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a b s t r a c t

In this study, an energy, exergy, and environmental (3E) analyses of a plasma-assisted hydrogen pro-
duction process from microalgae is investigated. Four different microalgal biomass fuels, namely, raw
microalgae (RM) and three torrefied microalgal fuels (TM200, TM250, and TM300), are used as the
feedstock for steam plasma gasification to generate syngas and hydrogen. The effects of steam-to-
biomass (S/B) ratio on the syngas and hydrogen yields, and energy and exergy efficiencies of plasma
gasification (hEn;PG, hEx;PG) and hydrogen production (hEn;H2

, hEx;H2
) are taken into account. Results show

that the optimal S/B ratios of RM, TM200, TM250, and TM300 are 0.354, 0.443, 0.593, and 0.760
respectively, occurring at the carbon boundary points (CBPs), where the maximum values of hEn;PG, hEx;PG,
hEn;H2

, and hEx;H2
are also achieved. At CBPs, torrefied microalgae as feedstock lower the hEn;PG , hEx;PG,

hEn;H2
, and hEx;H2

because of their improved calorific value after undergoing torrefaction, and the
increased plasma energy demand compared to the RM. However, beyond CBPs the torrefied feedstock
displays better performance. A comparative life cycle analysis indicates that TM300 exhibits the highest
greenhouse gases (GHG) emissions and the lowest net energy ratio (NER), due to the indirect emissions
associated with electricity consumption.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The demand for clean energy from renewable and sustainable
resources has been receiving much attention worldwide over the
past decades, owing to the various environmental issues induced
by the usage of fossil-based resources. Producing clean hydrogen
from renewable resources is nowadays considered as one of the
most important green energy technologies, due to its high energy
content and potential applications in power, energy, chemical, and
transportation sectors [1e3]. Converting biomass into hydrogen
has thus been regarded as an alternative pathway to the fossil fuels
such as natural gas and coal, as it promotes sustainable develop-
ment. In this aspect, several hydrogen production technologies
including thermochemical and biological conversions of
tudelft.nl (P.-C. Kuo).

r Ltd. This is an open access articl
lignocellulosic or algal biomass materials have actively been
developed in the recent years [4e6]. Amongst all the known
methods, biomass gasification is currently being used extensively
to produce high purity hydrogen. This route generally involves the
following major steps [3,7e9]: (1) hydrogen-rich syngas produc-
tion through a biomass steam gasification (BSG); (2) high- and low-
temperature water gas shift (WGS) reaction; and, finally, (3)
hydrogen separation and purification as well as CO2 capture by
using a pressure swing adsorption (PSA) process.

However, one of the unfavorable issues raised during the
biomass gasification is tar formation, a complex mixture of organic
compounds which causes operational problems like blockage and
corrosion in the process equipment or carbon deposition on the
catalyst [10]. Compared to the conventional biomass gasification,
plasma gasification is particularly advantageous to intensify tar
cracking reaction with the high temperature plasma, thereby
contributing to complete tar destruction, especially the heavy tar
compounds [11,12]. Moreover, plasma-assisted biomass gasification
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Process flowsheet of a plasma-assisted hydrogen production plant from
microalgae.
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is beneficial to increase the reaction kinetics and gas productivity
[13]. To explore the performance of plasma gasification of biomass,
Hlina et al. [11] experimentally carried out the plasma gasification
of wood sawdust (spruce) and wood pellets, and generated high-
quality syngas with negligible tar content. Diaz et al. [14], based
on the plasma gasification experiments of several types of biomass
with steam, reported that the hydrogen concertation in product
gas, and the plasma gasification efficiency (PGE) ranged from 52.4%
vol. To 77.0% vol. And 24%e51%, respectively. Favas et al. [15]
modeled the plasma gasification of forest residues, coffee husk, and
vines pruning using a mixture of air and steam as gasifying agent in
Aspen Plus. It was concluded that the amount of steam injected to
the plasma gasifier had a profound effect on the hydrogen con-
centration in syngas. From all the above cited literature, it is evident
that plasma-assisted gasification is a promising technology to
enhance the syngas quality.

The utilization of algal biomass as an alternative feedstock to
lignocellulosic biomass for syngas production through gasification
has gained increasing interest primarily owing to its high produc-
tivity and photosynthetic efficiency, thereby having a great po-
tential to reduce greenhouse gas (GHG) emissions via CO2

biosequestration [4,16e18]. Many researchers have focused on both
experimental and modelling studies of microalgae gasification. For
example, L�opez-Gonz�alez et al. [19] evaluated the performance of
steam gasification at three different temperatures (850, 900, and
950 �C) from three species of microalgae (Chlorella vulgaris, Sce-
nedesmus almeriensis, and Nannochloropsis gaditana) by using a
thermogravimetric-mass spectrometric (TGA-MC) analysis. It was
revealed that the mineral content in the microalgae deeply affected
the gasification reactivity, and Nannochloropsis gaditanamicroalgae
took the longest time to attain a char conversion of 100%. Duman
et al. [20] investigated the catalytic steam gasification characteris-
tics of three algal biomass materials (Fucus serratus, Laminaria
digitate, and Nannochloropsis oculate) for hydrogen production in a
two-stage fixed bed reactor. The Fucus serratus sample had the
highest hydrogen yield with a tar conversion of 100%, whereas the
tar conversion of Nannochloropsis oculate sample did not exceed
70% because of the high content of Na2CO3 in themicroalgae. Adnan
et al. [16] did a thermodynamic modelling to study the gasification
performance of microalgae (Spirulina) with a mixture of steam and
oxygen, and observed that the highest overall system efficiency was
52% at a steam-to-carbon (S/C) molar ratio of 1.0. Subsequently,
Adnan et al. [17] also designed a microalgae (Porphyra) gasification
system for the co-production of H2-rich syngas and electricity. They
outlined that higher moisture content in the microalgae had a
negative impact on both overall system energy and exergy
efficiencies.

In contrast to the widespread use of algal biomass to produce
sustainable biofuels, torrefied algal biomass has also received a
good deal of attention recently. This is ascribed to its multiple
merits like higher carbon content and energy density, lower oxygen
and moisture content (hydrophobicity), and greater grindability,
compared to the raw microalgae [21e24]. The improvements of
physical and chemical properties via torrefaction make algal
biomass more appropriate and efficient to be applied for the multi-
energy conversion systems. Yang et al. [25] examined the co-
gasification of microalgal (Spirulina platensis) torrefied pellet and
woody biomass (Eucalyptus globulus) torrefied pellet in a bubbling
fluidized bed gasifier under the air environment. The maximum
lower heating value (LHV) of the product gas was obtained with a
blend of 30% microalgal torrefied pellet and 70% woody biomass
torrefied pellet. Guo et al. [26] investigated the gasification char-
acteristics of raw and torrefied macroalgae in a fixed reactor. It was
highlighted that the latter one displayed the improved char reac-
tivity at a gasification temperature of 1000 �C on account of the
2

increased Na content and the decreased uniformity of the carbo-
naceous structure in the torrefied macroalgal char.

Based on the aforementioned review of relevant literature it is
evident that a combination of torrefaction and gasification of algal
biomass is a prospective approach to upgrade the quality of syngas.
However, at present, there are no works that assessed the renew-
able hydrogen production from raw and torrefied microalgae using
plasma gasification technology. Furthermore, to the best knowl-
edge of the authors, the potential end-use applications of
microalgae-derived syngas from plasma gasification and the envi-
ronmental analysis of plasma-assisted microalgae-to-renewable
hydrogen have also not yet been explored. As a result, the objec-
tives of this work are: (1) to examine the performance of steam
plasma gasification of four various microalgal biomass fuels. The
optimal operating conditions for each microalgal fuel are outlined
in terms of energy and exergy efficiencies. (see Sections 4.1 and
4.2); (2) the potential end-use applications of microalgae-derived
syngas is explored in detail (see Section 4.3); and (3) the energy,
exergy, and environmental (3E) analyses of an overall microalgae-
based hydrogen production plant is evaluated to give comprehen-
sive insights to the development of plasma-assisted microalgae-to-
energy technologies (see Sections 4.4 and 4.5).
2. System modelling

A plasma-assisted hydrogen plant frommicroalgae is developed
in Aspen Plus V 8.8 simulator as shown in Fig. 1. The entire
hydrogen plant is divided into two subsystems: (1) a steam plasma
gasification system and a hydrogen production unit, and (2) a
separation and purification system. These are described compre-
hensively in the following sections, and the detailed operating
conditions of the key units are tabulated in Table 1. The selected
thermodynamic property model is Peng-Robinson Boston Mathias
(PR-BM) equation of state [2,27]. Four kinds of microalgal biomass
materials are used as the feedstock to produce hydrogen, and these
are raw microalgae (RM) (spirulina platensis), torrefied microalgae
at 200 �C (TM200), 250 �C (TM250), and 300 �C (TM300) with a
residence time of 30 min. The proximate and elemental analysis of
the four microalgal biomass are presented in Table 2 [22]. It can be
seen that with increasing torrefaction severity, the extent of
improvement in physical and chemical characteristics of micro-
algae becomes better. That is, the higher the torrefaction temper-
ature, the lower the oxygen to carbon (O/C) and hydrogen to carbon
(H/C) molar ratios in the microalgal biomass, thereby leading to a
greater higher heating value (HHV). According to their properties,



Table 1
Operating parameters used in the simulation.

Sub-systems Parameters Value Reference

Plasma gasifier Biomass inlet flow rate 100 kg h-1 [49]
S/B ratio 0.25e2 [15]
Plasma gasifier temperature 2500 �C [28]
Plasma torch temperature 4000 �C [28]
Plasma torch efficiency 0.9 [29]
Electrical efficiency of coal power plant 0.39 [33]

Water gas shift (WGS) reactor High temperature reactor 400 �C [32]
Low temperature reactor 200 �C [32]

Pressure swing adsorption (PSA) Temperature 35 �C [7]
Pressure 30 atm [7]

PSA-1 H2 recovery (top stream) 95% [7]
PSA-2 H2 recovery (top stream) 95% [7]
PSA-3 H2 and CO2 recovery (bottom stream) 0.5%/90% [7]
CO2 sequestration and storage Temperature 30 �C [8]

Pressure 110 bar [8]

Table 2
Proximate and elemental analysis of microalgal biomass used in the simulation [22].

Feedstocks Raw microalgae (RM) Torrefied microalgae at 200 �C (TM200) Torrefied microalgae at 250 �C (TM250) Torrefied microalgae at 300 �C (TM300)

Proximate analysis (wt% dry basis)
Volatile matter 70.08 70.02 61.43 50.10
Fixed carbon 21.02 20.48 27.41 36.41
Ash 8.90 9.50 11.16 13.49
Elemental analysis (wt%, dry basis)
C 45.69 47.95 53.07 58.46
H 7.71 6.74 6.40 6.30
N 11.26 11.04 11.89 11.82
O 25.69 23.82 16.83 9.47
S 0.75 0.95 0.65 0.46
HHV (MJ kg�1) 20.46 21.9 21.77 25.92
LHV (MJ kg�1) 18.58 20.39 20.32 24.51
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four microalgal biomass fuels are set up in Aspen Plus as noncon-
ventional components and the HCOALGEN and DCOALIGT models
are selected to calculate their enthalpy and density [15,27].
2.1. Steam plasma gasification process

The process flowsheet of a steam plasma gasification system is
shown in Fig. 1 (top part in pink background), where various unit
operation blocks are connected in series to model the complex
gasification phenomena in the plasma gasifier. An RYield reactor
(B1) is used to model devolatilization of microalgae in the plasma
gasifier inwhich the nonconventional microalgal biomass fuels (S2)
are converted into conventional constituents (S3), i.e. H2, O2, N2, S,
solid carbon, and ash. The yields of each component are calculated
in accordance with proximate and elemental analysis of various
microalgal biomass fuels by performing FORTRAN codes (Table 2).
After devolatilization, the conventional components are sent to a
separator (B2) which simulates the evaporation of moisture con-
tained in the microalgal biomass. A Sep block, which is a compo-
nent separation operation by specifying the splits of each
component, is used to model the evaporation of moisture in Aspen
Plus simulation. The outlet stream of the separator is then fed to a
high temperature RGibbs reactor (B3) which is operated at 2500 �C
to model the major gasification reactions according to the chemical
and phase equilibrium calculations by minimizing the Gibbs free
energy [15,28]. On the other hand, a heater (H3) is used to simulate
a DC non-transferred plasma torch to heat a plasma gas (steam)
(S6) from 25 to 4000 �C (S7) [28,29]. The key gasification reactions
occurring in the plasma gasifier are given below [12,27]:

Water gas reaction
3

CþH2O/COþ H2; DH0 ¼ 131:4 kJ mol�1 (R1)

Water gas shift reaction

COþH2O4CO2 þ H2; DH0 ¼ �42 kJ mol�1 (R2)

Boudouard reaction

CþCO2/2 CO; DH0 ¼ 172 :6 kJ mol�1 (R3)

Methanation reaction

Cþ2 H24CH4; DH0 ¼ �75 kJ mol�1 (R4)

Steam methane reforming

CH4 þH2O4COþ 3H2; DH0 ¼ 206 kJ mol�1 (R5)

An important operating parameter, steam-to-microalgal
biomass (S/B) mass flow rate ratio in practicing steam plasma
gasification of microalgae is defined as follows:

S=B ¼ _msteam
_mmicroalgae

(1)

where _msteam and _mmicroalgae are the mass flow rate of the steam
injected to the gasifier and microalgae (kg h-1), respectively.

The outlet stream from the high temperature RGibbs reactor
(S8) then passes through a separator (Sep block) (B4) to remove the
residual slag (S10) and the rest (S11) is fed to a low temperature
RGibbs reactor (B5) that is also modeled based on Gibbs free energy
minimization approach at a temperature of around 1250 �C to
complete the gasification reaction. The hot syngas (S13) from the
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plasma gasifier is subsequently cooled down to 400 �C through a
cooler (C1) and is sent to a hydrogen production, separation, and
purification system.

The validation of the developed plasma gasifier model is carried
out against the studies of Janajreh et al. [28] and Minutillo et al.
[29]. Three materials, namely, refuse-derived fuel (RDF), municipal
solid waste (MSW), and wood mentioned in the literature are
chosen to be gasified with different plasma gas. The detailed
operating conditions and validated results can be found in our
previous study, where the simulated results using the developed
model were in good agreement with those from the literature [30].
Furthermore, as shown in Table 3, the values of the root mean
square error (RMSE) are very small for the three cases, meaning
that the present model is thus reliable to accurately model the
plasma gasification of microalgal biomass.
2.2. Hydrogen production, separation, and purification processes

The process flowsheet of hydrogen production and purification
is shown in Fig. 1 (bottom part in green background), where it
contains twowater gas shift (WGS) reactors and a series of pressure
swing adsorption (PSA) units. The obtained syngas (S14) from the
plasma gasifier is first mixed with the required amount of pre-
heated steam (S21) in a mixer (B7) and this mixture of gas then
enters a high temperature sour water gas shift reaction (HTWGS)
reactor (B8) with cobalt-molybdenum (CO/MO) based catalyst at
400 �C, followed by a low temperature WGS reactor (LTWGS) (B9)
at 200 �C to produce H2-rich gas [31,32]. Notably, in addition to
WGS reaction (R2), COS in the product gas is simultaneously hy-
drolyzed into H2S in the sour WGS reactor by R6 [31,32].

COSþH2O4H2Sþ CO2; DH0 ¼ �30:22 kJ mol�1 (R6)

The HT- and LT-WGS reactors are modeled using two adiabatic
REquil reactor blocks for which chemical and phase equilibrium are
calculated based on the reaction stoichiometry. On account of the
exothermic WGS reaction, the heat generated from HTWGS and
LTWGS reactors is recovered to generate steam through two heat
exchangers (EX1 and EX2). A separator column (B10) is placed after
the LTWGS reactor to remove the impurities H2S, NH3, and HCN in
H2-rich gas. Subsequently, the remaining H2-rich gas is cooled
down to 35 �C and compressed to 30 atm through a multi-stage
compressor (B11) in order to achieve the inlet operating condi-
tions of PSA [7]. Three PSA units (B12, B14, and B17) are adopted to
simulate the hydrogen purification and CO2 capture system and
their detailed operating conditions are listed in Table 1 [7]. The
hydrogen (S27) is thus separated by the PSA-1 unit (B12). Similarly,
the off-gas from the PSA-1 unit (S28) is again compressed to 30 atm
Table 3
Validation of the plasma gasifier model.

Feedstock RDF MSW

Gas composition (vol. %) Present model Reference [29] Prese

H2 21.02 21.04 43.50
CO 33.79 33.79 34.40
CO2 0 0 0.05
CH4 5.99 5.97 0.01
H2O 11.69 11.68 16.27
N2 26.96 26.97 5.69
H2S 0.22 0.22 0.08
COS 0.02 0.02 0
HCl 0.32 0.32 0
Torch power (MW) 4.25 4.26 4.07
RMSEa 0.01 0.04

4

prior to entering the PSA-2 unit (B14). The produced H2 from the
PSA-1 and PSA-2 units is subsequently mixed in a mixer (B16) to
form a high purity hydrogen product (99.99%), while the CO2-rich
gas (S35) leaving from the PSA-2 unit is compressed to 30 atm and
fed to the PSA-3 unit (B17). The high concentration CO2 (~98%) is
finally captured and compressed to 110 bar (S42) for transportation
and sequestration [8].
3. System performance analysis

In this study, the system performance of the proposed
microalgae-to-renewable hydrogen energy plant is evaluated from
the energy, exergy and environmental perspectives. Various per-
formance indicators are described in detail below.
3.1. Energy analysis

Plasma energy to syngas production ratio (PSR) and plasma
gasification energy efficiency (hEn;PG) are the two important in-
dicators to address the energy performance of a plasma gasifier.
They are expressed as follows:

hEn;PG ð%Þ ¼
_mproduct gasLHVproduct gas

_mmicroalgaeLHVmicroalgae þ Eplasma
� 100% (2)

LHVproduct gas ¼ xH2
LHVH2

þ xCOLHVCO þ xCH4
LHVCH4

(3)

PSR ¼ Eplasma
_msyngas

(4)

Eplasma ¼
Wtorch

htorch � helectric
(5)

where _mproduct gas and _msyngas are the mass flowrate of product gas
and syngas (kg s-1) respectively. LHVmicroalgae and LHVproduct gas are
the lower heating values of microalgae and product gas (MJ kg-1)
respectively, and xH2

, xCO, xCH4
are the mass fractions of H2, CO, CH4,

respectively in the product gas. Eplasma is the plasma energy (MW),
Wtorch is the plasma torch power (MW), htorch and helectric represent
the plasma torch efficiency (90%) and electrical efficiency (39%),
respectively [29,33].

For the overall system energy efficiency of a microalgae-based
hydrogen production system, the hydrogen thermal energy effi-
ciency (hEn;H2

) is defined as follows:
Wood

nt model Reference [28] Present model Reference [28]

43.50 22.74 22.68
34.50 36.43 36.45
0.03 0.64 0.65
0.01 0 0
16.22 5.30 5.31
5.63 34.89 34.90
0.09 0 0
0 0 0
0 0 0
4.06 7.85 7.84

0.02
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hEn;H2
ð%Þ ¼ _mH2

LHVH2

_mmicroalgaeLHVmicroalgae þ Eplasma þWPSA
� 100%

(6)

where _mH2
is themass flowrate of hydrogen production rate (kg s-1)

and WPSA is the total power consumption of the entire hydrogen
purification process (MW).
3.2. Exergy analysis

The total exergy of material flow consists of physical exergy and
chemical exergy, which can be expressed as follows [34]:

_Extotal ¼ _Exph þ _Exch (7)

where _Extotal is the total exergy of material flow (MW). _Exph and
_Exch represent the physical and chemical exergy of the material
flow (MW), respectively.

The physical exergy ( _Exph) for each component in the product
gas can be written as [34,35].

_Exph¼
�
h�h0

�
� T0

�
s� s0

�
(8)

where h and s are the specific enthalpy (kJ kmol-1) and entropy (kJ
kmol-1 K-1) of the gas components at a given state, respectively. h0
and s0 are the specific enthalpy (kJ kmol-1) and entropy (kJ kmol-1

K-1)of the gas components at reference conditions (T0 ¼ 25 �C and
P0 ¼ 1 at m), respectively.

The chemical exergy ( _Exch) for each component in the gas
mixture can be defined as follows [34,35]:

_Exch¼
X
i

_ni

�
Exch;i þRT0 ln

_niP
_ni

�
(9)

where _ni is the mole flow rate of component i in the gas mixture
(kmol s-1), Exch;i is the standard chemical exergy of component i in
the gas mixture [35], and R is the gas constant (kJ kmol-1 K-1).

The chemical exergy of microalgae ( _Exmicroalgae) can be calcu-
lated by Refs. [34,35].

_Exmicroalgae ¼ b _mmicroalgae LHVmicroalgae (10)
Fig. 2. LCA system boundary of a plasma-assisted hydrogen production plant from
microalgae.

b¼1:0412þ 0:2160H=C � 0:2499O=Cð1þ 0:7884H=CÞ þ 0:0450N=C
1� 0:3035O=C

ðO =C �2:67Þ (11)
where C, H, O, and N are the mass fractions of carbon, hydrogen,
oxygen, and nitrogen in the microalgal biomass, respectively.

The plasma gasification exergy efficiency (hEx;PG) and hydrogen
thermal exergy efficiency (hEx;H2

) are written as follows:

hEx;PG ð%Þ ¼
_mproduct gasExproduct gas

_mmicroalgaeExmicroalgae þ Eplasma
� 100% (12)
5

hEx;H2
ð%Þ ¼ _mH2

ExH2

_mmicroalgaeExmicroalgae þ Eplasma þWPSA
� 100%

(13)

where Exproduct gas, ExH2
, and Exmicroalgae are the exergy rates of the

product gas, hydrogen, and microalgae (MW), respectively.
3.3. Environmental analysis

A life cycle analysis (LCA) of microalgae-based hydrogen pro-
duction process is performed according to the International Orga-
nization for Standardization (ISO) guidelines (14,040), in which
there are four phases: goal and scope definition, life cycle inventory
(LCI) analysis, life cycle impact assessment (LCIA), and life cycle
interpretation. The major goal of this LCA is to quantify and
compare the potential impacts that the four microalgal fuels (i.e.
RM, TM200, TM250, and TM300) have on the environmental per-
formance in terms of global warming potential (GWP) and net
energy ratio (NER). The LCA boundary shown in Fig. 2 comprises of
five main sub-sections: microalgae cultivation and harvest, drying,
torrefaction, plasma gasification, and hydrogen production and
purification. The GHG emissions and energy usage from the pro-
duction of materials and infrastructure construction are, however,
not included in the LCA calculation [36]. The functional unit of the
LCA is to produce 1 kg of hydrogen using four various microalgae-
based feedstocks. GHG emissions are the only impact category
taken into account in this study. Three major GHG emissions
namely CO2, CH4, and N2O are considered to contribute directly to
the GWP for a time horizon of 100 years, resulting in a GWP con-
version factor of 1 for CO2, 25 for CH4, and 298 for N2O to account
for the net CO2 equivalent (CO2eq) emissions from the system
boundary [37]. The net GHG emissions from the system boundary
are thus expressed by

Net GHG emissions
�
kg CO2eq

�¼X
CO2eq direct emissions

þ
X

CO2eq indirect emissions

�
X

CO2 fixation

(14)

The life cycle NER is another vital indicator to account for the
energetic effectiveness of the overall microalgae-based hydrogen
production system and it is defined as the ratio of total useful en-
ergy produced from the system boundary divided by total primary
fossil energy consumption due to production of 1 kg of hydrogen
[38].
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NER¼ Energy output ðkWhÞ
Energy input ðkWhÞ (15)

The life cycle inventory (LCI) data of GHG emissions and energy
usage from cultivation and harvest for producing 1 kg of wet
microalgae (Spirulina platensis) is obtained from the studies of
Collet et al. [39] and Campbell et al. [40]. The LCI data of drying
process is provided by the study of Papadaki et al. [41], where it was
reported that the energy consumption during the drying process of
8 kg of wet microalgae (88% moisture) to generate 1 kg of dry
microalgae (<4% moisture) is 34.704 MJ. On the other hand, the
mass loss during the torrefaction of dry microalgae is also neces-
sary to be considered in the LCA calculation. According to the study
of Wu et al. [22], the solid mass yield of torrefied microalgae is 90%,
76.26%, and 61.96% after undergoing torrefaction at 200 �C, 250 �C,
and 300 �C, respectively. The LCI data of the torrefaction process at
three various torrefaction temperatures of 200 �C, 250 �C, and
300 �C is estimated by applying the kinetic model of gas formation
during torrefaction of microalgae provided by the study of Dha-
navath et al. [42], while that of steam plasma gasification of
microalgae and hydrogen production and purification are acquired
from the results of Aspen Plus simulation. The overall LCI data for
the microalgae-based hydrogen production process are listed in
Table 4.
Table 4
Life cycle inventory for the renewable hydrogen production from microalgal biomass.

Inventory Inputs

Cultivation and harvest
1 kg of wet microalgae production at an open pond
Carbon dioxide (kg) 1.4286
Energy (MJ) 1.3094
Drying
1 kg of dry microalgae production
Wet microalgae (kg) 8
Energy (MJ) 34.704
Torrefaction (1 kg of dry microalgae)
TM200
Carbon dioxide (kg)
Methane (kg)

e

e

Electricity (kWh) 0.0063
TM250
Carbon dioxide (kg) e

Methane (kg) e

Electricity (kWh) 0.0081
TM300
Carbon dioxide (kg) e

Methane (kg) e

Electricity (kwh) 0.0099
Hydrogen production (1 kg of dry microalgae)
RM
Carbon dioxide (kg) e

Hydrogen (kg) e

Plasma electricity (kWh) 3.7080
Hydrogen purification electricity (kWh) 1.1669
TM200
Carbon dioxide (kg) e

Hydrogen (kg) e

Plasma electricity (kWh) 4.6356
Hydrogen purification electricity (kWh) 1.2739
TM250
Carbon dioxide (kg) e

Hydrogen (kg) e

Plasma electricity (kWh) 6.212
Hydrogen purification electricity (kWh) 1.4076
TM300
Carbon dioxide (kg) e

Hydrogen (kg) e

Plasma electricity (kWh) 7.9583
Hydrogen purification electricity (kWh) 1.5653

Note: The emissions factor contributed by the electricity is estimated by 0.655 kg CO2e
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4. Results and discussion

In the following discussion, the plasma gasification character-
istics of four microalgal biomass materials (i.e. RM, TM200, TM250,
and TM300) are first investigated. The effort is made to find the
optimal operating conditions (steam-to-biomass ratio) of the
plasma gasifier to produce microalgal syngas and to assess its end-
use applications. Subsequently, particular attention is paid to study
the performance of the hydrogen production process using
microalgae-derived syngas and examine the impacts of the four
algal-based fuels on the overall system performance in terms of
hydrogen yield, hydrogen energy (hEn;H2

) and exergy (hEx;H2
) effi-

ciencies. An environmental analysis of the microalgal hydrogen
production process is finally explored.
4.1. Syngas characteristics and optimization

The distributions of gas production rates of the four types of
microalgal biomass materials as a function of S/B ratio are shown in
Fig. 3, where the main components from the plasma gasifier are H2
(Fig. 3a), CO (Fig. 3b), CO2 (Fig. 3c), CH4 (Fig. 3d), and unconverted
char (Fig. 3e). It can be clearly seen that the H2 production rate is
highly dependent on the S/B ratio, no matter what fuel is tested
(Fig. 3a). As awhole, the higher the S/B ratio, the higher the amount
Outputs Source

[39,40]

0.0193

[41]

e

e

[42]

0.0474
0

0.0412
0.0008
e

0.1157
0.0041
e

Aspen Plus results

0.1382
0.1812
e

e

0.1549
0.1937
e

e

0.2152
0.1707
e

e

0.1893
0.2426
e

e

q kWh-1 [50].



Fig. 3. Effect of the S/B ratio on the product flow rate and syngas yield from steam plasma gasification of four microalgal biomass fuels.
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of H2 generated. The H2 production rate ranges from 4.95 to
6.64 kmol h-1 for RM, 4.66e6.88 kmol h-1 for TM200,
4.49e7.51 kmol h-1 for TM250, and 4.46e8.31 kmol h-1 for TM300,
within the investigated range of S/B ratio. The dominant chemical
reactions in the plasma gasifier for H2 production are mainly
endothermic water gas reaction (R1) and exothermic water gas
shift reaction (R2). Also, it is noteworthy that the distribution of H2
production rate of each microalgal fuel can be approximately
7

partitioned into two reaction zones (TM300 is taken as an example
in Fig. 3a). The first zone is primarily governed by R1, while the
second one is majorly triggered by R2. This can also be explained by
observing the distributions of CO production rate as shown in
Fig. 3b, where the increasing and decreasing trends of CO produc-
tion rate are observed. At lower S/B ratios, CO production rate is
contributed by R1 (first zone). However, at higher S/B ratios, the
carbon content in microalgae is completely reacted with steam,
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thereby leading a significant decrease in CO production rate and a
corresponding increase in CO2 production rate (Fig. 3c) as a result of
R2 (second zone). The highest CO production rate is approximately
3.51 kmol h-1 for RM, 3.93 kmol h-1 for TM200, 4.33 kmol h-1 for
TM250, and 4.80 kmol h-1 for TM300.

The CH4 production rate from steam plasma gasification of
microalgae is relatively small, and its highest value is around
0.0056 kmol h-1 for both RM and TM200, 0.0063 kmol h-1 for
TM250, and 0.0073 kmol h-1 for TM300. The CH4 production is
mainly attributed to the methanation reaction (R4). However, once
the carbon in the microalgal biomass fuels is completely reacted,
the produced CH4 is further consumed by steam due to the steam
methane reforming reaction (R5). This is also the reason why a
maximum distribution is observed in Fig. 3d. The distributions of
unconverted char are shown in Fig. 3e. It is observed that the car-
bon content in microalgal biomass material increases linearly with
a rise in torrefaction temperature (Table 2) [22]. Consequently, as
expected, higher amount of steam is required at elevated torre-
faction temperatures to convert the total carbon contained in
microalgal biomass fuel into syngas. On the other hand, it is worth
noting that the second reaction zone of both H2 and CO production
rates (Fig. 3a and b) take place at distinct S/B ratios for each feed-
stock. In the studies of Prins et al. [34] and Kuo and Wu [43], the
optimum energy and exergy efficiencies of the gasification system
were achieved at the so-called carbon boundary point (CBP) at
which the total char is completely reacted. To find the CBPs of each
microalgal biomass fuel, the following constrained optimization
algorithm with the objective of maximizing the syngas yield are
implemented and solved in Aspen Plus according to the sequential
quadratic programming (SQP) method:

maxJi
uij

¼ _mout
syngasji¼

_mout
H2

þ _mout
CO

_min
biomass

; i2microalgalbiomass ðI;II;III ; IVÞ

(16)

subject to

aj �uij � bj j ¼ 1;2 (17)

0:25� S=B¼
D _msteam

_mbiomass
� 2 (18)

where _mout
syngasj i (kg kg-fuel-1) is the objective function (Ji), I; II; III ;

IV are the four types of microalgal biomass materials, aj and bj
represent the lower and upper bounds of uij, and uij ¼
½ _mbiomass; _msteam�Tj is the steady-state operating condition.

Based on the specific optimization algorithm, the CBPs are ob-
tained and located at S/B ratios of 0.354, 0.443, 0.593, and 0.760,
corresponding to RM, TM200, TM250, and TM300, respectively, at
which the maximum syngas yields of RM, TM200, TM250, and
TM300 from the steam plasma gasification are 1.09, 1.22, 1.34, and
1.49 kg kg-fuel-1, respectively, as shown in Fig. 3e. This reveals that
the syngas yield of RM is amplified by 11.92%, 22.94%, and 36.70%
for torrefied microalgae at 200 �C, 250 �C, and 300 �C respectively.
4.2. Plasma gasification efficiency

The distributions of the plasma energy to syngas production
ratio (PSR), LHV of the product gas, and plasma gasification energy
(hEn;PG) and exergy (hEx;PG) efficiencies of the four microalgal fuels
with respect to the S/B ratios are plotted in Fig. 4. As shown in
Fig. 4a, the values of PSR of RM, TM200, TM250, and TM300 range
between 2.85 and 25.84 kWh kg-1, 2.93e22.72 kWh kg-1,
8

3.40e19.73 kWh kg-1, and 4.07e16.98 kWh kg-1, respectively,
within the investigated range of S/B ratio. It should be noted from
the results that the value of PSR for TM300 is the highest, followed
by TM250 and TM200 at lower S/B ratios, whereas that of TM300 is
the lowest when the S/B ratio is larger than around 0.7. This change
is mainly due to a significant enhancement of syngas yield after
torrefaction pretreatment of microalgae (Fig. 3f). As far as the LHV
of the product gas from the plasma gasifier is concerned, Fig. 4b
displays that the higher the S/B ratio, the lower the LHV of the
product gas as a consequence of less combustible gases produced
with the increase in S/B ratio. Similar trends are also observed in
the study of Favas et al. [15] where forest residues, coffee husk, and
vines pruning were gasified with steam in the plasma gasifier. As a
whole, the values of LHV of the product gas are in the range of
7.85e18.49 MJ kg-1, 8.45e18.88 MJ kg-1, 9.46e19.51 MJ kg-1, and
10.78e21.16 MJ kg-1, corresponding to RM, TM200, TM250, and
TM300, respectively. This implies that torrefaction of microalgae
prior to the steam plasma gasification is conducive to improving
the energy contents of the product gas, especially at higher torre-
faction temperatures.

In the examination of the profiles of hEn;PG and hEx;PG as a
function of S/B ratio, it can be seen in Fig. 4c and d that with the
increase in S/B ratio, the trends of hEn;PG and hEx;PG of the four
microalgal fuels first increase until they reach a maximum value
which is exactly located at the CBPs and then decrease rapidly.
Under the condition of CBP, the maximum values of (hEn;PG, hEx;PG)
of RM, TM200, TM250, and TM300 are (73.10%, 66.39%) at S/
B ¼ 0.354, (67.49%, 61.87%) at S/B ¼ 0.443, (65.09%, 60.06%) at S/
B ¼ 0.593, and (58.86%, 54.88%) at S/B ¼ 0.760, respectively.
Notably, although using torrefied microalgae as a feedstock for
steam plasma gasification displays the decreased values of PSR
(Fig. 4a) and the increased LHV of the product gas (Fig. 4b), the
maximum value (obtained under the CBPs) of hEn;PG (Fig. 4c) for
TM200, TM250, and TM300 is reduced by 5.61%, 8.01%, 14.24% as
compared to RM. This can be elucidated by the increased value of
LHV of the torrefied microalgae, and the surge in plasma energy
demand compared to the RM. For instance, the values of LHV of
TM200, TM250, and TM300 are enhanced by a factor of 9.73%,
9.38%, and 31.92% when RM is torrefied at 200 �C, 250 �C, and
300 �C, respectively (Table 2). Nevertheless, if the S/B ratio of
TM200, TM250, and TM300 is larger than 0.43, 0.48, and 0.60,
respectively, the values of hEn;PG can be increased by factors of
0.44e5.24%, 0.27e17.24%, and 0.05e26.87%, respectively, while
those of hEx;PG can be enhanced by factors of 0.86e5.30%,
0.61e17.15%, and 0.86e26.89%, respectively, compared to those of
RM. The product gas rate, syngas yield, LHV of the product gas, PSR,
hEn;PG, and hEx;PG of four different microalgal fuels under the con-
dition of CBP are summarized in Table 5. It is noteworthy that the
total amount of S-containing compounds is reduced by 7.64% and
34.26%, whereas those of N-containing compounds are increased
by 13.94% and 21.72%, when RM is torrefied at 250 �C and 300 �C,
respectively. Their decrease and increase might be attributed to the
lower sulfur and the higher nitrogen contents in TM250 and TM300
in comparison with RM (Table 2) [44].

4.3. Syngas end-use applications

Typically, biomass-derived syngas can be used in various ap-
plications as follows: (1) it can be converted to a wide range of
liquid chemicals via the Fischer-Tropsch (FT) technology based on
the specific H2/COmolar ratio of the syngas (i.e. H2/CO¼ 1, 2, and 3)
[45]; (2) it can be combusted to generate heat and power in various
combustion systems such as a gas turbine combined cycle or an
internal combustion engine [46]; and (3) it can be utilized as an
efficient fuel for solid oxide fuel cells (SOFCs) [47]. The results based



Fig. 4. Effect of the S/B ratio on the (a) plasma energy to syngas production ratio (PSR), (b) LHV of the product gas, (c) plasma gasification energy efficiency (hEn;PG), and (d) plasma
gasification exergy efficiency (hEx;PG) of four microalgal biomass fuels.

Table 5
Plasma gasification performances of various microalgal fuels under the condition of
CBP.

Feedstock RM TM200 TM250 TM300

S/B ratio at the CBP 0.354 0.443 0.593 0.760
Gas mass flowrate (kg hr�1)
H2 11.14 11.54 12.88 14.69
CO 98.21 110.10 121.40 134.60
CO2 0.042 0.050 0.054 0.060
CH4 0.089 0.090 0.10 0.12
H2O 6.54 1.19 1.52 0.99
N2 10.38 10.88 11.67 11.67
NH3 0.0008 0.0009 0.0009 0.0010
HCN 0.036 0.037 0.041 0.044
H2S 0.72 0.97 0.66 0.47
COS 0.036 0.052 0.035 0.024
H2/CO (mol mol�1) 1.59 1.47 1.49 1.53
LHV (MJ kg�1) 18.35 18.55 18.73 19.23
Syngas yield (kg kg-fuel�1) 1.09 1.22 1.34 1.49
PSR (kWh kg�1) 3.39 3.82 4.63 5.34
hEn;PG (%) 73.10 67.49 65.09 58.86
hEx;PG (%) 66.39 61.87 60.06 54.88

Table 6
Operating conditions and performances of the steam plasma gasification for
achieving a H2/CO ratio of 2.

Feedstock S/B ratio hEn;PG (%) hEx;PG (%)

RM 0.93 43.17 40.25
TM200 1.27 36.26 34.12
TM250 1.46 36.49 34.42
TM300 0.34 51.05 46.92

1.65 35.75 33.86
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on the sensitivity analysis of S/B ratio (Fig. 3) demonstrate that
plasma gasification of microalgae with steam is not a suitable route
for the production of aldehydes (H2/CO ratio ¼ 1) and ammonia
(H2/CO ratio ¼ 3) within the investigated range of S/B ratio,
regardless of the microalgal feedstock examined. On the contrary,
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the syngas with a H2/CO ratio of 2, which can be directly utilized to
produce FT liquids, is achievable for all types of microalgal fuels.
The corresponding operating conditions of S/B ratio for achieving
desired syngas quality are tabulated in Table 6.

With attention paid to the use of microalgal biomass-derived
syngas for SOFCs, Fig. 5 shows a ternary CeHeO diagram, where
the syngas composition produced from four types of microalgal
fuels under the condition of CBP are plotted. Basically, the CeHeO
diagram is helpful for preliminarily identifying the thermodynamic
constraints on the solid carbon formation at given operating
pressure and temperaturewhen using syngas as fuel for SOFCs [47].
It is clear from Fig. 5 that the syngas composition of all types of
torrefiedmicroalgae lies above the carbon boundary line, nomatter
what operating temperature of SOFCs is examined, meaning that
carbon deposition is possible to occur on SOFC anodes. It implies, in
turn, that steam addition to TM-derived syngas is required to avoid



Fig. 5. CeHeO diagram for various SOFC operating temperatures of four microalgal
biomass derived syngas.

Fig. 6. Effects of the steam flowrate on the CO conversion in the high-temperature
water gas shift (HT-WGS) reactor of four microalgal biomass derived syngas.

Fig. 7. Effect of the S/B ratio on the (a) hydrogen yield, (b) hydrogen thermal energy
efficiency, and (c) hydrogen thermal exergy efficiency of four microalgal biomass fuels.
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the risk of carbon formation [47]. In contrast, RM-derived syngas
might be safe while considering the SOFC temperatures at 900 �C
and 1000 �C.

4.4. Hydrogen production and overall system efficiency

In order to achieve a highly efficient hydrogen production sys-
tem, the steam requirement for the water gas shift (WGS) reactor is
a key parameter that influences the overall system energy effi-
ciency [31]. The CO conversion as a function of the amount of steam
injected into the HT-WGS reactor is shown in Fig. 6, where the
syngas composition of each microalgal fuel is obtained under the
10



Fig. 8. Life cycle assessment of (a) GHG emissions and (b) net energy ratio of four
microalgal biomass fuels.
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condition of CBP. Through a sensitivity analysis, it is found that the
minimum amount of steam required to achieve the CO conversion
of at least 85% in the HT-WGS reactor is 257 kg h-1 for RM,
288 kg h-1 for TM200, 319 kg h-1 for TM250, and 357 kg h-1 for
TM300, corresponding to the inlet steam/CO molar ratio of
approximately 4.07, 4.07, 4.09, and 4.13, respectively. Obviously, the
higher the torrefaction temperature, the higher the amount of
steam required, as a result of the enhancement of CO formation in
the plasma gasifier after torrefaction.

Fig. 7a displays the distribution of hydrogen yield from the
overall system for the four microalgal biomass materials as a
function of S/B ratio. It can be observed that the hydrogen yield
from the PSA outlet stream (S34) first increases noticeably with the
S/B ratio and then becomes insensitive to it. From the sensitivity
analysis, the optimal values of the S/B ratio for hydrogen production
are also found to occur at the CBPs, where the hydrogen yields are
181.23 g kg-fuel-1, 193.70 g kg-fuel-1, 215.16 g kg-fuel-1, 242.59 g kg-
fuel-1, respectively. The hydrogen yield enhancement is by 6.88%,
18.72%, and 33.86% when microalgae are torrefied at 200 �C, 250 �C
and 300 �C, respectively. Fig. 7b and c shows the profiles of
hydrogen thermal energy (hEn;H2

) and exergy (hEx;H2
) efficiencies as

a function of S/B ratio. Similar to the curves of plasma energy
(hEn;PG) and exergy (hEx;PG) efficiencies in Fig. 4c and d, the profiles
of hEn;H2

and hEx;H2
of the four microalgal fuels are characterized by

a maximum distribution. This can be attributed to the almost
constant hydrogen yield after the CBPs, resulting in a significant
decrease in hEn;H2

and hEx;H2
. Under the condition of CBPs, the op-

timum values of hydrogen thermal energy and exergy efficiencies
(hEn;H2

, hEx;H2
) of RM, TM200, TM250, and TM300 are (60.17%,

55.49%), (55.77%, 51.85%), (54.05%, 50.53%), and (49.50%, 46.69%)
respectively. From the viewpoint of hydrogen production, RM300 is
the most appropriate fuel offering the highest hydrogen yield, but
the hydrogen thermal energy and exergy efficiencies are reduced
by 10.67% and 8.80%, respectively.

4.5. Life cycle assessment

The environmental impact of microalgae-based hydrogen pro-
cess under the condition of CBPs are shown in Fig. 8. Fig. 8a displays
a comparative life cycle GHG assessment of four different micro-
algal biomass materials to produce 1 kg of hydrogen and a break-
down of life cycle GHG emissions contributed by each unit. It is
indicated that the largest contribution of life cycle GHG emissions is
indirect GHG emissions associated with the drying of wet micro-
algae, followed by the steam plasma gasification of microalgae.
Both energy-intensive processes account for 74.69%, 70.33%, 71.40%,
and 71.25% of the total life cycle GHG emissions, corresponding to
RM, TM200, TM250, and TM300, respectively. The third-largest
contribution of life cycle GHG emissions comes from cultivation
and harvest of microalgae stage, while the contributions from H2
purification unit and direct CO2 emissions from the microalgae-
based hydrogen plant are almost equal. The net life cycle GHG
emissions of RM, TM200, TM250, and TM300 are 1.53, 8.23, 10.73,
and 13.07 kg CO2eq kg-H2

-1 respectively, revealing that the severe
the torrefaction temperature the higher amount of CO2 is emitted,
even though the value of CO2 fixation attained in case of TM300 is
the highest. This arises from the fact that (1) on account of low solid
mass yield at higher torrefaction temperatures, more wet micro-
algal biomass is required to be treated to obtain 1 kg of torrefied
microalgae, implying that greater electricity demand during
microalgal cultivation, harvest, and drying process is needed as
compared to RM, and (2) much higher plasma energy consumption
for steam plasma gasification process is required in order to opti-
mize the hydrogen yield.

The life cycle net energy ratio (NER) of RM, TM200, TM250, and
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TM300 is 0.347, 0.305, 0.279, and 0.255, respectively, as shown in
Fig. 8b. Basically, the electricity demand for microalgal drying and
steam plasma gasification is responsible for the majority of energy
input, contributing to 76.59, 76.12, 74.08, 73.12% of energy input,
corresponding to RM, TM200, TM250, and TM300, respectively. In
this LCA study, the energy requirements for each unit are assumed
to be obtained from a fossil fuel source of energy. By virtue of a
considerable amount of indirect CO2 emissions induced by the
electricity demand of microalgal pretreatment (around
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12.55e22.27 kwh kg-H2
- 1) and steam plasma gasification (around

3.71e7.96 kwh kg-H2
- 1), it is very important to use alternative

microalgal drying methods such as solar drying to reduce the in-
direct CO2 emissions [48]. For the future work, as a result, inte-
grating hybrid renewable energy systems (a combination of solar,
wind, and geothermal energy sources) for low carbon electricity
generation with the present system has to be carried out to further
mitigate the environmental burdens and simultaneously improve
the NER of the plasma-assisted hydrogen production plant from
microalgal biomass.

5. Conclusions

In this work, 3E (energy, exergy, environmental) analyses of
plasma-assisted hydrogen production process from microalgae are
thermodynamically investigated. Four different microalgal biomass
fuels (RM, TM200, TM250, TM300) have been comprehensively
examined and compared in terms of various performance in-
dicators by varying the S/B ratios. Based on the 3E analyses of the
proposed system, the following conclusions are drawn:

1. Considering the syngas yield, hydrogen yield, hEn;PG, hEx;PG, hEn;H2

and hEx;H2
, the suggested operating conditions (S/B ratio) of RM,

TM200, TM250 and TM300 are 0.354, 0.443, 0.593 and 0.760
respectively, which are also located at the CBPs. As a whole,
under the condition of CBPs, the higher the torrefaction tem-
perature, the better the syngas and hydrogen yields, but the
lower the values of hEn;PG, hEx;PG, hEn;H2

, and hEx;H2
.

2. The syngas and hydrogen yields of microalgae can be signifi-
cantly improved by a factor of 36.70% and 33.86% respectively,
after experiencing torrefaction at 300 �C. It is thus concluded
that torrefaction of microalgae is advantageous to syngas and
hydrogen production, but the need for greater plasma energy
lowers the overall system energy and exergy efficiencies.

3. The comparative LCA results show that the higher the torre-
faction temperature, the higher the GHG emissions. This is on
account of the greater electricity consumption related to the
drying and plasma gasification of microalgae, resulting in a low
value of NER.

Finally, from the environmental perspective, the supply of
electricity from an appropriate location specific renewable energy
systems could be a promising approach to further improve the
present system performance. Moreover, from the economic aspect,
a comprehensive techno-economic analysis of the proposed
microalgae-based hydrogen production system using plasma
technology requires further investigation in the future.
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Abbreviations and Symbols

CBP Carbon Boundary Point
E energy (MW)
FT Fischer-Tropsch
GHG Greenhouse Gases
GWP Global Warming Potential
HHV Higher Heating Value (MJ kg�1)
HT High Temperature
LCA Life Cycle Analysis
LCI Life Cycle Inventory
LCIA Life Cycle Impact Assessment
LHV Lower Heating Value (MJ kg�1)
LT Low Temperature
MSW Municipal Solid Waste
m mass flow rate (kg s�1)
NER Net Energy Ratio
P pressure (atm)
PGE Plasma Gasification Efficiency
PSA Pressure Swing Adsorption
PSR Plasma energy to Syngas production Ratio
RDF Refuse-Derived Fuel
SOFC Solid Oxide Fuel Cell
WGS Water Gas Shift
_Ex exergy rates (MW)
h specific enthalpy (kJ/kmol)
R universal gas constant (kJ kmol�1 K�1)
RM Raw Microalgae
TM200 Torrefied Microalgae at 200 �C
TM250 Torrefied Microalgae at 250 �C
TM300 Torrefied Microalgae at 300 �C
_n mole flow rate (kmol s�1)
s specific entropy (kJ kmol�1 K�1)
S/B Steam-to-Biomass mass flow rate ratio
T temperature (�C)
W work (MW)
x mole fraction

Greek letters
h efficiency
b correlation factor

Subscripts
0 standard reference state
En energy
Ex exergy
electric electrical efficiency
eq equivalent
PG plasma gasification
plasma plasma energy
PSA pressure swing adsorption
torch plasma torch
ch chemical
ph physical
i species i
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