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We present simulation results for the production of algae-derived syngas using dual fluidized bed (DFB) gasifiers. A global sen-
sitivity analysis was performed to determine the impact of key input parameters (i.e. algae composition, gasification temperature,
feed water content, steam-to-biomass ratio, and fuel-air equivalence ratio) on the product yields. The algae oil content was varied
from 0 to 40 wt% to account for different algae strains and varying extents of oil extraction prior to the gasification process. It
was found that the lower heating value (LHV) of syngas, typically ranging from 15 to 22 MJ/kg,/4q., is heavily dependent to the
algae oil content. The cold gas efficiency (CGE) of the process varies over a range of 75 to 90%, depending primarily on the
feedstock water content and steam-to-biomass ratio. A cradle-to-grave life cycle assessment indicated that the carbon footprint
of syngas produced from algae feedstocks with 20 to 40 wt% oil fraction that is dried by a gas-fired dryer lies within a range of
70 to 195 g CO,/MIJ. However, decarbonization of the drying stage via utilization of solar energy reduce the carbon footprint to
values below 40 g CO,/MJ, which would compare favorably with the carbon footprint of syngas produced via steam reforming
of natural gas (i.e. ~100 g CO,/MJ).

1 Introduction and thus vastly different chemical structures — within a par-
ent biomass feedstock: i) focusing on direct conversion of, at
least, one of the fractions to molecules with a similar carbon
number and chemical structure to that of the desired product
via fractionation and/or partial decomposition; ii) ultimate de-
composition of the whole feedstock to form gaseous products
such as syngas and methane which, if desired, can be further
processed to produce hydrogen and synthetic liquid fuels. The
biomass conversion pathways based on the former strategy al-
low for the direct production of liquid hydrocarbons (e.g. C5 —
C,) from targeted fractions at high selectivity ! but typically
produce a large quantity of byproducts from the other frac-
tions. If fractionation is carried out using a chemical method,
the byproducts — i.e. solid residues — often have a more con-
densed structure than their parent molecules in the feedstock
and therefore are more difficult to process further (e.g. solid
char produced as a byproduct of acid hydrolysis of lignocel-
lulosic biomass). In contrast, processing the biomass by fol-
lowing the latter strategy (i.e. ultimate decomposition) results
in the formation of C; gases (i.e. carbon monoxide, methane)

Generally, thermochemical pathways for the conversion of in high yields. However, owing to their low economic value,
biomass pursue one of the following two strategies to address these gases should be catalytically valorized to form high-

the challenges caused by the presence of different fractions — value products (e.g. hydrogen, methanol, liquid biofuels), or
be used on-site to generate heat and power.

Nomenclature

CGE Cold Gas Efficiency

FAER  Fuel-Air Equivalence Ratio

GHG Greenhouse Gas

GWP Global Warming Potential

HDMR High Dimensional Model Representation
HX Heat Exchanger

HXTA  Heat Exchanger Temperature Approach
LCA Life Cycle Assessment

LHV Lower Heating Value

OEA Oil-Extracted Algae

Syngas  Synthesis Gas

T, Temperature of Combustor

T, Temperature of Reformer

VM Volatile Matter

“ Department of Chemical Engineering and Biotechnology, University of The conversion pathways for the production of a]gal bio-

Cambridge, New Museums Site, Pembroke Street, Cambridge, CB2 3RA, . . .
United Kingdom. E-mail: mk306@cam.ac.uk fuels based on the abovementioned strategies are illustrated

b World Economic Forum, 91-93 route de la Capite, Geneva, CH-1223 in Figure 1. Although the separation of algae oil from a dry
Cologny, Switzerland. feedstock and its subsequent conversion to biodiesel can be
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achieved at high yields, the drying of dilute algae cultures
prior to the extraction process is a major barrier preventing an
economic and environmentally-benign realization of its poten-
tial. Several alternative methods have been suggested to over-
come this barrier, among which wet extraction, liquefaction,
and solar drying have shown great promise. In particular, the
use of solar drying would pave the way for the implementa-
tion of some of the most viable and mature technologies for
the processing of biomass, namely solvent extraction of the
lipid and air/steam gasification. However, despite its apparent
simplicity, there are some practical obstacles that hold back
the use solar energy to remove large quantities of water from
dilute algae slurries. Firstly, continuous operation of the biore-
finery would greatly depend on the climate upon using solar-
powered dryers. Moreover, the long period of time needed
to dry algae using solar energy not only increases the land
area occupied by algal biorefineries but also substantially in-
creases the vulnerability of the algae oil to degradation. The
latter issue is of great importance when the dried feedstock
will be used for biodiesel production, but it will have a less
pronounced impact if algae is converted to syngas as gasifi-
cation is less sensitive to the exact chemical composition of
the feedstock. Considering the above issues, one may think
that a hybrid strategy in which algae oil is extracted using wet
oil extraction processes for biodiesel production while the oil-
extracted algae is dried by solar energy and subsequently con-
verted to syngas would represent a viable scenario for algal

biorefineries>.

In spite of extensive studies into different aspects of algal
biofuels over the past decade®, the conversion of microalgae
feedstock to syngas and hydrogen via thermochemical routes
has received very little attention thus far. Recently, a few stud-
ies have reported the gasification of microalgae feedstock in
fluidized bed reactors with and without co-feeding of other
solid fuels>®. These preliminary studies into the production
of algae-derived syngas have been promising, although some
technical issues relating to the high ash content of the feed
were encountered. A recent thermogravimetric study has re-
vealed that the algae char can be converted at a rate of 2.5
wt%/min at 850°C with a steam concentration of 5 vol.%”.
Beside conventional gasification — which can only handle
dried biomass — an alternative gasification process in super-
critical water medium is under development in which algae
feed with low solid contents (e.g. < 20 wt%) can be con-
verted into gas mixtures containing methane, hydrogen, and
carbon dioxide®!!. Due to the elimination of the drying step,
utilization of this process can substantially reduce the energy-
intensity of the conversion process and in turn, enhance the en-
vironmental benefits. Nevertheless, the catalytic supercritical
water gasification process, and in particular, its implementa-
tion for the conversion of ash-containing feedstocks such as al-
gae has not yet reached the same level of technology-readiness

as have conventional gasification configurations. Provided
that the issues regarding the separation of ash are resolved, the
catalytic supercritical water gasification process presents an
ideal choice for the production of combustible gases from both
fresh and oil-extracted algae slurries which can be byproducts
of the wet oil extraction and liquefaction processes.

While it is generally accepted that the conversion of
biomass to biofuel can be part on an overall solution to the
issue of fossil resource depletion, the impact of large-scale
biofuel production on the environment, and in particular, their
potential to reduce our greenhouse gas (GHG) emissions, is
not thoroughly understood. Hence, one can expect that in-
sights into the latter matter would have a profound and far-
reaching implications on shaping the future governmental in-
centives towards biofuels which would, in turn, greatly affect
their widespread production. As such, life cycle assessment
(LCA) has become an important line of research within the
biofuel arena. As far as algal biofuels are concerned, a life cy-
cle assessment should include GHG emissions associated with
the production of fertilisers and plant construction materials,
on-site consumption of heat and electricity, and transporta-
tion of commodities and materials. Since algae ponds can be
built in arid or semi-arid lands, the emissions due to land-use
change can be omitted from the analysis. The life cycle car-
bon footprint and fossil energy consumption of algae-derived
biodiesel have been rigorously studied and reported in the lit-
erature >4, These studies have revealed that the life cycle
GHG emissions from algal biodiesel are heavily dependent on
the carbon intensity of the methods that are implemented for
drying and oil extraction, as well as the strategy upon which
the oil-extracted algae is utilized. One would expect that cer-
tain parts of these studies, such as the analysis of the GHG
emission associated with algae cultivation and dewatering, are
also applicable to the LCA of algal syngas production.

Due to its relatively high technology readiness level, the
conversion of algae to syngas and hydrogen via gasification
offers a promising route for the realization of algal energy in
the near-term future, which would in turn allow for the de-
velopment of industrial scale algae cultivation and processing
infrastructure. Herein, we present the results obtained from
the simulation of the algae gasification process in a dual flu-
idized bed biomass gasifier. We will then discuss how the key
input parameters (i.e. algae oil content, feedstock moisture,
gasifier temperature, and steam-to-carbon and air-to-carbon
ratios) can affect the product yields and cold gas efficiency.
Finally, we determine the life cycle GHG emissions of syngas
production from the gasification of algae feedstock where the
focus is devoted to the effects of the feedstock drying method
and algae oil content.
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Fig. 1 Strategies for the production of algal biofuels based on fractionation/depolymerization (i.e. oil extraction, liquefaction, and pyrolysis)

and decomposition to C; molecules (i.e. gasification).

2 Methodology

2.1 Algae Gasification Process

The process flow diagram of the algae gasification plant con-
sidered in this study is shown in Figure 2. The simulation was
carried out using the Aspen Plus® process simulation pack-
age. The Peng-Robinson equation of state was used through-
out this study both for thermal calculations and for Gibbs en-
ergy minimization. The overall chemical reactions that occur
in the gasification reactor was simulated using a yield-based
unit for the pyrolysis reactions and an equilibrium-based for
the reforming reactions. The role of the pyrolyzer was to
split the feed into volatile matter (VM) and char, the former
of which was fed to the reformer and the latter one to the com-
bustor. The value of fuel-air equivalence ratio (FAER) was
adjusted in each simulation based upon the char and syngas
flow rates to the combustor. The elemental composition of
VM was calculated by subtracting the desired amount of char
(i.e. carbon) from the microalgae feedstock. The combus-
tor, also an equilibrium based reactor, had three inputs (char,
air, and auxiliary syngas fuel) and two outputs (flue gas and
ash).The temperature of the combustor was set to be 150°C
higher than that of the reformer in that simulation. The heat
transfer between the combustor and reformer was simulated
using an energy stream and the circulation of the bed mate-
rial between the two reactors was neglected for simplification.
A summary of the design specifications and other informa-
tion relating to each block is provided in Table 1. It is worth

mentioning that the product distribution in a yield-based re-
actor is specified by the user, which in the case of pyrolyzer
is the percentage of carbon that contributes towards the for-
mation of char. In contrast, in equilibrium-based reactors that
were used for the reformer and combustor the product distri-
bution is dependent on the operating conditions, the elemental
composition of the feed, and the allowable products (as listed
in Table 1). The heat exchanger network was arranged such
that the outlet temperatures of the syngas and flue gas were
both 120°C and the temperature difference between the two
streams never goes below 20°C. The reader is referred to ref-
erence '3 for more information on practical aspects of fluidized
bed gasifiers.

A total of 2000 simulations obtained by varying five input
parameters. The results of these simulations were used to gen-
erate surrogate models which were in turn utilized to perform
the global sensitivity analysis as explained in the next subsec-
tion. The input parameters included algae oil content, feed-
stock moisture content, gasifier temperature, steam to biomass
ratio, and fuel-air equivalence ratio. The ranges considered for
the key input parameter values are given in Table 2. The el-
emental compositions and lower heating values (LHV) of the
algae fractions were taken from reference* and are listed in
Table 3. The elemental composition and LHV of these frac-
tions, in turn, were used to calculate the overall elemental
composition of the different algae feedstocks and their cor-
responding heating values (Table 4) based on the rule of mix-
tures. The algae feeds in the simulations were defined as an
unconventional solids based on their elemental compositions.

1-11 |3
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For each of these four algae compositions, 500 simulations
were automatically run by Aspen Plus by varying the other
four parameters on a specified grid. The reader is referred to
references 1019 for other examples of the use of Aspen Plus®
for the simulation of the biomass gasification process.

All values reported in this study are, unless otherwise
stated, based on one kilogram of dry algae. The cold gas ef-
ficiency (CGE) was defined as the ratio between the sum of
the energy content of all of the products to that of the feed.
‘We note that the energy content of the produced ammonia was
included in the calculation of CGE but was excluded from the
calculations of the LHV of syngas.

2.2 Global Sensitivity Analysis

The global sensitivities of the LHV, CGE, and gas yields for
the described process were calculated using a High Dimen-
sional Model Representation (HDMR) method in which the
whole space of the input variables, as listed in Table 2, is con-
sidered when calculating the sensitivities. This means that the
magnitude of the range over which each parameter is allowed
to vary has a direct impact on the sensitivity to that parameter.
Such analysis not only makes it possible to cope with the in-
herent uncertainties in the input parameters but also accounts
for the potential non-linearities and contributions due to in-
teractions between input parameters. A full factorial experi-
ment design consisting of a total of 2000 model evaluations
was implemented to calculate global sensitivities and gener-
ate surrogate models. The same method has been previously
applied to analyse the economic viability of algal biodiesel un-
der technical and economic uncertainties?® and to determine
the environmental impact of algae-derived biodiesel 2. Al-
though in the present work surrogate models are constructed
only for the purpose of global sensitivity analysis, they can po-
tentially be a very powerful tool for the optimization of such
complex processes with several internal setpoints, optimiza-
tion subroutines, and recycle streams. One is referred to>! for
further information regarding the development of the HDMR
method.

2.3 Life Cycle Assessment

The GHG emissions associated with the production of algae
in open pond raceways and the subsequent steps to reach a
slurry with 20 wt% solid content have been taken from our
previous article '>. The following assumptions were made in
the analysis presented here: plant lifetime of 30 years, biomass
annual productivity of 80 tonne/ha on a dry basis, pond water
velocity of 0.25 m/s, and fertiliser loss of 7.5% of the applied
rate. It was also assumed that the solid concentration of the
produced algae is 0.5 kg/m? which is increased to 50 kg/m?
using two consecutive clarifiers and then to 20 wt% using a

centrifuge with a specific power consumption of 3.6 MJ/m?.
The solid content of the feed was then increased to 70 wt%
using one of the three scenarios outlined below.

In the first scenario, a conventional biomass belt dryer pow-
ered by the heat and electricity generated from the on-site
combustion of syngas was considered. The specific heat and
electricity consumption of the dryer was assumed to be 3.5
and 0.37 MJ per kilogram of removed water, respectively 2.
In the second scenario, it was assumed that the concentration
of the algae slurry is first increased to 30 wt% by solar energy
before being fed to the belt dryer. The last scenario represents
a case where the solid content of algae slurry is increased to
70 wt% solely by the use of solar energy.

The gasification plant was assumed to operate at the nomi-
nal process values given in Table 2 while the algae oil content
was varied between 20 to 40 wt% (on a dry basis). The use of
algae feedstocks with oil contents below 20% in the described
gasification process is likely to represent scenarios where large
parts of the algae oil were previously extracted for other pur-
poses (e.g. production of biodiesel). Therefore, proper LCA
of the GHG emissions in such cases should carefully allocate
the upstream emissions, such as those associated with the use
of fertilizers, to all products (e.g. biodiesel and syngas) that
are derived from the raw biomass. However, the basis for such
allocation is itself somewhat arbitrary; e.g. economic values,
weight fractions, heating values, etc. In order to avoid these
complexities, the analysis of the GHG emission of syngas ob-
tained from algae feedstock containing less than 20wt% oil
was not considered in the LCA section.

It was assumed that 80% of the produced ammonia was re-
cycled back to the algae cultivation pond to reduce the con-
sumption of nitrogen fertiliser. However, the energy consump-
tion for the separation of ammonia from syngas was not con-
sidered in this study. Apart from the use of syngas within the
gasification plant as an auxiliary fuel to the combustor reactor,
a partial recycle of syngas was also considered to meet the heat
and electricity demands of other parts of the biorefinery (e.g.
dryer, pumps, centrifuge, etc.). To this end, it was assumed
that the required amount of syngas is fed to a combined heat
and power (CHP) unit to generate heat and electricity at an
overall efficiency of 85%.

According to the Intergovernmental Panel for Climate
Change (IPCC, 4™ assessment report) the global warming po-
tential (GWP) factors of 25 and 298 were used to calculate the
CO,-equivalent emissions of methane and nitrous oxide over
a 100 years time period, respectively 3.

3 Results and discussion

In this section, the results obtained from the simulation and
life cycle assessment of the described algae gasification pro-
cess are presented. We first discuss the baseline scenarios

4| 1-11
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Fig. 2 Schematic process flow diagram of the algae gasification process. The dashed line to the combustor shows auxiliary syngas fuel to
generate more heat if needed and the dashed line from the combustor to the reformer represents energy transfer between the two reactors via

the circulation of the bed material.

Table 1 Design specs, set points, and parameter estimation subroutines within the process model.

Unit operation = Comment

Pyrolyzer Splits the feed into char and volatile fractions

Reformer Allowable products: H,, CO, CO,, CH,, H,0, H,S, NH,, P

Syngas recycle  Axillary fuel to the combustor to meet the heat demands of the reformer
Combustor T. = T, + 150°C, Allowable products: CO,, O,, N,, H,0,NO,, SO,, P
Air flow rate Calculated based on char and syngas flow rates to the combustor

HX1 50°C temperature approach at the air outlet side

HX2 Syngas outlet T: 120°C, water inlet 7: 20°C

HX3 150°C Temperature approach at the steam outlet side

Feed preheater  Flue gas outlet 7: 120°C, algae inlet T: 20°C

Table 2 Ranges of parameters for global sensitivity analysis.

Nominal Lower Upper :
Faraneter Value bound bound Unit
Algae oil content - 0 40 wt% dry
Gasifier temperature 800 700 900 °C
Feed water content 30 20 50 wt%
Steam to biomass ratio 0.6 0.4 0.8 kg/kgargae
Fuel-air equivalence ratio 0.20 0.10 0.25 -

Table 3 Elemental compositions and lower heating values of algae fractions*.

Fraction

Elemental composition

LHV (MJ/kg)

Lipid

Protein
Carbohydrate
Nucleic acids

C1H;.8300.17No.0031 Po.oos
C1H;.5600.3N0.2650.006
C1H1.6700.83
C1H1.5300.74No.40Po.11

36.3
239
17.3
14.8

This journal is ©@ The Royal Society of Chemistry [year]
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Table 4 Elemental compositions and lower heating values of the algae feedstocks considered in the simulations. All values are on a dry basis.

QOil Protein Carbohydrates Nucleic acid Elemental composition LHV
wt%) (wt%) (wt%) (wt%) MJ/kg)
0 60 30 10 C1H1.5800.49N0.19P0.006S0.004 20.1
20 49 25 6 C1H1.6300.43N0.15P0.007S0.003 23.9
30 43 22 5 C1H1.6500.40N0.13P0.007S0.003 25.5
40 37 20 3 C1H1.6700.37N0.12P0.008S0.003 27.4

where the input parameters, except for the algae composition,
are set to their nominal values given in Table 2. Then, using
global sensitivity analysis, the influence of the primary input
parameters on the process efficiency and gas yields are de-
termined. Finally, the simulation results, in conjunction with
our previous life cycle analysis of algae production in open
ponds '2, are used to estimate the life cycle GHG emission of
the algae-derived syngas. The GHG emission values of algal
syngas produced under different scenarios are subsequently
benchmarked against the GHG emission of fossil-derived syn-
gas to evaluate the potential for algal syngas to mitigate the
carbon intensity of the syngas-based products.

It is also emphasized that the analysis presented in subsec-
tions Base Case Scenarios (section 3.1) and Sensitivity Anal-
ysis (section 3.2) are solely based on the product yields ob-
tained in the gasification process, whereas the values reported
in the Life Cycle Analysis (section 3.3) have been adjusted to
account for the recycling of ammonia to the algae cultivation
pond and for the partial consumption of syngas to supply en-
ergy to the entire algal biorefinery.

3.1 Base Case Scenarios

The results of simulations performed at the nominal values
of the process parameters given in Table 2 for different algae
compositions are listed in Table 5. Simulation results indi-
cated that the hydrogen and carbon monoxide yields are lin-
early proportional to the oil content of the algae feedstock.
The yields of hydrogen and carbon monoxide increased from
85 to 123 g/kguigqe and from 485 to 707 g/kguigqe, TESPEC-
tively, by increasing the algae oil content from O to 40 wt%.
Also, the yields of carbon dioxide and ammonia slightly de-
creased at higher algae oil percentages. As expected, the yield
of methane was fairly small (i.e. ~ 1.0 g/kgu/qq.) at the operat-
ing conditions investigated here. Moreover, the H,:CO ratios
in the syngas remained around 2.45 regardless of the algae
composition (Figure 3a). As such, the LHV of syngas per unit
mass of algae was linearly proportional to the oil content of the
feedstock (Figure 3b), ranging from 15.3 to 22.1 MJ/Kgu/gae-
It is also worth mentioning that each of the heating values pre-
sented in this figure approximately equals to 80% of the LHV
of its respective feedstock. Due to the decrease in the yield of

carbon dioxide, the energy content per unit mass of the pro-
duced syngas itself also slightly increased with increasing the
algae oil (Figure 3b) .

3.2 Sensitivity Analysis

The effect of the key input parameters on five model outputs,
namely syngas LHV, CGE, H,:CO ratio, and H, and CH,
yields were studied via global sensitivity analysis explained
in section 2.2. After determining and ranking the influence of
the input parameters on each model output, it is shown how
each output would change by varying the two most influential
input parameters over their considered ranges given in Table 2
while other parameters are kept at the mean values of their
ranges.

Based on the results presented in Figure 4, the syngas LHV
has an extremely high sensitivity to the algae oil content. In
fact, as previously outlined in Table 4, the energy content of
an algae feedstock is predominantly governed by its percent-
age of oil and therefore, it was expected to observe such a
large impact from this parameter on the energy content of the
products. Simulation results indicated that increasing the oil
content from 0 to 40 wt% would increase the LHV of the pro-
duced syngas from 14 to 23 MJ/kg..q. We emphasize again
that the values of syngas heating content were calculated based
on the yields of hydrogen, carbon monoxide, and methane ex-
iting the second heat exchanger (HX2). In other words, the
energy contents of ammonia and that of the syngas consumed
as an auxiliary fuel to the combustor were not considered.

The sensitivity analysis revealed that the overall energy effi-
ciency of the algae gasification process as represented by CGE
typically lies between 80 to 90%. In contrast to the syngas
LHYV, the CGE was primarily dependent on the water con-
tent of the feedstock and the amount of steam supplied to the
gasifier, with only a minor influence from the algae composi-
tion (Figure 5). The strong effect of feed water content and
steam-to-carbon ratio on the cold gas efficiency suggests that
these parameters should be optimized simultaneously in order
to achieve the highest possible process efficiency.

The results of global sensitivity analysis and the effect of
the two most influential parameters on the hydrogen yield are
presented in Figure 6. As can be seen from this figure, the hy-

6| 1-11
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Table 5 Simulation results for the base case scenarios (see the nominal values given in Table 2). All values are based on 1 kg of dry algae.

Oil content Final products (g/kg algae) Syngas recycled
(wt%) H, CO CH; CO, NH; tocombustor
0 85 485 04 544 117 9.7%
20 107 610 08 549 109 1.6%
30 116 665 1.0 533 101 0.1%
40 123 707 13 511 91 -

(a) Syngas composition

.

(b) Syngas LHV

Fig. 3 Syngas composition in terms of volume percentage (a) and lower heating value (b) vs. algae oil content (wt% dry basis). All other

parameters are at their nominal values given in Table 2

drogen yield is almost entirely dependent on the oil content of
the feedstock with a little influence from feed moisture when
the algae feedstocks has a high oil content. Finally, the compo-
sition of the algae-derived syngas, represented by the H,:CO
ratio, was found to be largely controlled by feed water content
and gasification temperature (Figure 7). As expected, H,:CO
ratio increased when the operating conditions favored the for-
ward water-gas-shift reaction — i.e. high vapor pressure and
low temperature.

3.3 Life Cycle Analysis

As described in the methodology section, three scenarios for
the drying of the algae slurry were evaluated: use of a con-
ventional biomass belt dryer (route 1), use of solar energy to
increase the solid content to 30 wt% before using the conven-
tional belt dryer (route 2), and use of solar energy to increase
the solid content to 70 wt% (route 3). An overview of these
algae conversion pathways considered in this study and their
corresponding net syngas production yields are shown in Fig-
ure 8. In all three cases, the solid content of the feed after
dewatering and at the input to the gasifier were fixed at 20 and

70 wt%, respectively. We note that the net syngas yields pre-
sented here are based upon the nominal values of the key in-
put parameters given in Table 2 after accounting for the partial
consumption of the syngas to meet the heat and power demand
of the entire biorefinery (dashed lines in Figures 2 and 8a).

As can be seen in Figure 8b, the drying process has a
substantial impact on the net syngas yield. For an algae
strain with 30 wt% oil content the amount of syngas pro-
duced from one kilogram of dry feedstock increases from 3.5
to 11.0 MJV/Kg,jeqe just by utilizing solar energy to increase the
solid content of the algae slurry from 20 to 30 wt%. Likewise,
a substantial gain in the net syngas yield can be obtained if the
whole drying is carried out using solar energy —i.e. the net
syngas yield in this case would increase to 19.6 MI/kg,gqe-
Regardless of the conversion route, a 1.5 MI/kgy,q rise in
the net yield of syngas is observed for every 10 wt% increase
in the feedstock oil content.

In order to determine the carbon footprint of biofuels, one
has to add up all the direct and indirect emissions associated
with every step of the biomass cultivation, harvesting, and
conversion. As far as algae-derived syngas is concerned, the

This journal is ©@ The Royal Society of Chemistry [year]
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(a) Syngas LHV global sensitivity analysis
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Fig. 4 Global sensitivity analysis (a) and effects of the two most influencing parameters (b) for syngas LHV per kilogram dry feed.
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Fig. 5 Global sensitivity analysis (a) and effects of the two most influencing parameters (b) for cold gas efficiency (CGE).

environmental stressors primarily belong to one of the follow-
ing groups: electricity, heat, fertiliser, and plant construction.
As shown in the previous LCA studies '>'3, the carbon foot-
print of algal biofuels are heavily affected by the carbon in-
tensities associated with the electricity and heat provided to
the biorefinery. However, it is possible to suppress or elimi-
nate this dependency through the use of solar energy or com-
bustion of algae-derived products such as syngas and biogas.

In the present study, the external heat and electricity demand
of the algal biorefinery is assumed to be fully provided by a
combined heat and power (CHP) unit fed with algae-derived
syngas produced on-site. As such, the emissions due to heat
and electricity were eliminated and the net syngas production
yields were adjusted accordingly.

Figure 9 shows the GHG emissions of the algae-derived
syngas produced through different conversion strategies, as
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Fig. 6 Global sensitivity analysis (a) and effects of the two most influencing parameters (b) for hydrogen yield per kilogram dry feed.
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Fig. 7 Global sensitivity analysis (a) and effects of the two most influencing parameters (b) for H:CO molar ratio.

explained in Figure 8a. These values are obtained by normal-
izing the total emission in each case by the net syngas yields
provided in Figure 8b. For comparison, the corresponding
GHG emission for the syngas derived from steam reforming
of natural gas?* is also added to Figure 9.

As can be seen, the life cyle emissions of algal syngas from
route 1 are greatest among the scenarios considered here and

are, in fact, likely to be comparable or higher than those of
the natural gas-derived syngas. LCA also revealed that the al-
gae oil content has a profound effect on the carbon footprint
of algal syngas if the entire heat and electricity demand of
the biorefinery is supplied through the combustion of syngas
(route 1). The effect of algae composition on the life cycle
emissions of algal syngas is negligible upon the utilization of
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solar dryers. For the range of algae oil content studied, the life
cycle GHG emissions of algal syngas vary over a range of 27
to 38 g CO,/MJ, and 16 to 20 g CO,/MI for the routes 2 and
3, respectively. Therefore, a gasification process that utilizes
solar-assisted drying holds promise to bring significant emis-
sions savings, particularly if higher solid concentrations can
be obtained from the solar drying process. Another implica-
tion of these results would be that, if solar drying is to be used
to reduce the solid content of the algae slurry, optimization
of other growth and economic factors such as biomass annual
productivity and fertiliser demand should be given a higher
priority than the optimization of the oil content.

We note that the breakdown values for the emissions asso-
ciated with the production of fertiliser are obtained by deduc-
ing the ammonia recovery credits from their respective gross
values. Also, it should be realised that the upstream GHG
emissions of natural gas-derived syngas includes the carbon
footprint associated with extraction, transportation, and refin-
ing processes for the natural gas, while the steam reforming
GHG emissions refers to the sum of the consumed natural gas
as a feedstock to the process and as a fuel to supply the heat
of reaction.

4 Conclusions

The production of algae-derived syngas in dual fluidized bed
(DFB) gasifiers was simulated using Aspen Plus®. It was
found that, under the base case conditions set in the simula-
tions, increasing the oil content of the feedstock from O to 40
wt% would increase the LHV of the produced syngas from
15.3 to 22.1 MJ/kguj4qe While it had a negligible effect on the
H,:CO ratio. Using a global sensitivity analysis, we deter-
mined the effect of each input parameter on the syngas LHYV,
cold gas efficiency, and product yields. The CGE of the pro-
cess varies over a range of 75 to 90% and is primarily de-
pendent on the feedstock water content and steam-to-biomass
ratio. The life cycle analysis revealed that, if the carbon in-
tensity of the drying step is reduced through the use of solar
energy, the carbon footprint of algae-derived syngas (i.e. < 40
g CO,/MJ) would compare favorably with that of syngas from
fossil resources (i.e. ~ 100 g CO,/MJ).
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Fig. 8 Schematic process flow diagram of algae production and conversion considered in the life cycle assessment (a) and the net syngas
yields obtained per kilogram of algae (b). All values are on a dry basis.
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Fig. 9 Life cycle GHG emission of algae-derived syngas produced based on the strategies depicted in Figure 8. The carbon footprint of
syngas production via steam reforming of natural gas* is included for comparison.
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