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Introduction

Fossil fuels such as coal, oil, and natural gas are currently 
the primary sources of energy globally. Experts anticipate 
that fossil fuels will be depleted within the next 50 years. 
In addition, the increasing use of fossil fuels in the energy 
sector, and for industry and transportation, is negatively 
impacting the climate and the environment [1]. One major 
issue is the greenhouse effect that results from the emis-
sion of greenhouse gases, e.g., carbon dioxide and meth-
ane. More than 90% of the carbon dioxide emitted to the 
atmosphere is associated with the processing of fossil fuels. 
Moreover, the processing of coal and oil leads to significant 
emissions of nitrogen oxides and sulphur oxides. Accord-
ing to the Kyoto Protocol, fossil fuels should be replaced by 
other new energy sources, such as biomass, hydrogen, and 
renewable energy [1–3].

Biomass is an alternative source of renewable energy. 
Biomass is widely available worldwide, and it can easily 
be used to produce “green” energy. Biomass can be divided 
into plant biomass and animal biomass. Plant biomass is 
derived from microalgae, crops, seaweed, forests, and the 
materials remaining from agricultural and forestry pro-
cesses [4]. Forest biomass, agricultural residues, and energy 
crops are the major sources of renewable energy in Europe 
and the United States. The European policy assumes that 
increased biomass will be applied to energy production in 
the near future. Over the course of 17 years, from 1990 to 
2007, the global production of energy from biomass sig-
nificantly increased from 190 to 3238 MW. The European 
Union estimates that 56% of the global renewable energy 
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will originate from biomass by 2020. It is estimated that 
energy crops will constitute a major part of the bioenergy 
sources. Energy resources from energy crops will increase 
from 0.8–2.0 EJ/yr (2010) to 4.3–6.0 EJ/yr in 2030 and that 
from agricultural residues will increase from 0.8–3.9 EJ/yr 
(2010) to 0.6–5.0 EJ/yr in 2050. Energy resources from for-
est biomass have been estimated to be 0.8–10.6 EJ/yr [5, 6].

One of the most promising renewable sources of energy 
is algae biomass. Algae are photosynthetic plant organisms 
that can rapidly increase their community mass. The ener-
getic utilization of algae can be divided into three groups. 
Heterotrophic algae are able to take up organic molecules 
from their external environment and convert these mol-
ecules into proteins and fatty acids. Autotrophic algae are 
able to conduct photosynthesis to harness sunlight and fix 
the inorganic carbon from atmospheric  CO2. During photo-
synthesis, algae synthesize sugars through many biochemi-
cal transformations. Mixotrophic algae may simultaneously 
conduct photosynthesis and obtain organic molecules. Pho-
tosynthetic algae have the potential to utilize  CO2 emis-
sions and offer the potential for a carbon-neutral biofuel. 
Based on their morphology and size, algae can be divided 
into two groups: macroalgae and microalgae. Macroalgae 
are composed of multiple cells and can form structures 
such as roots, stems, and leaves. Macroalgae are frequently 
used in the food industry. Microalgae are microscopic, 
mainly unicellular, plant organisms characterized by their 
rapid growth rates, effective biofixation of carbon diox-
ide, and rich lipid contents. Depending on the species, the 
lipid content of the cells of microalgae can range from 10 
to 70%. It is assumed that microalgae can utilize 1.8 kg of 
carbon dioxide per 1 kg of dry biomass [7–10]. Algae bio-
mass can be used for many processes, such as combustion, 
gasification, pyrolysis, and digestion. Anaerobic digestion 
of algae biomass allows for the production of bioethanol 
and biogas [7, 11]. However, algae biomass is most com-
monly used for the production of biodiesel. Based on their 
high productivity and lipid content, microalgae are an alter-
native source of biomass for the production of biodiesel. 
There are several possibilities for obtaining biodiesel from 
algae, e.g., chemical/mechanical extraction or thermic con-
version of biomass. After isolation, the crude oil must then 
be subjected to transesterification and purification [12–14].

This type of biomass is recognized as an energy crop or 
feedstock for biorefineries, and according to studies, mac-
roalgae or seaweed can also be viewed as a waste problem 
when it is spontaneously deposited on shorelines, creat-
ing hygienic problems. Often, the proposed solution is to 
utilize this waste in thermal processing applications that 
include combustion, gasification, and pyrolysis. Many 
authors have focused on the kinetics and thermal character-
ization of microalgae and marine biomass, and as a result 
these aspects have been widely studied [15–20].

Pyrolysis is the thermal degradation of materials in 
the absence of oxygen. Pyrolysis is a promising thermic 
process for obtaining liquid products. In this process, the 
quantity and quality of the biochars, bio-oil, and gase-
ous products depend on the pyrolysis conditions, e.g., the 
pyrolysis temperature, gas flow rate, pressure, and heating 
rate, and the particle size of the material used in the pro-
cess [15, 21–24]. Algae biomass contains a large amount 
of lipids; therefore, pyrolysis can be used to extract bio-oil. 
Moreover, the resulting charcoal can be used as a sorbent, 
fertilizer, or fuel, and the gas can be used as a gaseous fuel. 
The aim of this work is to evaluate the fixed-bed pyrolysis 
of the marine microalgae Nannochloropsis gaditana under 
different temperature conditions. The resulting charcoal, 
liquid products, and gas have been analysed in detail. This 
paper also gives information regarding the degree of energy 
self-sufficiency of the biomass pyrolysis process depending 
on the biomass humidity content, directly informing the lit-
erature, which otherwise contains no available information 
concerning the direct pyrolysis of microalgae.

Materials and Methods

The microalgae N. gaditana was prepared by drying to 
2–5% humidity  (Wt

r). Next, the microalgae samples were 
placed in a steel retort and then pyrolysed under a nitrogen 
atmosphere. Nitrogen was pumped into the retort from the 
bottom at a flow rate of 50  cm3/h. Prior to pyrolysis, the 
sample was purged with nitrogen for 10–15 min, and then 
the sample was heated to the aforementioned temperature 
at a heating rate of 20  K/min. The pyrolysis process was 
conducted three times for each temperature of interest (400, 
500, 600 °C). After reaching the desired temperature, each 
sample was maintained under the experimental conditions 
for 30  min before cooling to room temperature. Figure  1 
presents a schematic of the laboratory-scale setup applied 
to the presented research. During the process, char, liquid, 
and gaseous samples were collected for further analysis. 
All processes were performed in triplicate to ensure that the 
reactions were repeatable and stable.

Pyrolysis was conducted as a batch process using a pro-
cessing furnace supplied by the IZO Company (Poland). 
The furnace was equipped with a stainless steel retort 
(0.24 m in height and 0.07 m in diameter). The tempera-
ture maximum of the furnace model was 1500 °C, and its 
settings could be controlled to within ±5 °C. The furnace 
was equipped with a thermocouple that extended into the 
retort, and both the furnace and the retort temperatures 
could be read continuously. To control the temperature, two 
type S thermocouples (PtRh10%-Pt) were used. The ther-
mocouples were maintained in the retort axis at the posi-
tions of approximately 1/3 and 2/3 of the retort height. 
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The required heating rate and nearly constant temperature 
conditions of pyrolysis were achieved using a temperature 
control system. The heating rate can, in general, be set at 
1–50 °C/min by varying the number of ramps, controlled 
directly by the control system. The sample size was gen-
erally between 100 and 200 g, but this value depended on 
the density of the material that was used for the pyrolysis. 
The retort was purged with  N2 at a rate of 50 cm3/h, which 
was controlled by mass flow controllers. The bio-oil was 
collected in a set of laboratory glass bottles (approximately 
100 mL) connected in series. All glass bottles were chilled 
to a temperature of approximately 0 °C in a cooling bath 
(ethylene glycol) using refrigerated circulators. The gase-
ous products were directly analysed using an extractive gas 
analyser (SICK. USA).

Analytical Procedures

Proximate Analysis

Volatile Matter Content Determination Using a Gravimet-
ric Method [26] The volatile matter content (VM) was 
determined by weighing an open crucible without air at 
850 ± 15 °C for 7 min. Then, the difference between the total 
weight loss and weight loss due to the evaporation of water 
was calculated.

Ash Content Determination [27] The ash content was 
determined by incinerating the samples in a muffle furnace, 

which consisted of heating the samples in air at a specific 
rate to a temperature of 815 ± 10 °C and maintaining this 
temperature until a constant weight was reached.

Ultimate Analysis

Determination of Carbon, Hydrogen, Nitrogen, and Sulphur 
Contents [28] The samples were subjected to an auto-
mated quantitative combustion process in an oxygen stream 
at 1150 °C and then transferred through a quartz bridge 
into a reduction tube in which the sulphur and nitrogen 
oxides were reduced to  SO2 and  N2 in the presence of cop-
per. The combustion gases at the reduction tube outlet were 
transferred into a dynamic separation system in which the 
absorption columns were desorbed thermally in sequence. 
These gases  (N2,  CO2,  H2O, and  SO2) were identified using 
a thermal conductivity detector (TCD). Low  SO2 concentra-
tions were analysed using an NDIR detector.

Determination of Oxygen Content [28] Direct quantitative 
analysis of the oxygen content was performed by pyrolys-
ing a sample under an  H2O-,  CO2-, and  O2-free reductive 
atmosphere (95%  N2 and 5%  H2) at 1120–1150 °C. The 
sample was placed in a pyrolysis tube filled with elemental 
carbon, and carbon dioxide was obtained as a result of the 
reaction between the oxygen in the sample and carbon from 
the filling (Boudouard equilibrium). The acidic pyrolysis 
products, such as  H2S, HCN, and HCl, were absorbed by 
granulated NaOH, and the produced water was absorbed by 

Fig. 1  Schematic of the 
laboratory setup for the thermal 
conversion of biomass and PP 
blends [25]
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a dehumidifier. The inert pyrolysis products  (N2 and  CH4) 
were directed into a measurement cell with carbon monox-
ide. Because the NDIR detector was sensitive only to CO, 
the other gases did not have to be separated. The elemen-
tary  Ct

a,  Ht
a,  Na,  St

a, and  Ot
a compositions were measured 

using a Vario MACRO Cube automatic elemental analyser. 
All values of measurement uncertainty for the carbon, oxy-
gen, nitrogen, hydrogen, and sulphur concentrations are pre-
sented in Table 1.

Higher Heating Values of Fuels The high heating values 
in our studies were calculated from the elemental composi-
tion using the Milne [29] approach according to Eq. (1):

Determination of  Properties of  the  Liquid and  Gaseous 
Fractions The properties of the gaseous fraction were 
analysed using a CO,  CO2,  H2, and  CH4 automatic gas ana-
lyser. GC analyses were performed with a Varian CP-3800 
gas chromatograph with FID and TCD detectors and a 
100% dimethylpolysiloxane (60 m, 0.25 mm i.d., 0.25 μm 
film thickness) capillary column. The chromatographic 
programme included: 45 °C for 2 min, then a programmed 
temperature ramp to 160 °C (heating rate 8 °C/min to 90 °C, 
then 20 °C/min to 160 °C). Helium was used as the carrier 
gas (1.0 mL/min). The calorific value of the gaseous fraction 
was calculated according to the calorific value of the partial 
gas components. In the case of liquid fraction analysis, the 
GC analyses were performed with a Trace Ultra Thermo 
Scientific gas chromatograph with FID and a Crossbond 
polyethylene glycol (60 m, 0.35 mm i.d., 0.5 μm film thick-
ness) capillary column. The chromatographic programme 
included: 50 °C for 5 min, then a programmed temperature 
ramp to 200 °C (heating rate 10 °C/min to 200 °C). Helium 
was also used as the carrier gas in this case (2.5 mL/min). 
The liquid products due to the sample’s heterogeneous char-
acter were dissolved in isopropanol in order to standardize 

(1)
HHV

Milne
= 0.341 ⋅ C + 1.322 ⋅ H − 0.12 ⋅ O − 0.12 ⋅ N

+ 0.0686 ⋅ S − 0.0153 ⋅ ash.

the samples. This chromatograph with Crossbond polyeth-
ylene glycol column allows the light organic compounds to 
be analysed.

Pyrolysis–gas chromatography–mass spectrometry 
(Py–GC–MS) was used to study the impact of temperature 
on the chemical component released under temperature. 
Py–GC–MS experiments were performed using a CDS 
5200 HPR (pyroprobe) coupled to a PerkinElmer Clarus 
680 GC–MS/FID in the following five temperature ranges: 

• to 200 °C,
• 200 –300 °C,
• 300–400 °C,
• 400–500 °C, and
• 500–600 °C.

Determination of  the  Trace Metals Trace elements in 
the N. gaditana biomass were analysed using an ICP-OES 
analyser. Inductively coupled plasma optical emission 
spectrometry is based on the study of atomic spectra. The 
inductively coupled plasma is used to produce excited atoms 
and ions that emit electromagnetic radiation at wavelengths 
characteristic of a particular element. The temperature in the 
electromagnetic field is in the range from 6000 to 10,000 K. 
The determination of the trace metals includes the follow-
ing steps: conducting solid and liquid samples into aqueous 
solutions, organic matter removal, and ICP-OES spectrome-
ter analysis. Emission spectrometric analysis is preceded by 
spectrometer calibration by measuring the radiation emis-
sion characteristic of the individual elements of the stand-
ard solutions and blanks. The sample solution is taken in 
for analysis using a peristaltic pump. The pump provides 
a constant flow of the sample into the sputtering chamber 
by a nebulizer. The aerosolised sample is injected into the 
canter of the plasma, at which point the atoms are excited. 
As a result of returning the excited atoms to their original 
state, radiation is emitted. The radiation beam is directed to 

Table 1  Feedstock 
characterization: elemental 
composition, ash content (wt%), 
and HHV (MJ/kg) calculated on 
a dry basis

a By difference

Biomass Nannochloropsis 
gaditana

Nannochloropsis 
gaditana [21]

Scenedesmus alm-
eriensis [21]

Measure-
ment uncer-
tainty

Ash (%) 31.4 12.4 16.8 0.2
Carbon content (%) 42.9 47.6 38.0 0.5
Nitrogen content (%) 6.7 6.9 5.5 0.15
Hydrogen content (%) 6.8 7.5 5.6 0.2
Sulphur content (%) 0.4 0.5 0.5 0.03
Oxygen  contenta (%) 11.6 25.1 30.4 0.1
HHVMILE (MJ) 21.5 23.1 16.8 –
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the spectrometer. The beam is split and directed to the CID 
detector.

Results and Discussion

The algae biomass used in this study is characterized by a 
relatively large ash content compared to other such (strains) 
biomass samples; however, its higher heating value was 
greater than 21  MJ. The N. gaditana microalgae sam-
ple used in the pyrolysis process, and all of the products 
obtained through this process, was subjected to basic analy-
ses, including 

• ash content (Ash),
• volatile matter content (VM),
• ultimate analysis  (Ca,  Ha

t,  Na,  Sa
t, and  Oa

t), and
• trace metals  (Asd,  Cdd,  Cod,  Crd,  Cud,  Mnd,  Mod,  Nid, 

 Pbd,  Sbd,  Vd,  Znd,  Hgd)

 according to the methods previously described here and 
the methods reported in [25].

The physical and chemical properties of the algae bio-
mass used in this study are presented in Tables  1 and 2. 
Table 3 presents the results of the proximate analysis of raw 
biomass and biochars obtained under different pyrolysis 
conditions.

The biomass samples were pyrolysed at three tempera-
tures (400, 500, and 600 °C) to determine the effects of 
temperature on the products. The efficiencies of the pro-
cesses were calculated according to Eq. (2) and are shown 
in Fig. 2:

where Wij is the pyrolysis process efficiency (i) for the jth 
fraction (solid, liquid, gas), Mj is the weight of the jth frac-
tion (solid, liquid, gas), and M is the weight of the mixed 
batch used in the process (pyrolysis).

The effects of increasing the temperature on the concen-
trations of liquid products in the pyrolysis test occurred at 
the expense of reducing the amount of gaseous products 
(Fig. 2). This is a highly desirable phenomenon with regard 
to the possibility of using algae biomass for the genera-
tion of liquid fuels via thermal conversion. For the marine 
biomass tested in this research, the yield of liquid prod-
uct obtained under 500 °C was approximately 17% higher 
(Fig.  1) than that obtained under 400 °C. Higher yields 
were also observed for the carbon concentration and heat 
of combustion of the liquid products, by 13.4 and 7.2%, 
respectively (Table 4). A similar dependence was observed 
in the fixed-bed pyrolysis of marine algae biomass. In the 
slow pyrolysis of Saccharina japonica, a greater number 
of liquid products were observed with increasing pyrolysis 
temperature [30]. After the fixed-bed pyrolysis of S. japon-
ica (470 °C), 37.9% of the liquid products were obtained 
[31]. The amount of liquid products obtained from the 
slow pyrolysis of S. japonica was similar to its pyrolysis 
at 500 °C in our study. In Table  3, the elemental analysis 
results and energy balance for each product in relation to 
the biomass processed via pyrolysis are presented. The 
heating value of the liquid products calculated for a temper-
ature of 500 °C gave a similar heating value of liquid prod-
ucts from the process of slow pyrolysis (450 °C) for two 
other species of microalgae, Scenedesmus and Spirulina. 
The heating value of the liquid products obtained from 
the pyrolysis of N. gaditana at 500 °C reached 31.8  MJ/
kg, whereas the pyrolysis of Scenedesmus and Spirulina 
at 450 °C gave the values of 36.7 and 35.2 MJ/kg, respec-
tively. The ratios of the pyrolytic products were similar for 
all three species of microalgae [32].

(2)Wij =

Mj

M
× 100%,

Table 2  Feedstock characterization: trace metals (ICP-OES) calcu-
lated on a dry basis

d  calculated on a dry basis

Symbol Unit Result Measure-
ment uncer-
tainty

Asd mg/kg 0.309 0.102
Cdd mg/kg <0.05 0.012
Cod mg/kg <0.06 0.019
Crd mg/kg 1.02 0.235
Cud mg/kg 9.99 1.00
Mnd mg/kg 116 10
Mod mg/kg 1.06 0.35
Nid mg/kg 0.407 0.08
Pbd mg/kg 1.46 0.26
Sbd mg/kg <0.500 0.140
Vd mg/kg 0.498 0.139
Znd mg/kg 58.8 8.2
Hgd ppm 0.014

Table 3  Results of proximate analysis of raw biomass and biochars 
(wt% as-received)

A ash, M moisture, Vm volatile matter, Fc fixed carbon
a Calculated by difference

Process con-
ditions (°C)

A (%) M (%) Vm (%) Fc
a (%)

Raw biomass 28.3 4.1 62.5 5.1
400 Biochar 65.6 2.8 6.2 25.4
500 68.5 2.3 4.5 24.7
600 68.6 2.5 3.2 25.7
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The increase of carbon content in the liquid products is 
associated with an intensification of the thermal degrada-
tion process of the solid fraction into easily condensable 
organic compounds (decreased quantities of gas). This pro-
cess qualitatively and quantitatively influences the charac-
teristics of the liquid products obtained during the thermal 
conversion of algae at 400 and 500 °C. These changes are 
presented as chromatograms in Fig. 3 and in tabular form 
in Table 5.

As can easily be observed (Fig.  3), the intensification 
of the thermal conversion process has a significant effect 
on the characteristics of the liquid products obtained from 
the investigated biomass. For the liquid products obtained 
at 400 °C, the qualitative and quantitative gas chromatog-
raphy analyses were able to determine the concentrations 
of six organic compounds, namely acetone, methanol, 

ethylbenzene, n-pentadecane, n-pentadecene, and furfu-
ryl alcohol. In comparison with the pyrolysis of seaweeds 
(Enteromorpha clathrata and Sargassum natans) [33], the 
typical compounds derived from the decomposition of 
lignins (e.g., phenol) or lipids (e.g., n-pentadecane, n-pen-
tadecene) were identified.

Increasing the pyrolysis temperature to 500 °C influ-
ences the composition of the liquid products, which made 
it possible to qualitatively and quantitatively determine the 
next 11 compounds. Table 5 presents the concentration of 
each of the analysed compounds and the differences in con-
centration between the liquid fractions obtained at 400 and 
500 °C. For methanol and n-pentadecene, the concentra-
tion in the liquid fraction obtained at 500 °C was lower than 
that obtained at the lower temperature. This result can be 
associated with the breakage of double bonds that occurred 

Fig. 2  Efficiencies of the 
pyrolysis processes

Table 4  Elements and energy balance of products obtained in the pyrolysis process (in wt% dry ash free)

Process condi-
tions (°C)

Carbon content Nitrogen 
content

Hydrogen 
content

Sulphur 
content

Oxygen content Total HHVMILE

Raw biomass 62.6 9.8 10.0 0.7 16.9 100.0 31.4
400 Biochar 28.1 3.9 1.3 0.7 1.9 35.8 10.8

Liquid 24.6 5.9 0.4 0.0 7.5 38.4 7.6
Gas 10.0 0.0 8.3 0.0 7.6 25.9 13.0
Total 62.7 9.8 10.0 0.7 16.9 100.1 31.4

500 Biochar 22.7 2.8 0.7 0.2 0.8 27.1 8.5
Liquid 33.0 7.0 0.4 0.5 12.1 52.9 9.8
Gas 6.9 0.0 9.0 0.0 4.1 20.0 13.0
Total 62.6 9.8 10.0 0.7 16.9 100.0 31.4

600 Biochar 22.8 2.4 0.5 0.2 0.2 26.2 8.5
Liquid 34.8 7.4 2.4 0.5 14.0 59.1 12.6
Gas 4.9 0.0 7.2 0.0 2.6 14.7 10.4
Total 62.6 9.8 10.0 0.7 16.9 100.0 31.4
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during the pyrolysis reaction, which confirmed the increase 
in its homologue n-pentadecane. In the remaining products, 
increases in the concentrations were observed (Table 6).

As mentioned previously, all products, including the 
gaseous products, were subjected to quantitative and quali-
tative analyses. In the present study, we used a gas analyser 
to determine the gas composition during the pyrolysis pro-
cess in real time (continuous process, online gas analysis). 
Figures 4 and 5 show the variations in the concentrations 
of hydrogen, methane, carbon monoxide, and carbon diox-
ide recorded online during the pyrolysis. After increasing 
the temperature from 400 to 500 °C, the concentration of 
methane in the process gas was changed from 6 to 28%, a 
threefold increase in the hydrogen concentration to approx-
imately 6%, and a slight increase in the other gas compo-
nents during the test. It was also noted that increasing the 
temperature to 500 °C caused the yield of the obtained 

gaseous products to decrease by 7% and, at the same time, 
the calorific value of process gas was increased by 0.7%.

In the subsequent studies, we increased the pyrolysis 
temperature by 100 °C, which resulted in a further increase 
in the volume of the liquid fraction to 37% (an increase 
of 6%). We also observed 9–10% bio-oil increases com-
pared to the heat of combustion for the fraction obtained 
at 500 °C, which was due to the increase of the carbon and 
hydrogen contents in the final product. Further analysis 
and comparison of the properties of the bio-oil obtained at 
600 °C to the bio-oil properties obtained at 500 °C clearly 
revealed that the increase in the heat of combustion was 
associated with an increase in the content of methanol in 
the liquid fraction (a fourfold increase). As can be observed 
in the chromatograms (Fig.  6), the quality of the liquid 
fraction in the present case did not significantly change. 
In addition to the increase in the methanol content, the 

Fig. 3  Identified VOCs, alkanes, and alkenes in the liquid products 
(under a 400 °C and b 500 °C) using a gas chromatograph. A acetone, 
B methanol, C ethylbenzene, D dodecane, E styrene, F n-tetradecane, 

G n-tetradecene, H n-pentadecane, E n-pentadecene, I furfuryl alco-
hol, J n-heptadecane, K n-heptadecene, L octadecane, M hydroxyace-
tophenone, N phenol, O ethylphenol, P 4-methylphenol
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quantitative analysis revealed a slight decrease in the con-
tents of the other analysed organic compounds (Table  6). 
In the studied case, phenol (0.97 mg/g) and methyl phenol 
(1.17 mg/g) are likely derived from the lipid fraction [34].

Upon comparing the results for the gaseous prod-
ucts obtained at 500 and 600 °C, a further increase in the 

component concentrations in the product (process gases) 
was noted (Fig. 7):

• 24% for methane,
• 4–6% for carbon dioxide,
• 8% for hydrogen, and
• 4% for carbon monoxide.

Table 5  Concentrations 
of alkanes and alkenes in 
the liquid products (and 
differences between them) at 
400 and 500 °C obtained via gas 
chromatography

a Milligram per gram of liquid products

Id identified chemical compound Pyrolysis 400 °C—
concentration (mg/g)a

Pyrolysis 500 °C—
concentration (mg/g)a

Differences

A Acetone 0.37 0.48 0.11
B Methanol 1.07 0.52 −0.55
C Ethylbenzene 0.60 0.77 0.17
D n-Pentadecane 0.15 1.06 0.91
E n-Pentadecene 0.28 0.20 −0.08
F Furfuryl alcohol 0.22 0.70 0.48
G n-Dodecane – 0.21 0.21
H Styrene – 0.32 0.32
I n-Tetradecane – 0.28 0.28
J n-Tetradecene – 0.22 0.22
K n-Heptadecane – 0.31 0.31
L n-Heptadecene – 0.30 0.3
M Octadecene – 0.38 0.38
N Hydroxyacetophenone – 0.71 0.71
O Phenol – 0.97 0.97
P Ethylphenol – 0.70 0.7
R 4-Methylphenol – 1.17 1.17

Table 6  Concentrations 
of alkanes and alkenes in 
the liquid products (and 
differences between them) at 
500 and 600 °C obtained via gas 
chromatography

a Milligram per gram of liquid products

Id identified chemical compound Pyrolysis 500 °C—
concentration (mg/g)a

Pyrolysis 600 °C—
concentration (mg/g)a

Differences

A Acetone 0.48 0.43 −0.05
B Methanol 0.52 2.13 1.61
C Ethylbenzene 0.77 0.85 0.08
D n-Pentadecane 1.06 1.09 0.03
E n-Pentadecene 0.20 0.17 −0.03
F Furfuryl alcohol 0.70 0.82 0.12
G n-Dodecane 0.21 0.17 −0.04
H Styrene 0.32 0.41 0.09
I n-Tetradecane 0.28 0.21 −0.07
J n-Tetradecene 0.22 0.20 −0.02
K n-Heptadecane 0.31 0.26 −0.05
L n-Heptadecene 0.30 0.21 −0.09
M Octadecene 0.38 0.26 −0.12
N Hydroxyacetophenone 0.71 0.59 −0.12
O Phenol 0.97 0.86 −0.11
P Ethylphenol 0.70 0.71 0.01
R 4-Methylphenol 1.17 0.98 −0.19
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As in the previous case, the temperature increase resulted 
in a 6% reduction in the yield of gaseous products, which 
reduced the amount of energy by almost 10%. In the slow 
pyrolysis of Nannochloropsis at 500 and 600 °C, a signifi-
cant quantity of methane, from 2 to 5% of the total weight 
of the feedstock, was observed. Compared to the slow 
pyrolysis at 500 °C of other species of microalgae [35], the 
amount of methane ranged from 1 to 2% of the total weight 
of the feedstock. The recovered heating value of com-
bustible gases from the slow pyrolysis of microalgae was 
comparable to that of other forms of biomass such as grass 
(10.0 MJ/kg), wood (16.7 MJ/kg), or rice husk (7.4 MJ/kg).

The results obtained under the slow pyrolysis of Nan-
nochloropsis were compared with the results from the 
analytical pyrolysis. In the first pyrolysis step, at 200 °C 
(Fig. 8), the following compounds evolve: trimethylamine 
(1.54  min), acetone (1.59  min), isoxazole (2.89  min), 
2-methylpiperidine (3.27  min), n,n-dimethylaminoetha-
nol (3.63  min), 2-furanmethanol (10.91  min), butanoic 
acid, and 4-hydroxy (15.35  min) reported by other scien-
tific research [36], hexadecane (39.56  min), phytol, ace-
tate (51.58  min), nonadecane (52.55  min), 1-nonadecene 
(52.76  min), tetradecanoic acid (55.53  min), eicosane 
(56.51  min), 1-eicosene (56.72  min), and palmitic acid, 

methyl ester (56.70  min). Most of these compounds are 
separated from the studied biomass sample at 200 °C, 
which is why they are not visible after further increas-
ing the temperature from 200 to 300 °C. In this tempera-
ture range, a small amount of phytol acetate (51.58 min) is 
observed.

The temperature increase from 300 to 400 °C resulted 
in a further thermal decomposition of the studied mate-
rial, whereby the following set of organic compounds is 
released: toluene (3.69  min), resorcinol (16.85  min) [37], 
2,3,5-trimethylpyrrole (17.97  min), and 2-ethyl-4-methyl-
1H (18.46  min) as reported by other scientific research 
[38, 39], phenol (21.21 min), m-cresol (25.78 min), indole 
(37.06  min), β-methylindole (40.65  min), tetradecanoic 
acid (55.53 min), hexadecanenitrile (59.18 min), and other 
fatty acids (66.78  min). These chemical components are 
observed also in the temperature range between 400 and 
500 °C but at lower concentrations. In the studied micro-
algae bio-oil, nitriles such as hexadecanenitrile, which are 
derived from fatty oxygenates, were analysed. In addition, 
protein-derived compounds such as indole were observed 
and may be produced from the decomposition of trypto-
phan amino acids [40].

The final temperature range of 500–600 °C resulted in 
a further thermal decomposition of the studied material, 
which released the following organic compounds: dode-
cane (19.21  min), 1-dodecene (19.31  min), 1-tridecene 
(24.71  min), 2-hexyl-1-octene (24.79  min), benzyl nitrile 
(26.11 min), hexadecane (39.56 min), cetene (39.73 min), 
octadecane (41.64  min), heptadecane (44.13  min), hepta-
decene (44.27  min), phytol acetate (51.58  min), nonade-
cane (52.55  min), 1-nonadecene (52.76  min), tetradeca-
noic acid (55.53  min), eicosane (56.51  min), 1-eicosene 
(56.72 min), palmitic acid, methyl ester (56.70 min), olean-
itrile (58.78 min), hexadecanenitrile (59.18 min), and hene-
icosane (60.36 min).

All results from the Py–GC–MS analysis of Nannochlo-
ropsis treated with rapid pyrolysis between 200 and 600 °C 
are presented in Table  7. The main groups of aromatic 
hydrocarbons, heterocyclics, phenols, amines, amides, 
indoles, alkanes, and nitriles were found in the bio-oil. The 
length of the carbon chain in the bio-oil was in the range of 
C3–C22, and the boiling point of the oil fell in the range of 
56 °C for acetone to 356 °C for heneicosane. Thus, the bio-
oil property is between that of the oil from kerosene, diesel, 
and light gas oil [41]. Bio-oils (not only from microalgae 
pyrolysis but generally from the pyrolysis of biomass) are 
a complex mixture, highly oxygenated with a great amount 
of large-size molecules, which nearly involve all species 
of oxygenated organics, such as esters, ethers, aldehydes, 
ketones, phenols, carboxylic acids, and alcohols [42].

A comparison of the typical properties of fossil oils 
and bio-oils based on the slow and fast pyrolysis of wood 

Fig. 4  Pyrolysis at 400 °C—composition of the process gases

Fig. 5  Pyrolysis at 500 °C—composition of the process gases
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biomass and microalgae is shown in Table 8. The pyroly-
sis of biomass bio-oils usually yields higher oxygen con-
centrations than that of fossil oil. This causes bio-oils to 
be more reactive than and not as stable as fossil fuels, and 

their characteristics change rapidly during condensation 
and under storage conditions [43]. To utilize bio-oils as a 
fuel for chemical feedstock sources, some improvements 
to their stability and high heating value are required. How-
ever, as shown in Table 8, the pyrolysis oil obtained from 
microalgae N. gaditana has a lower oxygen concentration 
(on average by 10%) than the oil obtained during wood bio-
mass pyrolysis. As a result, this oil will be more stable than 
bio-oil from wood biomass. Oils from microalgae pyrolysis 
have higher HHV values than wood bio-oil obtained from 
fast pyrolysis [45] but is lower than wood bio-oil from slow 
pyrolysis [44]. The HHV of bio-oil from the studied micro-
algae was between 18.2 and 21.5  MJ/kg, depending on 
which temperature condition was utilized. In conclusion, 
the physical and chemical properties of microalgae bio-oil 
make it more suitable for fuel oil use than pyrolysis oils 
from lignocellulosic biomass feedstocks.

Fig. 6  Identified VOCs, alkanes, and alkenes in the liquid products 
(under a 500 °C and b 600 °C) using a gas chromatograph. A acetone, 
B methanol, C ethylbenzene, D dodecane, E styrene, F n-tetradecane, 

G n-tetradecene, H n-pentadecane, E n-pentadecene, I furfuryl alco-
hol, J n-heptadecane, K n-heptadecene, L octadecane, M hydroxyace-
tophenone, N phenol, O ethylphenol, P 4-methylphenol

Fig. 7  Pyrolysis at 600 °C—composition of the process gases
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Degree of Coverage Heat Demand for the Pyrolysis 
Process of Microalgae Biomass

To estimate the heat demand for the pyrolysis process, the 
following assumptions and conditions were used: 

• the process was conducted in a steel retort in batch 
mode, and the capacity of the retort was 100 g;

• the moisture content in the biomass intended for pyroly-
sis was established at five levels from 5 to 60%;

• the final temperature of the process was established at 
three levels, namely 400, 500, and 600 °C;

• the number of liquid and gaseous products depended on 
the pyrolysis conditions (the results of the experiments);

• the liquid products had a water content of 4%;
• the calorific values of the liquid and gaseous products 

depended on the pyrolysis temperature conditions (the 
results of the experiments);

• the calculations did not include the exothermic and 
endothermic heats of reaction occurring during the 
pyrolysis of the fuel, and it was assumed that their net 
energy effect was close to zero;

• the heat required to supply the reactor and to account for 
heat loss during the process, which was 15% of the heat 
required to perform pyrolysis;

• the calculations did not include the heat required to 
partially dry the biomass to a desired moisture content 

because it was assumed that the waste heat from the 
exhaust gases could be used for this purpose.

Analysis of the heat demand of the pyrolysis process allows 
the degree of energy self-sufficiency of this process to be 
estimated, which may be expressed by Eq. (3, 4) [44]:

where Qself-suffic. is the degree of energy self-sufficiency of 
the thermal conversion process (%), Qw

products is the heat 
energy from the burning products (e.g., gaseous products) 
(MJ/t), and Qpyrol. process is the heat energy demand of the 
pyrolysis process (MJ/t).

where cb is the heat capacity of the biomass (kJ/kg K), wb 
is the mass fraction of the biomass (%), T is the tempera-
ture of the thermal conversion process (°C), ΔHvap is the 
enthalpy of water vaporization (kJ/kg), Wa is the moisture 
content (%), and Qloss is the heat loss from the thermal con-
version process (kJ/kg).

During the pyrolysis of marine biomass, the efficiency 
is correlated with the degree of energy self-sufficiency and 

(3)Qself - suffic. =

QW
products

Qpyrol.process

× 100,

(4)Qpyrol.process =

cb ⋅ wb ⋅ T + ΔHvap ⋅W
a

1000
+ Qloss,

Fig. 8  Pyrogram results from Nannochloropsis pyrolysis in the temperature range between 200 and 600 °C



2232 Waste Biomass Valor (2018) 9:2221–2235

1 3

Table 7  Chemical components 
obtained from Py–GC–MS 
analysis in the five temperature 
ranges

Name Range of pyrolysis temperature RT Formula MW

200 200–300 300–400 400–500 500–600

Trimethylamine + − − − − 1.54 C3H9N 59.07
Acetone + − − − − 1.59 C3H6O 58.04
Propylethylene − − + + + 1.63 C5H10 70.08
α-Methylbutanal − − + + + 1.77 C5H10O 86.07
α-Methylfuran − + + + + 1.99 C5H6O 82.04
Benzene − + + + + 2.39 C6H6 78.05
2,5-Dimethylfuran − − + + + 2.68 C6H8O 96.06
Isoxazole + − − − − 2.89 C3H3NO 69.02
2-Methylpiperidine + − − − − 3.27 C6H13N 99.10
N,N-dimethylaminoethanol + − − − − 3.63 C4H11NO 89.08
Toluene − + + + + 3.69 C7H8 92.06
Pyridine − + − − − 4.28 C5H5N 79.04
Propionic acid − − + − − 5.44 C3H6O2 74.04
α-Methylpyridine − − + − − 5.66 C6H7N 93.06
Ethylbenzene − + + + + 5.87 C8H10 106.08
Pyrrole − + + + + 6.25 C4H5N 67.04
Styrene − + + + + 7.44 C8H8 104.06
Cyclohexanol − − + − − 7.97 C6H12O 100.09
Cyclopenten-3-one − − + + + 7.97 C5H6O 82.04
Isoamyl cyanide − + − − − 8.34 C6H11N 97.09
n-Propylbenzene − − − + + 9.22 C9H12 120.09
α-Methylpyrrole − − + + + 9.64 C5H7N 81.06
2-Furanmethanol + + − − − 10.91 C5H6O2 98.04
Acetylfuran − + − − − 11.34 C6H6O2 110.04
Pyrimidine − − + + + 13.88 C4H4N2 80.04
2-Formyl-5-methylfuran − − + − − 14.45 C6H6O2 110.04
Butanoic acid. 4-hydroxy- + − − − − 15.35 C4H8O3 104.05
Resorcinol − − + − − 16.85 C6H6O2 110.04
2,3,5-Trimethylpyrrole − − − + + 17.97 C7H11N 109.09
2-Ethyl-4-methyl-1H-pyrrole − − + + + 18.46 C7H11N 109.09
Dodecane − − + − + 19.21 C12H26 170.20
1-Dodecene − − + − + 19.31 C12H24 168.19
Phenol − + + + + 21.21 C6H6O 94.04
o-Cresol − + + + + 23.66 C7H8O 108.06
Tridecane − − − + + 24.59 C13H28 184.22
1-Tridecene − − − − + 24.71 C13H26 182.20
2-Hexyl-1-octene − − − − + 24.79 C14H28 196.22
p-Cresol − − − + + 25.78 C7H8O 108.06
Benzyl nitrile − − − − + 26.11 C8H7N 117.06
Tetradecane − − − + + 29.82 C14H30 198.23
α-Tetradecene − − − + + 29.95 C14H28 196.22
p-Ethylphenol − − − + + 30.63 C8H10O 122.07
Dianhydromannitol − + + + − 30.86 C6H10O4 146.06
Benzenepropanenitrile − − + − − 32.16 C9H9N 131.07
Pentadecane − − + + + 34.86 C15H32 212.25
1-Pentadecene − − + + + 34.98 C15H30 210.23
Indole − + + + + 37.06 C8H7N 117.06
Hexadecane + − − − + 39.56 C16H34 226.27
Cetene − − − − + 39.73 C16H32 224.25
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based on the pyrolysis conditions. The demand for heat and 
electricity may be minimized. Due to a wide range of bio-
mass moisture content (particularly marine biomass, the 
moisture content of which can be greater than 70%) in the 
energy balance calculation, we assumed that the process 
was conducted in the temperature range from 400 to 600 °C 
with variable humidity in the range from 5 to 60%. Under 
these conditions, dried algae biomass with a moisture con-
tent of 5% can maximize the yield of the solid and liquid 
fractions (under 500 and 600 °C) and can achieve a degree 
of energy self-sufficiency greater than 100% during pyroly-
sis using its gaseous products as a fuel to provide energy to 
the system (Fig. 9).

As shown in Fig.  9, the most unfavourable conditions 
for conducting an autothermal pyrolysis process are when 
the humidity of marine biomass exceeds 60%. In this case, 
the degree of energy self-sufficiency of the process was 

<50%. This effect can be minimized or even excluded for 
the tested biomass by utilizing not only the process gas for 
energy harvesting but also a portion of the char. Accord-
ing to our calculations, the amount sufficient for this case 
to achieve autothermal reaction of the assumed parameters 
is 35%.

Conclusion

In the presented paper, the mass and energy balance and 
analysis of the pyrolysis products of N. gaditana marine 
biomass under different pyrolysis conditions were carried 
out. Both the mass/energy balance and characteristics of 
the pyrolysis products depend on temperature. At higher 
pyrolysis temperatures, more liquid and less gaseous prod-
ucts were observed. The liquid products from pyrolysis at 

Table 7  (continued) Name Range of pyrolysis temperature RT Formula MW

200 200–300 300–400 400–500 500–600

β-Methylindole − + + + + 40.65 C9H9N 131.07
Octadecane − − + − + 41.64 C18H38 254.30
Heptadecane − − − − + 44.13 C17H36 240.28
Heptadecene − − − − + 44.27 C17H34 238.27
Phytol acetate + + − − − 51.58 C22H42O2 338.32
Nonadecane − − − − + 52.55 C19H40 268.31
1-Nonadecene − − − − + 52.76 C19H38 266.30
Tetradecanoic acid + − + + − 55.53 C14H28O2 228.21
Eicosane − − − − + 56.51 C20H42 282.33
1-Eicosene − − − − + 56.72 C20H40 280.31
Palmitic acid. methyl ester + − − − − 56.70 C17H34O2 270.26
Oleanitrile − − + + + 58.78 C18H33N 263.26
Hexadecanenitrile − − − + + 59.18 C16H31N 237.25
Heneicosane − − − − + 60.36 C21H44 296.34
n-Hexadecanoic acid − + − − − 79.92 C16H32O2 256.24

Table 8  Comparison of typical properties of fossil oil and bio-oils from slow and fast pyrolysis of wood biomass and microalgae

n.d. not determined

Properties Units Typical value

Slow pyrolysis Fast pyrolysis Fossil oil

Microalgae
400 °C

Microalgae
500 °C

Microalgae
600 °C

Pine wood [44] Alder wood [44] Wood [45] Microalgae [45]

C (%) 64.1 62.4 58.9 57.7 56.5 56.4 61.5 83.0–87.0
N 15.4 13.1 12.5 0.1 0.4 0.1 9.8 0.01–0.7
H 1.0 0.8 4.1 7.1 10.1 6.2 8.5 10.0–14.0
S 0.0 0.9 0.8 0.1 0.1 n.d. n.d. 0.05–5.0
O 19.5 22.8 23.7 35.0 32.9 37.3 20.2 0.05–1.5
HHV (MJ/kg) 19.6 18.2 21.5 24.8 28.8 21.0 29.0 42.0
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500 °C contained the most alkenes and alkanes. The pres-
ence of hydrocarbons in the liquid product is indicative of 
the potential to use the bio-oil from N. gaditana pyrolysis 
for the production of biofuels and biocomponents. In the 
liquid products, several products of cellulose degradation 
(hydroxyacetone) or lignin degradation (phenols) were 
also identified. The ash content was determined from the 
biochar and was equal to approximately 68%. The ash-rich 
biochar can be used as a fertilizer or biocomponent. The 
use of this ash as a fertilizer would be possible due to the 
low content of heavy metals in the tested algae biomass. In 
optimal pyrolysis conditions (600 °C), gaseous products are 
rich in methane (greater than 50%). After purification, this 
gas can be used as a fuel or further processed for the pro-
duction of methanol or hydrogen. An important factor con-
tributing to the pyrolysis process is the degree of humidity 
of the feedstock. The higher moisture content of the mate-
rial used in the pyrolysis process increases the amount of 
energy needed to carry out the process. The biomass of the 
marine species N. gaditana may have the potential for use 
in pyrolysis processes either to obtain methane-rich gases, 
for yielding a bio-oil that contains hydrocarbons, or for bio-
char which may be used in the fertilizer industry.
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