indices of the variation curve of the analyzed data (kurtosis) have 
low values, which indicates a good distribution of the data. 

Table 5. Statistical description of the experimental data from MCC for CHo mixtures. 

Column Size Missing Mean Std. Dev. Std. Error C.I of Mean Range 
Col. 1 15 0 20.981 10.815 2.793 5.989 35.080 
Col. 2 15 0 13.842 3.928 1.014 2.175 13.360 
Col. 3 15 0 202.154 19.002 19.002 40.755 235.490 
Col. 4 15 0 187.867 11.005 11.005 23.603 154.500 

Column Max Min Median 25% 75% Skewness Kurtosis 
Col. 1 35.080 0.000 20.070 14.450 29.275 −0.542 −0.289 
Col. 2 21.540 8.180 12.630 12.122 15.858 0.730 0.230 
Col. 3 346.190 110.700 204.140 140.082 247.917 0.671 −0.444 
Col. 4 251.000 96.500 196.000 161.000 220.375 −0.553 0.0238 

Column K-S Dist. K-S Prob. SWilk W SWilk Prob. Sum Sum of Squares 
Col. 1 0.116 0.745 0.938 0.360 314.720 8240.871 
Col. 2 0.172 0.263 0.919 0.188 207.640 3090.289 
Col. 3 0.135 0.587 0.929 0.264 3032.310 688,817.446 
Col. 4 0.109 0.788 0.972 0.883 2818.000 554,841.000 

Col. 1—Char Yield, Col. 2—THR, Col. 3—HRC, Col. 4—TIME1. 
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Based on the 𝑞 values from the Student-Newman-Keuls test, presented in Table 6, it can be seen that there 
are no statistically significant differences (𝑝>0.05) between the HRC values (column 3) and the TIME1 values 
(column 4). 

The data from the databases created based on thermogravimetric analysis in nitrogen and air, respectively, 
using the MCC technique for CHo-waste binary mixtures were normalized using Equation (2) 

Normalized value ൌ
ଢ଼ିଢ଼ౣ౟౤

ଢ଼ౣ౗౮ିଢ଼ౣ౟౤
  (2)

where Y represents the amount of residue (%) in air and nitrogen, respectively, and Ts values in air and nitrogen. 
For MCC Y, Time 1 is the time after the first peak appears in the HRR = f(time) graph, THR is the total amount 
of heat energy released, and HRC is the heat release capacity. These were used to construct the radar graphs in 
Figures 1 and 2, specifying that the representation (1-normalized value) was used for the amount of residue, for Ts 
and TIME1, because we were interested in low values in these cases. 

Table 6. Results of the Kruskal-Wallis test of mixtures with the Cho—MCC technique. 

Comparison Diff. of Ranks q p < 0.05 
Col 3 vs. Col 2 516.000 7.629 Da 
Col 3 vs. Col 1 395.000 7.765 Da 
Col 3 vs. Col 4 11.000 0.323 Nu 
Col 4 vs. Col 2 505.000 9.928 Da 
Col 4 vs. Col 1 384.000 11.262 Da 
Col 1 vs. Col 2 121.000 3.549 Da 

 

Figure 1. Evaluation of the synergistic effect for CHo-waste mixtures by thermogravimetric analysis. 

The results presented in Figure 1 obtained for mixtures with CHo and railway beam waste (CHo-G) and 
textiles (CHo-T), respectively, show the best thermal performance in both working atmospheres, indicating 
efficient degradation and reduced residue formation. At the opposite end of the spectrum, an antagonistic effect 
was observed for the binary mixtures (CHo-P) and (CHo-C), which showed increased thermal stability and a higher 
amount of residue in the air, indicating limited degradation in the presence of oxygen. The CHo-A mixtures 
exhibited intermediate thermal behavior, with more efficient degradation in an inert atmosphere (nitrogen). In this 
atmosphere, Ts was lower and the amount of residue was smaller, suggesting efficient pyrolysis. In air, the 
behavior was more inert, with higher Ts values and increased residue, indicating the formation of refractory or 
incompletely oxidizable compounds from the tire structure. The best results, a synergistic effect, were obtained 
for CHo-G mixtures due to favorable interactions between the organic compounds in the algal biomass and the 
components of the treated wood (possibly thermally catalyzed by oxygen in the atmosphere), favoring more 
complete decomposition of the solid material. A more pronounced synergistic effect is also evident in the case of 
15CHo-A and 15CHo-P mixtures if the thermogravimetric analysis is performed in an inert atmosphere, nitrogen. 
These results are consistent with those reported by other authors in the literature [8,17–19]. Recently, Xing et al. 
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[20] have highlighted synergistic effects in the pyrolysis process of binary mixtures: biomass-polyethylene 
terephthalate (PET) and biomass-polypropylene (PP) through thermogravimetric analysis. The authors 
demonstrated that this synergistic effect stems mainly from the interaction between the volatile substances in 
plastic and biomass. The maximum synergistic effect, measured by comparing the experimental and theoretical 
thermogravimetric curves, was achieved for the binary mixture of biomass (cane root): PP in a 1:3 ratio, 
demonstrating faster and more efficient degradation in the thermal stages, respectively, resulting in the lowest 
amount of residue and high degradation efficiency [20]. Mishra and his colleagues [9] also used thermogravimetric 
analysis in nitrogen to evaluate the thermal decomposition of binary mixtures of Samanea saman seeds and PET 
in different ratios (1:1, 3:1, and 5:1). The authors demonstrated that the 3:1 ratio indicates the strongest synergistic 
effect, i.e., a lower activation energy (Ea) compared to the individual materials (seeds or PET), facilitating the 
initiation of the reaction at lower temperatures and the intense release of volatile compounds [9]. Another study 
by Najaf et al. [10] investigated the thermal and kinetic characteristics of the co-pyrolysis of tea stems (TS) and 
polyethylene terephthalate (PET) using thermogravimetric analysis (TGA). The results showed that the co-
pyrolysis of TS and PET exhibited both synergistic and antagonistic effects, depending on the temperature range 
and mixing ratio. It was found that the 75:25 (TS:PET) mixture generated the strongest synergistic effects [10]. 
Synergistic effects in the co-pyrolysis process of binary mixtures of Chlorella pyrenoidosa (CP) and polystyrene 
(PS) were highlighted by thermogravimetric analysis in nitrogen by Kong and his collaborators. The authors found 
that the CP:PS ratio of 1:1 generated the strongest positive synergistic effect, contributing to a decrease in 
activation energy and favoring decomposition at lower temperatures [11]. These results suggest that the observed 
synergistic effects arise from favorable interactions between volatile compounds released during pyrolysis and the 
solid matrix components, promoting faster and more complete decomposition. The differences observed between 
inert and oxidative atmospheres highlight the role of oxygen in enhancing or limiting thermal degradation. These 
findings are relevant for practical applications, as they can guide the selection of feedstock mixtures for thermal 
conversion processes, maximizing decomposition efficiency while minimizing residue formation. Overall, the 
thermal behavior trends observed in the mixtures provide insight into the mechanisms driving synergistic or 
antagonistic effects in co-pyrolysis, emphasizing the influence of material composition and reaction environment. 

The radar chart in Figure 2 shows that CHo-P mixtures have the highest calorific potential (high HRC and 
THR), meaning that they burn almost completely and ignite early. These may be favorable in energy recovery 
applications. The CHo-T and CHo-G binary mixtures are the most advantageous in terms of ignition and residue 
quantity, but the THR and HRC values are moderate, making them suitable for applications where thermal stability 
and combustion control are priorities. CHo-A mixtures show a good balance between energy performance and 
complete degradation, being safer than CHo-P but more active than CHo-T or CHo-G. The most modest results 
were obtained for CHo-C binary mixtures, which do not excel in any of the parameters considered, offering neutral 
behavior in MCC, with reduced potential both in terms of energy and combustion control. 

 

Figure 2. Evaluation of the synergistic effect for CHo-waste mixtures using the MCC technique. 
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By summing the normalized values calculated with Equation (2), the influence score was obtained, being 
graphically represented in Figure 3a for the thermal properties and in Figure 3b for the properties obtained by the 
MCC technique. 

Figure 3. Influence score for binary mixtures with CHo (a) thermogravimetric analysis, (b) MCC technique. 

Figure 3a shows that the series of binary mixtures between the used beam and used Chlorella vulgaris exhibit 
the best results, with values ranging between 3.35 and 3.56, indicating efficient thermal behaviour, with low 
decomposition temperatures and a minimum amount of residues. This suggests a high potential for efficient 
thermal recovery. This suggests high potential for efficient thermal recovery, with faster and more complete 
pyrolysis. Mixtures with textiles (CHo-T) follow in terms of efficiency, while those with plastics (CHo-P) and 
cardboard (CHo-C) show moderate scores. The lowest scores are obtained by mixtures with tires (CHo-A), which 
may indicate slower thermal degradation and a higher amount of residue, aspects that are less favorable for thermal 
conversion. The lowest value is reported for the 15CHo-A mixture (0.65). 

Using the MCC technique (Figure 3b), the highest value is reported for the 30CHo-P mixture (3.22), and the 
lowest value for the 15CHo-C mixture (0.46). Mixtures with textiles (CHo-T) and plastics (CHo-P) offer a good 
combination of thermal performance and high calorific value, making them suitable for rapid conversion in 
thermochemical processes. In contrast, CHo-A mixtures are less thermally efficient but have a high calorific 
capacity, making them suitable for direct energy recovery, with influence scores that place them in the top part of 
the ranking, as shown in the graph in Figure 3. The comparison between the thermal analysis and MCC-derived 
scores highlights the importance of combining multiple assessment techniques to identify optimal mixtures for 
energy recovery and controlled combustion. Overall, these results indicate that the mixture composition strongly 
influences both degradation efficiency and energy potential, providing valuable guidance for selecting feedstocks 
in practical thermochemical applications. 

4. Conclusions 

The study investigated the thermal behavior of binary mixtures formed from spent biomass of Chlorella 
vulgaris (CHo) with various types of waste, under oxidizing (air) and inert (nitrogen) atmosphere conditions, using 
TGA and MCC techniques. 

The thermal behavior of the mixtures is strongly influenced by the nature of the waste and the type of working 
atmosphere. In air, mixtures with components specific to wood material (G) and algal showed more advanced 
decomposition and more efficient oxidation, with a reduction in the amount of residue. In nitrogen, the CHo-A 
and CHo-P mixtures exhibited efficient pyrolysis, characterized by lower Ts temperatures and reduced residues, 
indicating a more efficient thermal conversion of the organic fraction. The CHo-C and CHo-P mixtures generally 
exhibited more inert thermal behavior, with higher amounts of residue in the air atmosphere, suggesting the 
formation of refractory compounds or incomplete oxidation. However, CHo-P stood out with the highest values 
of calorimetric parameters (HRC and THR), indicating superior energy potential and suitability for energy 
recovery applications through controlled combustion. 
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The influence scores obtained based on normalized values (for residue, Ts, and MCC parameters) indicate 
that CHo-G mixtures are the most efficient in terms of thermal degradation and calorific behavior. These mixtures 
obtained scores between 3.35–3.56 for thermal behavior. The CHo-T and CHo-G blends are the most advantageous 
for applications requiring efficient combustion control through early ignition, low residue, and moderate thermal 
stability, while the Cho-C blends showed lower energy performance, being less favorable for energy conversion 
applications. 

Future work will focus on evaluating thermal behavior of mixtures with other biomass or organic wastes, 
optimizing processing conditions, and exploring practical applications in the cement industry to enhance energy 
recovery and sustainability. 
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