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ABSTRACT
Although not yet a mature technology, biomass
energy with carbon capture and storage (BECCS) is
expected to be the leading negative emissions
technology deployed over the 21st century to reduce
greenhouse gas (GHG) emissions. In this paper, a novel
BECCS cycle using exhaust gas recycling (EGR)-enhanced
biomass gasification is described and analysed. This cycle
combines an atmospheric gasifier and an Otto cycle
engine operating under an oxy-gasification/combustion
CCS scheme. Exhaust gasses from the Otto cycle, rich in
CO2 and at high temperature, are recycled to the gasifier
to enhance syngas production. Analysis of a
representative numerical model illustrates how EGR
creates higher system efficiency and lower specific CO2
emissions while allowing for lower gasifier O2
equivalence ratios (E/R). Compared to a similar power
cycle without EGR, the proposed cycle improved system
efficiency from 21.7% to 28.8% while reducing specific
CO2 emissions from the cycle by 25%.
Keywords: Biomass gasification, BECCS, CO2 gasification,
Integrated gasification power cycle, Negative emissions
NONMENCLATURE
Symbols
∆ℎ̂0
𝑒𝑂2
𝑚̇
𝑛̇
𝑊̇
ηsys

Molar standard enthalpy of reaction
(kJ/mol)
Specific energy of O2 separation
(kJ/kg)
Mass flow (kg/s)
Mole flow (kmol/s)
Power (kW)
Total system efficiency
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INTRODUCTION
Negative GHG emissions technologies will likely be
needed if 2°C climate warming is to be avoided. BECCS
will feature prominently in this role, possibly removing
100-1000 Gt-CO2 from the atmosphere by the year 2100
according to IPCC modelling [1]. Gasification schemes
adopted to the BECCS concept present benefits
particularly when considering power generation as the
desired system output. Pollutant emissions from
gasification plants are lower and material streams are
easier to clean. Gasification plants also provide easier
and less costly CCS schemes to be implemented for GHG
control. Additionally, gasification allows for a wider
range of energy conversion technologies and simpler
generating systems to be employed by virtue of changing
the solid feedstock into a gaseous fuel stream [2]. Recent
research has focused on using CO2 as a medium for
gasifying solid biomass fuels [3, 4] to provide a pathway
for simultaneously utilising CO2 produced during power
generation while augmenting the output of syngas from
the feedstock [5]. Specifically, using CO2 as a gasifying
agent will enhance the Boudouard reaction (eq(1)) by
directly providing additional reactant to be converted
into CO syngas.
𝐶(𝑠) + 𝐶𝑂2 → 2𝐶𝑂 ; ∆ℎ̂0 = 172 𝑘𝐽/𝑚𝑜𝑙

(1)

Applications that recycle CO2 from combustion to
enhance gasification within an integrated gasification
combined cycle (IGCC) have been investigated for coalfed systems with Brayton cycle gas turbines and Rankine
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Fig 1: Schematic of proposed Integrated Gasification and Exhaust Recycling System

cycle steam turbines [6, 7] and biomass-fed systems with
regenerative gas turbine Brayton cycles [8]. Using
exhaust gas recycling (EGR) in these systems not only
provides an additional gasifying agent but also uses
waste heat to improve gasification processes. These
referenced studies use oxy-combustion/gasification
methodologies, allowing for direct capture of CO2
emissions from the power cycles at the expense of
separating O2 from ambient air using an air separation
unit (ASU).
In this work, a novel BECCS power cycle will be
described along with a numerical model used to analyse
system performance. The impact of EGR on this model
will also be discussed in the context of overall system
efficiency and specific CO2 emissions from the cycle.
2. SYSTEM DESCRIPTION
The proposed system, shown in Fig 1, is based on an
integrated oxy-combustion/gasification cycle using CO2
EGR to enhance syngas production (ref. [8]). Syngas
produced in the gasifier is cooled and dried before being
burned in a power generation cycle. A portion of the
power cycle exhaust gasses, rich in CO2 and at high
temperature, are returned to the gasifier as gasifying
agents. Residual exhaust is cooled and sent to CCS.
A novel feature of this system is the use of an Otto
cycle spark ignition engine (SIE) in place of the Brayton
cycle turbines or combined gas/steam cycles commonly
used in other EGR gasification systems [8, 6]. Internal
combustion engines (ICE) are currently the most
prevalent energy conversion technology. ICEs are highly
scalable between the kW to MW output range, with
larger sized engines usually boasting higher conversion
efficiencies. These engines also demonstrate a consistent
conversion efficiency across a variety of off-design

operating points making them ideal for meeting any
variability in output requirements [9]. Coupled with low
capital costs and good reliability, ICEs are identified as
having great potential for use with syngas applications
[10]. Despite these advantages and having been shown
as a viable option for integration with gasification cycles
[11, 12], no efforts to investigate the effects of CO2
gasification from EGR on such a combined system have
been made to date.
2.1 Input Feed Streams
Biomass (48.9% C, 5.8% H, 45.1% O, 0.2%N by mass)
and O2 feeds are introduced to the system at ambient
conditions (298 K, 1atm). Biomass feed rate is fixed at
100 kg/h while gasifying agent flow is varied to produce
a range of equivalence ratios. Engine O2 intake is
controlled, providing stoichiometric combustion
conditions thus ensuring no excess O2 is returned to the
gasifier in the EGR stream. The energy required to
generate the O2 streams in an ASU is assumed to be
576 kJ/kg-O2 based on AirLiquide ASU technology [13].
2.2 Modelling approach
Aspen Plus commercial simulation software was
used to execute numerical modelling of the proposed
novel system. The model applies a non-stoichiometric,
equilibrium approach to the gasification process
following the methods used by others [14]. Energy
conversion modelling uses an ideal Otto cycle to
represent the power generation process. A custom user
model was implemented in Aspen Plus to simulate each
Otto cycle process with the relevant thermodynamic
calculations for temperature, pressure, and work [15]. A
volumetric compression ratio of 10 is assumed for the
Otto cycle.
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RESULTS AND DISCUSSION

3.1 Gasifier model validation
The Aspen gasification equilibrium model was
validated against a published numerical simulation with
good agreement. Fig 2 compares model gasifier results
for an integrated biomass gasifier model with EGR
employed [8].
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Exploration of overall system efficiency at different
E/R across a range of recycling ratios is shown in Fig 4.
Peak system efficiencies now occur at lower E/Rs but
require higher exhaust recycling. Although individual
efficiency peaks are present for each E/R investigated,
system performance remains fairly constant beyond the
carbon boundary with efficiency variations of less than
0.01 observed. Best system efficiency of 28.80% was
observed for E/R of 0.1 and recycling ratio 2.12 molCO2/mol-Cbio. Without EGR, peak system efficiency was
only 21.73% and required an E/R of 0.3. Efficiency at E/R
of 0.3 also increased to 22.62% at a recycling ratio of 2.12
mol-CO2/mol-Cbio.
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Fig 2: Comparison of syngas composition from a biomass
gasifier integrated with CO2 recycling from gas turbine
exhaust. Solid lines represent current model while dashed
lines and markers represent published results [8]
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(2)
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Fig 3: Changes in system efficiency (red), cold gas efficiency
(green), and syngas LHV (black) as EGR is increased.

3.2 Effect of EGR and E/R
Recycling different mass percentages of engine
exhaust gasses to the gasifier (Fig 3) shifts the observed
efficiency peaks to lower gasifier equivalence ratios
(E/R). Gasifier cold gas efficiency (CGE) (eq(2))
improvements from higher exhaust recycling are due to
an increase in syngas CO content which in turn is due to
the enhancement of the Boudouard reaction through
increased CO2 input to the gasifier. Overall system
efficiency (eq(3)) changes only with the gasifier CGE as
the Otto cycle thermal efficiency remains relatively
insensitive to EGR under these conditions. The
fundamental impact of recycling exhaust gasses rich in
CO2 and at high temperature to the gasifier is to increase
the gasifier CGE, particularly at lower E/R.
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3.

At peak conversion efficiency (ηsys=28.8%), the
system generated 1.14 kg-CO2/kWh of net-work. For the
baseline case without EGR, the peak efficiency condition
corresponded to specific emissions of 1.52 kg-CO2/kWh.
If CCS of these emissions requires pipelining, pressurising
the dried exhaust to 150 atm reduces the net-work and
thus system efficiencies are reduced by 4.8 percentage
points for both the EGR and non-EGR cases.
Gasifier equilibrium temperature peaks just after
the carbon boundary before gradually declining as EGR
increases.
This behaviour suggests that exhaust
temperature has an important role in determining
gasification temperature since the decreasing trend
beyond the CBP can be attributed to the diluting effect
of CO2 decreasing the adiabatic flame temperatures in
the Otto cycle. Further temperature reduction is due to
the enhancement of the endothermic Boudouard
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reaction. Despite the decreasing temperature trends
beyond the CBP, the peak efficiency point at E/R of 0.1
and recycling ratio 2.12 mol-CO2/mol-Cbio generates an
equilibrium gasifier temperature of 1796 K.

Fig 4: System efficiency (black) and gasifier temperature (red)
at selected E/R over a range of CO2 recycling ratios

4.

CONCLUSIONS
A novel oxy-gasification/combustion BECCS cycle
combining a biomass gasifier and an Otto cycle ICE using
EGR-enhanced gasification has been described along
with a representative numerical model of the ideal cycle.
Results show recycling 2.11 mol-CO2/mol-Cbio to the
gasifier from the exhaust stream improves the overall
system efficiency from 21.7% at an E/R of 0.3 to 28.8% at
an E/R of 0.1. This EGR case also produces the lowest
specific CO2 emissions of 1.14 kg-CO2/kWh compared to
1.53 kg-CO2/kWh without EGR. This demonstrates that
EGR will improve cycle efficiency, specific CO2 emissions,
and reduce O2 gasifying agent demand.
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