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Abstract: The advent of large volumes of Sargassum sp. on the Mexican Caribbean coast has become 
an emerging issue for the Mexican population. The most frequent action is harvesting, but a correct 
treatment or energy recovery strategy is still missing. This work aimed to evaluate the energy potential 
of Sargassum fluitans, through elemental calculations and direct measurements, considering the 
effect of its washing. The calorific value determined by the direct method was 9.24 ± 0.28 MJ/kg 
and 12.64 ± 0.18 MJ/kg for dirty and washed Sargassum, respectively. The washing effect increased 
the calorific values in Sargassum fluitans by 36.80%. The washing effect increased the calorific values 
determined by indirect methods, increasing 10.10% and 41.04%, each method, respectively. The 
content of toxic metals was lower in both materials than that established for non-woody biomass 
from energy use, concerning the ISO 17225:2014 standard. The unit energy cost of Sargassum 
fluitans is $0.007 and $0.011 per MJ for dirty and washed conditions, respectively. Finally, the results 
of this work indicate that the Sargassum wash provides better characteristics to be considered an 
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alternative fuel option in combustion systems such as thermo-electric plants (based on carbon), sugar 
mills, and cement kilns with co-processing of solid waste. Attending from a bioenergetic approach, 
Sargassum's emerging seasonal problem affects the Mexican Caribbean coast. 

Keywords: alternate fuel; bioenergy; biomass; calorific value; Sargassum; seaweed 
 

Abbreviations: % mol: percent mol; ℃: degrees Celsius; ®: trademark; ~: approximate symbol; ≤: 
equal or minor; ø: diameter; C/N: carbon-nitrogen relation; C/P: carbon-phosphorus relation; cm-1: 
Wavenumber; g: gram; GWh: Gigawatt hora; h: hours; HHV: Higher Heating Value; J/g: Joule per 
gram; kg: kilogram; km: kilometer; L: liter; m3: cubic meter; mg/g: milligram per gram; mg/kg: 
milligram per kilogram; mg: milligram; MJ/kg: Mega Joule per kilogram; mm: millimeter; MPa: 
Megapascal; mS/cm: milli siemens per centimeter; MXN$: Mexican peso; t: tons; TWh: Terawatt 
hora; US$: American dollar 

1. Introduction 

During 2019 worldwide, primary energy consumption had an annual growth rate of 1.30%. As a 
consequence, the carbon emission from energy use increased 0.50% (almost 50% less than in 2018), 
the main sources of electricity generation were coal (36.38%), natural gas (23.32%), and renewable 
energies (10.39%), the latter is the source of energy generation with the highest growth (41%), the 
geothermal and biomass group, represent 6% of renewable energy sources [1]. In Mexico, the 
electricity demand grew at an average annual rate of 2.50%, with a generation of 329.71 TWh [2]. 
Nevertheless, 78.90% of the energy in the country is produced through conventional technologies, and 
the remaining 29.50% comes from clean technologies, including biomass that represents only 0.92%. 
The use of biomass is divided between cane bagasse (0.75%) and biogas (0.17%), with a growth 
of 28.60% and 24.20%, respectively, in addition to the existence of 79 plants that use biomass [3]. 
Biomass is considered a source of clean and renewable energy due to the ability to absorb CO2 from 
the atmosphere, which helps reduce the greenhouse effect [4], and due to its abundance, large 
distribution and carbon neutrality are considered a potential substitute for fossil fuels [5]. In Mexico, 
there are small advances in the use of biomass as a source of clean energy, perhaps the best example 
is the cane bagasse in the sugar mills. The Santa Rosalia sugar mill (Tabasco, México) generates 100% 
of the electrical energy from the bagasse generated as a byproduct in sugar production, avoiding the 
use of fuel oil or any other fossil fuel. Surplus electricity is sold to the Federal Electricity Commission, 
which is responsible for producing, distributing, and billing electricity in Mexico and industrial 
customers [6]. The calorific value of cane bagasse varies from 7.53–17.58 MJ/kg, hence using other 
biomass with similar potentials could be a fuel alternative in combined cycle plants or other 
combustion power generation systems [7–9].  

Aquatic biomass is one of the most abundant renewable energy sources and will be an essential 
component of a more sustainable energy system [9]. Nevertheless, in recent years an atypical 
phenomenon has been unleashed, such as the arrival of large volumes of seaweed, on some shores of 
the Atlantic Ocean. In 2011, the massive influx of brown seaweed occurred, denominated “Sargassum” 
in the eastern Caribbean, from Trinidad and Tobago to the Dominican Republic, and on the west coast 
of Africa, from Sierra Leone to Ghana [8]. In 2012, the massive arrival of Sargassum on the coast of 
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Cuba [10], in 2014, many other islands and countries of the Caribbean were affected, including the 
Mexican Caribbean. These travel routes were verified by Franks et al. [11] when conducting 
experiments using drift buoys with satellite location, with a 60% similarity. In Mexico, the excessive 
arrival of the Sargassum has impacted nearly 1,000 km of the Mexican Caribbean coast [12], reaching 
volumes of up to 2 m3 per linear meter of the beach [13]. During the periods 2017 [13], 2018 [14,15], 
and 2019 [16], the government of Mexico invested 22.30 million dollars in the collection and 
management of around 701.67 thousand tons of Sargassum collected off the coast of Quintana Roo. 
According to DrecKmann & Sentíes [17], the arrival of this biomass in the state of Quintana Roo 
mainly affects Cancun and Puerto Morelos. It is presumed that this phenomenon originates from the 
natural detachment of aggregations of free-living species such as Sargassum fluitans Børgesen and 
Sargassum natans Gaillon, endemic to the Sargasso Sea in the Atlantic Ocean [18]. Subsequently, the 
hypothesis that originated in northeastern Brazil emerged [19]. It is important to mention that one of 
the hypotheses of greater debate is the interference of high nutrient loads [20], due to the mouth of the 
Mississippi rivers (west of the Gulf of Mexico) and the Amazon (southern Ecuador). In the case of the 
Amazon River, the concentration of inorganic nitrogen is reduced below the detection limit about 200 
km from the mouth [21,22], but a higher growth rate has been observed in these neritic zones than in 
the center of the Sargasso Sea [23]. These nutrients have altered aquatic resources and various 
economic activities such as tourism, fishing, and shipping, of the coastal areas. Hernández-Zanuy [24] 
points out that the large accumulation of this material and its natural decomposition causes an increase 
in the chemical and biochemical oxygen demand, anoxia alters the quality of the sand, affects coastal 
ecosystems, and generates greenhouse gases (GHG). Lapointe et al. [23] indicate that a low C/N and 
C/P ratio is attributable to the rapid growth of the Sargassum. The use of macroalgae biomass for direct 
combustion has been studied by various researchers [25–28]. Sudhakar and Premalatha [29] indicate 
that the calorific value of macroalgae biomass is in the range of 4.35–20.10 MJ/kg, relatively lower 
than the biomass values of terrestrial crops with ranges of 14–20 MJ/kg. The chemical composition of 
marine biomass (Table 1) is very different from terrestrial biomass due to lower carbon (C) values, 
hydrogen (H), and oxygen (O), concerning higher values of nitrogen (N) and sulfur (S) [30]. 

The complexity causes inconsistencies in the stoichiometric calculations of the calorific value of 
the Sargassum [32]. Although the combustion of macroalgae is economically viable, the technical 
dimension remains debatable due to the high content of ash and moisture, which reduces its energy 
efficiency. Sudhakar et al. [34] pointed out that some technical problems are the handling of ash and 
the presence of alkali metals such as sodium (Na), potassium (K), and halogens, which cause problems 
of corrosion and saturation of conductive lines. Algae naturally, including Sargassum sp. they can 
absorb metal ions, such as lead (Pb II), copper (Cu II), and nickel (Ni II), its average removal capacity 
is 113.50 mg/g, with a range of 10.60 to 357 mg/g [35]. The European Environmental Agency [36] 
reported that the anthropogenic emission of toxic metals such as arsenic (As), Cadmium (Cd), chrome 
(Cr), copper (Cu), lead (Pb), nickel (Ni), and zinc (Zn), it is due to the thermal conversion of fuels, for 
the generation of energy and heat. For this reason, determining the presence or absence of compounds 
that may pose a risk of pollution to the atmosphere in materials that can be used as fuels must be 
necessary. Jagustyn et al. [37] mentioned the level limited based on ISO 17225-1, the limits of metals 
in solid biofuels, particularly for non-woody biomass, both in pellets and briquettes. Some authors 
highlight the valorization of Sargassum in multiple sectors such as pharmaceuticals, cosmetic, food, 
and biorefineries, due to the high content of carbohydrates in the form of sulfated alginates and 
polysaccharides, the presence of metals and high amounts of ash reduce its use in the food or fertilizer 
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sector and biofuel production, respectively [38]. Other authors highlight its use in the biosorption and 
bioaccumulation of pollutants [39]. Thompson et al. [40] mention that the use of Sargassum in 
digestion systems, like monodigestion, is not very efficient, but the use of cosubstrates improves the 
high C/N ratios, but the lack of energy policies, financial and financing in the Caribbean area, this 
strategy is hindered. Thus, the objective of this work is to determine the calorific value of Sargassum 
sp. off the coast of the Mexican Caribbean. Three methods are evaluated, two calculable 
stoichiometric, and a direct method with a calorimeter pump, considering the washing of the 
Sargassum, as a factor of influence. Moreover, this research aims to outline the presence and 
concentration of the main toxic metals in the seaweed. 

Table 1. Characteristics comparison between Sargassum fluitans and others sargassum species. 

Characteristics Units 
Sargassum 
tenerrimum 

Sargassum 
sp. 

Sargassum 
sp. 

Sargassum 
horneri 

Sargassum fluitans 
Dirty Wash

Moisture 

% 

5.70 6.70 9.80 10.46 5.08 ± 0.31 6.34 ± 0.37 
Ash 26.50 6.60 21.20 29.29 40.52 ± 1.24 16.67 ± 1.17 
Volatile 
Matter  

61.50 54.70 43.90 48.85 52.18 ± 0.79 
76.81 ± 1.31 

Fixed Carbon  6.30 32.00 25.10 11.60 7.31 ± 1.90 6.52 ± 0.14 
Carbon 32.10 40.30 25.50 48.93 27.01 ± 1.14 39.05 ± 0.18 
Hydrogen 4.70 5.40 3.81 6.22 3.70 ± 0.08 5.00 ± 0.11 
Oxygen 60.72 51.80 - 42.16 26.07 ± 0.76 36.72 ± 0.86 
Nitrogen 0.93 2.50 1.37 0.92 1.45 ± 0.26 1.65 ± 0.19 
Sulphur 1.55 - - 1.77 1.04 ± 0.19 0.79 ± 0.04 
Chlorine - - - - 0.20 ± 0.00 0.12 ± 0.00 

Calorific 
values 

MJ/k
g 

- - 14.70 15.44 
9.82 ± 0.52* 13.85 ± 0.19* 
13.87 ± 3.22** 15.27 ± 0.18** 
9.24 ± 0.28*** 12.71 ± 0.07*** 

Author  [5] [31] [32] [33] This Work 

*Note: * Dulong method; ** Chaniwala method; ***Calorimetric pump method. 

2. Materials and methods 

2.1. Obtaining and characterizing Sargassum sp. 

The material was naturally dehydrated, out of the water, and exposed to the sun, subsequently 
transferred to pilot plant 3 of Air and Solid Waste Treatment of the Academic Division of Biological 
Sciences (DACBiol) of the Juarez Autonomous University of Tabasco (UJAT) in México. A sample 
of Sargassum sp. was hydrated for 24 h with distilled water to be observed under the microscope and to 
determine the morphological characteristics of the species. It 1.10 kg of Sargassum fluitans was manually 
sieved on a # 10 sieve (2 mm ø). The biomass was placed in a 19 L container and filled with 12 L of 
drinking water to reduce the sand and salts content. It was mixed manually for 5 min to wash the 
material, and the process was repeated up to 10 times. In each wash cycle, 250 mL of drinking 
water (start) and wash water (end) were sampled. Thus, the electrical conductivity was measured in mS/cm 
with the help of measuring equipment. Finally, the material was left to dry in an oven at 105 ℃ for 10 h. 
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2.2. Proximal and ultimate characterization 

Samples were taken to perform the proximal analysis determining the gravimetric content (mass loss) 
by the action of temperature and time, according to the American Society of Testing Methods (ASTM). 
The humidity was determined at 105 ℃ for 24 h, volatile matter at 550 ℃ for 2 h, and ashes at 800 ℃ 
for 1 h, based on ASTM D-2974 [41]. Further, the ultimate analysis was carried out, determining the 
content of C, H, N, and S (elemental composition). Each determination was performed in 
quadruplicate, using a Perkin Elmer PE2400 CHNS/O Elemental Analyzer (PerkinElmer, Waltham, 
MA, USA). The presence of O is achieved by the arithmetic difference of the sum of the elements and 
ash at 100%. 

2.3. Content of toxic metals 

The presence of toxic metals such as As, Cd, Cr, Pb, Ni, and Zn was determined according to the 
United States Environmental Protection Agency. Samples were ground and pretreated, based on the 
ASTM 5468-02 [42] and analyzed US EPA 6010-B [43] method, using a Plasma Atomic Emission 
Spectrometer Perkin Elmer® Optima 5300 (PerkinElmer, Waltham, MA, USA) for metal arrest heavy 
and a Leco® AC-500 kit for PC analysis. These analyses were carried out in the coprocessing 
laboratory at the Macuspana plant of the Geocycle® Company. 

2.4. Characterization of functional groups by FT-IR 

Fourier Transform Infrared (FT-IR) spectrophotometer was used to identify the functional groups 
present in each sample. Specimens of both types were first mixed with KBr at an approximate ratio of 
1/100 (sample/KBr) and then ground in an agate mortar. The resulting mixture was pressed at 10 tons 
for 5 min to form the pellet, which was characterized using an FT-IR spectrometer Shimadzu 
IRAffinity-1 (Shimadzu Scientific Instruments, Columbia, MD, USA). Eighty scans and 2 cm-1 
resolutions were applied in the range of 4500–500 cm-1 for recording the spectra. The background 
obtained from a scan of pure KBr was automatically subtracted from the sample spectra. 

2.5. Determination of the calorific value using the calorimetric pump method 

The calorific value was determined on a semi-automatic oxygen bomb calorimeter A4000 
from Heedding. The calibration of the oxygen bomb is made with standard benzoic acid (calorific 
value 26433 J/g). For the Sargassum samples, weighed a mass close to 1 g in an analytical balance 
VE-204 from VELAB (precision 0.1 mg); in the bottom of the reaction vessel, was added 10 ml of 
deionized water and fill the vessel with reactive degree oxygen (purity greater than 99.50% mol) up to 
a pressure of 3 MPa, to achieve an oxygen-excess atmosphere. All the measurements are carried out 
in triplicate. 

2.6. Higher heating value (HHV) 

The calorific value of a material such as biomass is equal to the sum of the calorific value of the 
simple elements that form it, multiplied by the mass quantity of the elements present. The calorific 
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value can also be determined by calculating the HHV, which is an important characteristic of fuels, 
and this can be calculated from their elemental composition (C, H, N, O, and S) [44] and their 
respective combustion products [45]. Two equations with multiple citations were used to determine 
HHV, employing the stoichiometric composition of Sargassum. 

2.7. HHV by Dulong method 

The equation proposed by Dulong [44] expresses the HHV (MJ/kg) of dry fuel solid or liquid, 
containing C, H, and S in its composition. 

݃݊݋݈ݑܦ	ܸܪܪ                ቀெ௃௞௚ቁ = ቂ(0.3383 ∗ (ܥ + ቂ1.443 ∗ ቀܪ − ை଼ቁቃ + (0.0942 ∗ ܵ)ቃ                     (1) 

2.8. HHV by Channiwala method 

The equation reported by Channiwala et al. [44] determines the HHV (MJ/kg) considering a 
higher number of components such as O, N, and ash. 

	݈ܽܽݓℎܽ݊݊݅ܥ	ܸܪܪ               ቀெ௃௞௚ቁ = (0.3491 ∗ (ܥ − (1.1783 ∗ (ܪ + (0.1005 ∗ ܵ) − (0.1034 ∗ ܱ) −																					(0.0151 ∗ ܰ) − (0.0211 ∗  ℎ)                                                                                         (2)ݏܣ

2.9. Ash-free calorific value (AFCV) 

An adjustment was made to analyze the effect of washing on removing impurities such as ash. 
The ash-free calorific value (AFCV) was calculated by applying the following equation reported by 
Wang et al. [45] for each calorific value method. 

ܸܥܨܣ                                              = ଵ଴଴∗௖௔௟௢௥௜௙௖	௩௔௟௨௘ଵ଴଴ି஺௦௛                                                                        (3) 

2.10. Analysis of results 

Analysis of variances was performed to determine the statistical similarity between the calorific 
value determination methods in response to the washing factor. This factor was also analyzed using 
linear regressions.  The analyses were carried out using the statistical package Statgraphics® Centurion 
XVIII. 

To have knowledge for the precision of the methods used, a relative error analysis was carried 
out using the calorific values calculated, thereby determining the mean percentage error (MPE) and 
the mean absolute percentage error (MAPE), using Eqs 4 and 5, reported by Huang and Lo [46]. 

ܧܲܯ                                = ଵ௡∑ ுு௏೎ିுு௏ವுு௏ವ ∗ 100%௡௜ୀଵ                                                                        (4) 

ܧܲܣܯ                              = ଵ௡∑ ቚுு௏೎ିுு௏ವுு௏ವ ቚ ∗ 100%௡௜ୀଵ                                                                    (5) 
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Where HHVC is the calorific value calculated (Dulong and Channiwala), and HHVD is the 
calorific value determined (calorimetric pump). A positive MPE value indicates overestimation, and a 
negative value suggests underestimation in the method used. For its part, the MAPE helps us to know 
the proximity of the calculated value of the determined one. The lower the MAPE, the greater the 
precision.  

2.11. Unit Cost 

The unit cost per ton of pretreated biomass and the cost of calorific value per ton were estimated. 
Therefore, the costs of the inputs required in three stages of pretreatment, collection, washing, and 
crushing of Sargassum Fluitans were estimated. The costs were obtained by calculating the 
consumption of inputs on a small scale in the laboratory and scaled to one metric ton. Investment and 
equipment acquisition costs were not considered. 

3. Results and discussion 

Figures 1 A) and B) show the most characteristic difference between the species Sargassum 
fluitans and Sargassum natans, which is the upper spine of the air bladder. In Figure 1C, it can be seen 
that the gas bladders of Sargassum sp. analyzed under the microscope lack the upper column in the air 
bladder, which indicates that it is Sargassum fluitans as reported by Oyesiku & Egunyomi [47]. 

 

Figure 1. Characteristics of Sargassum sp. A) Sargassum fluitans; B) Sargassum natans (Own 

image, based on Oyesiku and Egunyomi [47]); C) Sargassum fluitans observed under a 

microscope. 

3.1. Washing 

In Figure 2, see the decreasing electric conductivity (EC) for the wash water, regarding drinking 
water, during the Sargassum wash. 
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Figure 2. Decreased EC due to washing effect. 

The EC measure of the water of the first washing of the material reached 8.02 mS/cm, 
concerning 0.34 mS/cm, that had drinking water before its use. After each washing session, it was 
possible to notice a reduction until reaching an average value of 0.38 mS/cm after 10 wash times. In 
the first two wash times, the reduction was 88%. Finally, the washing ratio was 0.25 L to 10 g of 
Sargassum to achieve similar EC values. This process differs from reported by Milledge [48], those 
who have washed the material for 30 seconds in running water. 

3.2. Elementary characterization, metal content, and washing effect 

The results of the proximal and ultimate characterizations and calorific values for the three 
theoretical methods are shown in Table 1. 

The results of the proximal analysis ranged according to the reported by Li et al. [31], Ali & 
Bahadar [32], Biswas et al. [5] and Li et al. [33]. Nevertheless, the effect of washing is noticeable since 
the ash content was reduced and it was increased volatile matter significantly; this is attributed to 
reducing the content of sand and salts and the manual removal of shells from mollusk and waste plastic. 

The elemental analysis results also showed an improvement in the effect of washing. The element 
values of C, H, and N of dirty Sargassum fluitans are similar to those reported by Ali & Bahadar [32]. 
No higher proportions were observed in N and S, concerning the content of C, H, and O, as indicated 
by Ghadiryanfar et al. [30]. In washed Sargassum, the results of C, H, O, and N are very similar to 
those reported by Wei et al. [31], with the use of Sargassum sp. Significant differences were found in 
the elemental results reported by Biswas et al. [5]; this could be because of the use of Sargassum 
tenerrimum or that they did not report a previous separation of the sands as in this work, they only 
mention washing with water.  The notable increase in the elemental proportions is due to the 
elimination of sand, waste, and impurities in the screening and washing steps, which is related to the 
reduction of ashes mentioned above. 

The determined content of the metals is observed in Table 2. 
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Table 2. Reported values of heavy metals content and regulatory limit (mg/kg) 

Toxic metals ISO 17225:2014  
Microalgae 
Nanno chloropsis gaditana 

Sea balls Dirty Wash 

Ar ≤1 <1 >10 <0.1 <0.1 
Cd ≤0.5 <0.5 <0.5 <0.1 <0.1 
Cr ≤50 <10 20 <0.1 <0.1 
Cu ≤20 10 <10 -* -* 
Pb ≤10 <10 <20 <0.1 <0.1 
Ni ≤10 <5 <10 <0.1 <0.1 
Zn ≤100 <100 <50 <0.1 <0.1 
Ba - - - 10.2 5.67 
Mn - - - 14.2 <0.1 
 [49] [37]  This work  

*Note: * Not determinated. 

The low presence of toxic metals is evident regarding the limits of the ISO 17225-1 [49]. 
Nevertheless, a difference in barium (Ba) and manganese (Mn) values could be observed since Mn is 
not soluble in water, unlike Ba, the effect is attributed to the cleaning of the material, both sand 
removal, and the washing. In general terms, the concentration of toxic metals in biomass is below the 
limits reported by Jagustyn et al. [37]. 

3.3. The Fourier Transform Infrared Spectroscopy (FT-IR) 

The spectra in Figure 3 show typical absorption bands of Sargassum fluitans.  

 

Figure 3. Functional groups detected by FT-IR. 

The strong absorption bands around 3200–3600 cm-1 may be attributed to the stretching vibrations 
of hydroxyl groups (-OH) in the hydrogen bond of the molecules [50], which can also be attributed to 
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the overlapping of -OH and -NH stretching bands [49,50]. Weak bands around 2900 cm−1 are due to 
C-H stretching vibrations [48,51]; the bands at ~2923 and ~2853 cm-1 are due to the stretching 
vibration of -CH3 and -CH2- groups, respectively. The absorption peak of weak bands around 2300 
cm-1 may correspond to the C-O stretching band [54]. In both spectrums, the absorbance at 
wavenumber around 1640 and 1420 cm-1 correspond to stretching vibrations of carbonyl double 
bond (ʋC=O) and carbon-oxygen single bond (ʋC-O), respectively [51]. However, in the spectrum of the 
dirty sample, more intense signals were observed at ~1630 cm−1 corresponded to carboxylate O-C-O 
asymmetric, stretching vibration and to C=O asymmetric stretching vibrations of uronic acids and band 
at ~1430 cm−1 can be attributed to C-OH deformation vibration [48,51,53]. In this regard, it is 
important to mention that it is possible to identify carboxylate bands (COO-) in natural Sargassum sp., 
related to carboxylic acid groups bound to metal ions (nickel and copper) in the 1635 and 1427 cm-1 
regions [56]. In the spectrum of the washed samples, weak bands around 1541 cm-1 represent C=C 
stretch vibration indicative of the lignin were observed [54]. The absorption band at ~1246 cm-1 and 
~1270 cm-1 are due to S=O (sulfate esters) [52,53]. These wide bands around 1200 cm-1 were observed 
with greater intensity in the spectrum of the dirty sample. They were attributed to sulfonate salts 
resulting from the formation of salts of the sulfonic acid of polysaccharides [56]. The absorption bands 
at ~1100–1030 cm-1 in the fingerprint region indicate several modes such as C-H deformation or C-O 
or C-C stretching, pertaining to carbohydrates and polysaccharides [48,52]. In the dirty sample, strong 
absorption bands were observed at approximately 1400 and 874 cm-1, the calcium carbonate (CaCO3) shows 
strong bands in these regions. The sharp band at ~874 cm-1 corresponded to the symmetric deformation of 
the CO3 group. The wideband centered at ~1400 cm-1 corresponded to an asymmetric stretch of the CO3 
group. The peak at ~713 cm-1 was due to bending vibration [55,56]. In this regard, the presence of crystals 
biominerals that have been reported in algal samples was quantified based on the specific λmax referred from 
the existing literature for calcite, 706–716 cm-1, 869–877 cm-1, 1414–1439 cm-1, and 2920–2952 cm-1 [57]. 

3.4. Directly and theoretical calorific value  

The calculated and measured calorific value results are shown in Table 1. The calorific values are 
slightly similar to those reported by Li et al. [33]. The increase in the values is noted due to the effect 
of the Sargassum fluitans washing, increasing to 41.04%, 10.09%, and 36.80% in the Dulong, 
Channiwala, and Calorimetry pump methods, respectively. This increase is attributed to the decrease 
in the content of sand and salts, which do not add calorific value to the biomass. 

The results of the AFCV applying equation 3 on the calorific values of dirty Sargassum fluitans 
showed an increase of these, being slightly higher than the calorific values of washed Sargassum 
fluitans, 16.58 MJ/kg and 17.36 MJ/kg, in the Dulong methods. and Channiwala, respectively. This 
contributes to the hypothesis that the content of impurities removed in the washing process has a positive 
impact on increasing the calorific values of the biomass. However, in the calorific values of the direct 
method (calorimetric bomb), the AFCV obtained was significantly higher, reaching 22.81 MJ/kg. The 
great difference with the values of the direct method responds to the overestimation of the values of 
the stoichiometric methods, as shown in Figure 5. 
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3.5. Statistical analysis 

Figure 4 A) and B) show the ANOVA tests for each type of Sargassum fluitans (dirty and washed) 
and compare the three calorific value methods. The lowercase letters at the top indicate differences or 
similarities, depending on their repetition. 

 

 

 

Figure 4. ANOVA graphics of calorific values, A) Dirty Sargassum fluitans, B) Wash Sargassum 

fluitans. Linear regression graphics, by the interaction between methods, C) Dirty Sargassum 

fluitans, D) Wash Sargassum fluitans, E) ANOVA graphic by groups. 
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The results indicate that there are statistically significant differences in both materials. Applying 
a Tukey test (Figure 4A), a dirty Sargassum p-value = 0.0028 was obtained. Using a Kruskal-Wallis 
test (Figure 4B) in the washed Sargassum values, a p-value = 0.0047 was obtained. It is noteworthy 
the similarity in the stoichiometric methods’ calorific variables and the differences with the direct 
method. It is possible to miss the mistake of inferring that the Channiwala method offers us a better 
result. These inequalities refer to overestimations in the calculations, which are best described in the 
relative and absolute error analysis. 

The linear regression analyses performed, shown in Figure 4 C) and D), indicate the trends of the 
models used. The R2 values of the adjusted model explain 59.53% (Figure 4C) and 97.78% (Figure 4D) 
of the variability of each factor. The washing effect promotes a better adjustment of the calorific values 
of Sargassum fluitans, demonstrating the importance and possible need to implement this pretreatment. 

In Figure 4 E), the ANOVA graphic performed at calorific values by combining groups is shown, 
all dirty and all wash. The results indicate statistically significant differences; the p-value = 0.00001 
was obtained by applying a Bonferroni test. A statistically significant effect on the two conditions of 
use of Sargassum can be demonstrated in the methods to determine the calorific values. These results 
would be similar to those reported by Choi et al. [59], who used different proportions and washing 
times with Saccharina Japan. 

3.6. Relative and absolute error analysis  

Figure 5 shows the results of the analysis of percentage error (MPE) and absolute percentage 
error (MAPE). 

 

Figure 5. Relative error graphic by each method. 

Both methods present a slight overestimation (MPE), being the Dulong equation the one with the 
lowest MPE. However, the MAPE values indicate an important difference between the calculated and 
determined values, of 9.90% for the Channiwala method and 4.44% for Dulong. This indicates that 
the Dulong method would be most similar to the values determined with the bomb calorimetric method. 
The MAPE obtained from both methods is different from those reported by Huang and Lo [46], who 
reported 6.73% in Dulong and 2.49% in Channiwala; however, the authors use these methods in 
lignocellulosic biomass. Although authors such as Channiwala and Parikh [44] also reported 6.94% 
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for the Dulong method, authors such as Vardon et al. [9] used this method to determining HHV of 
three species of marine algae. It would be important to obtain a greater number of results (n > 100), as 
mentioned by Huang and Lo [46], to analyze the overestimation of calorific values more effectively. 
Although there are differences in each method (Dulong and Channiwala), both equations at a practical 
or pilot level are useful, specifically in determining the value of the gross calorific value, based on the 
elemental composition of the biomass, like the Sargassum fluitans. 

3.7. Unit cost 

The cost of collecting Sargassum fluitans was estimated by relating the annual expenditure 
reported by the Mexican government with the amounts collected per year (2017–2019). The cost of 
washing was determined based on the water consumed in the process. The cost per grinding was 
determined by the time of electrical consumption by using an electrical mill at a certain amount of 
dough. Finally, the quantities were extrapolated to a base quantity of one ton, and the costs were 
integrated (Table 3). 

Table 3. Unit cost analysis integration. 

Activity (inputs) Unit  Quantity per t Price ($) 
Cost ($) 

Dirty Wash 
Recollection t - 31.75 31.75 31.75 
Water (washing) m3 96* 0.74 - 71.04 
Electricity (grinding) kW 32.40** 1.09 35.21 35.21 
Cost per ton    66.96 138.00 
Cost per calorific value 
Dirty (9,242 MJ/t) 
Wash (12,705 MJ/t) 

 
  

 
 

 
0.007*** 
- 

 
- 
0.011*** 

*Note : * Costs of the industrial tariff in water consumption (10 m3) of the Potable Water and Sewerage Commission of Quintana Roo; 

** Average costs of medium voltage electricity tariff (25 kW) from Mexico's Federal Electricity Commission (CFE); *** The quotient 

obtained between the calorific value and the price per ton. 

The cost of US$ 0.007 per MJ of dirty Sargassum fluitans is similar to the US$ 0.006 per MJ 
reported by Tauro et al. [60] with the use of sawdust pellets. The cost of US$ 0.011 per MJ of washed 
Sargassum fluitans is similar to the US$ 0.013 per MJ reported by Tauro et al. [60] in cane bagasse 
pellets. Park et al. [61] report a price of US$ 0.010 per MJ of LPG, which is very similar to the price per 
MJ of the washed Sargassum fluitans used in this research. BP [1] reports a price of US$ 57.16 per t of 
coal in North America, with dirty Sargassum being the closest to this price. The cost of Sargassum 
fluitans with only two wash times (Figure 2) could be reduced to US$ 84.80 per t. Costs in dollars 
were calculated at an exchange rate of MXN$ 20.00 per USD. 

4. Conclusions 

The washing mechanism had favorable effects on the bioenergetic characteristics of Sargassum 
fluitans. 
 Removing sand, salts, and residues reduce the ash content by 58%. Volatile matter increased 

by 47%. There was an increase in the percentage content of C, H, O, and N and a reduction in the 
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content of S and Cl. A decrease in the concentration of heavy metals was observed at levels below 
international standards. In addition, the decrease in the concentration of Ba and Mn. 

 The reduction of the impurity content allowed the calorific values to increase by 36.80% in the 
direct measurement by the calorimetric pump. The MPE and MAPE analysis in the indirect methods 
indicate a slight overestimation and lower proximity in washed Sargassum. Dulong's method 
showed the least overestimation and the greatest proximity. It is very important to standardize the 
washing process. Improving the screening process with the use of mechanized equipment could 
substantially improve the elemental and calorific value characteristics and reduce wash times. 

 The calorific value of Sargassum fluitans that reaches the shores of the Mexican Caribbean could 
be compared to other types of biomass used as fuels. It could be used as an input in combustion 
processes, being a potentially economical option in already proven systems such as sugar mills or 
cement kilns with co-processing of solid waste, especially given the emerging need to remove it 
from the coast and while developing methods and technologies of better application, efficiency, and 
profitability. 
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