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A B S T R A C T   

Partially recycling CO2-rich exhaust gases from a syngas fuelled internal combustion engine to a biomass gasifier 
has the capability to realise a new method for direct carbon dioxide utilisation (CDU) within a bioenergy system. 
Simulation of an integrated, air-blown biomass gasification power cycle was used to study thermodynamic as-
pects of this emerging CDU technology. Analysis of the system model at varying gasifier air ratios and exhaust 
recycling ratios revealed the potential for modest system improvements under limited recycling ratios. Compared 
to a representative base thermodynamic case with overall system efficiency of 28.14 %, employing exhaust gas 
recycling (EGR) enhanced gasification system efficiency to 29.24 % and reduced the specific emissions by 46.2 g- 
CO2/kWh. Further investigation of the EGR-enhanced gasification system revealed the important coupling be-
tween gasification equilibrium temperature and exhaust gas temperature through the syngas lower heating value 
(LHV). Major limitations to the thermodynamic conditions of EGR-enhanced gasification as a CDU strategy result 
from the increased dilution of the syngas fuel by N2 and CO2 at high recycling ratios, restricting equilibrium 
temperatures and reducing gasification efficiency. N2 dilution in the system reduces the efficiency by up to 2.5 % 
depending on the gasifier air ratio, causing a corresponding increase to specific CO2 emissions. Thermodynamic 
modelling indicates pre-combustion N2 removal from an EGR-gasification system could decrease specific CO2 
emissions by 9.73 %, emitting 118.5 g/kWh less CO2 than the basic system.   

1. Introduction 

Carbon-dioxide utilisation (CDU) schemes aim to maximise the 
benefit derived from a source of CO2 before the gas is released to the 
atmosphere or sent for long term sequestration. Often, such CDU stra-
tegies aim to create new materials derived from the chemical conversion 
of CO2. Products could include bulk chemicals or building materials 
while some processes can even convert CO2 into a useful fuel for further 
energy generation or storage. Even in situations where the CO2 stream 
remains unconverted, further benefit can still be realised. Some exam-
ples of these latter, direct CDU strategies include enhanced oil recovery, 
heat transfer and storage, combustion dilution, and acting as a cycle 
working fluid [1]. Biomass energy cycles present an opportunity for 
potential CDU strategies to be realised within a low-carbon energy 
setting. Significant growth in bioenergy is anticipated as part of the shift 

away from fossil fuels with global annual growth rates in electricity from 
biomass expected to be 5–6 % over the next decade [2] while total en-
ergy derived from biomass could increase by up to 418 % by the end of 
the 21st century [3]. Considering this anticipated expansion of the 
biomass energy sector, CDU technologies are likely to have an impact on 
the development of this field. Furthermore, biomass energy systems 
using integrated gasification cycles (IGC) present mechanisms for both 
direct and conversion-based CDU. 

Syngas produced from thermochemical gasification reactions is rich 
in H2 and CO combustible species, capable for burning as a fuel. Gasi-
fying agents used as reactants in this fuel production process can include 
CO2 which is involved with the reverse Boudouard reaction and the 
reverse Water Gas Shift (WGS) reaction, shown in Eqs. (1) and (2) 
respectively. Dry reforming reactions also use CO2 as a reactant to 
decompose hydrocarbons into syngas, with methane dry reforming 
given as an illustrative example in Eq. (3). While these reactions create 
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CO fuel, they are endothermic thus requiring high reaction temperatures 
to shift their equilibrium to favour CO production [4]. Nevertheless, 
these reactions provide a CDU method of generating gaseous fuels from 
CO2. 

C(s) +CO2→2CO; Δĥ
0
= 172 kJ

/
mol (1)  

H2 +CO2 ↔CO+H2O; Δĥ
0
= 41.2 kJ

/
mol (2)  

CH4 +CO2→2H2 + 2CO; Δĥ
0
= 247 kJ

/
mol (3) 

Experimental studies of this CO2 conversion phenomenon have been 
conducted on biomass samples gasified with CO2 as the only gasification 
agent [5,6] or with CO2 used in gasifying mixtures with H2O [7,8] or O2 
[9,10]. Under isothermal conditions, use of CO2 as a gasifying agent 
primarily influences char reduction while having negligible effects on 
the pyrolysis of a biomass sample [6]. Measurements during char 
reduction under CO2 atmospheres show the enhancement of the reverse 
Boudouard reaction since CO is produced while CO2 is consumed. 
Consistent with the endothermicity of the reaction, this effect is tem-
perature dependent with CO2 conversion increasing threefold and CO 
production increasing by a factor of 2.5 as the reaction temperature 
increases from 800 ◦C to 1000 ◦C [5]. Likewise, observations of auto-
thermal gasification using O2/CO2 mixtures show the yield of CO 
increased by 130 % when additional CO2 was supplied [10]. CO2/O2 
gasification also promoted CO2 and char conversion compared to 
reference cases using N2/O2 gasification mixtures. For example, a 
mixture of 40 %v/v O2 in CO2 resulted in 95 % char conversion while a 
40 %v/v O2 in N2 mixture converted only 20 % of the char sample. 
Additionally, higher concentrations of CO2 in the gasifying mixture 
allowed for complete char conversion at lower oxygen fluxes with a 25 
% v/v O2 in CO2 mixture requiring only 35 gO2/m2s while the 40 %v/v 
O2 in CO2 mixture required nearly 80 gO2/m2s for 95 % char conversion 
[9]. 

Similar computational studies also investigated CO2 gasification 

equilibrium properties [11,12,13,14]. Overall trends from these in-
vestigations highlight the capacity for enhanced char reduction, 
increased CO production, and potential for net-consumption of CO2 
while showing the increased endothermicity of the reaction mechanism 
and temperature dependency of the process. CO2 conversion at the 
carbon boundary point increases with temperature, approaching 100 % 
as the equilibrium temperature passes 1000 ◦C although the minimum 
specific heat input for carbon conversion is reached at 850 ◦C. Co- 
gasification with oxygen and steam can improve char conversion and 
reduce the required energy inputs for gasification but this also reduces 
the CO2 conversion of the process since the additional gasifying agents 
will be reacting with the feedstock [12]. There are some limitations to 
this effect under the integrated system conditions of Chaiwatanodom 
et al. [13] where gasification under a CO2/C ratio of 1 decreased the 
system efficiency by 10–15 % due to the high thermal inputs required in 
the gasifier, although the corresponding cold gas efficiency (CGE) 
increased by a similar margin. These studies indicate CO2 is an effective 
gasifying agent, potentially improving the performance of a biomass 
gasifier. 

Combining a conventional gasification power cycle with a CO2- 
enhanced gasifier provides a means of realising a “cycling” CDU 
pathway [15] where CO2 ultimately returns to the atmosphere once the 
syngas is burned. While this pathway can reduce overall emissions by 
substituting a recycled source of CO2 for a primary one, it cannot remove 
all atmospheric CO2 emissions. When a fraction of the CO2-rich exhaust 
from the power cycle is returned to the gasifier, the utilisation process is 
completed locally since the CO2-derived syngas is generated and directly 
consumed within the same overall cycle. An additional, non-conversion 
CDU process is also possible if the recycled CO2 is capable of transferring 
some waste heat from engine combustion to the gasifier. 

Cycles incorporating this CDU strategy have been proposed for coal 
gasification in steam turbine cycles [16] and IGCC [17,18], and for 
biomass gasification in gas turbine cycles [19] where preliminary 
modelling highlights exhaust recycling could improve system perfor-
mance. These examples of local exhaust gas recycling (EGR) enhanced 

Nomenclature 

G Gibbs free energy (kJ/mol) 
T Temperature (K) 
R Gas constant (kJ/mol-K) 
Cp Heat capacity (kJ/mol-K) 
rc Compression ratio (-) 
m Mass quantity (kg) 
n Molar quantity (kmol) 
a Species elemental factor (-) 
cn Correlation constants (-) 
h Specific enthalpy (kJ/mol) 
hc Heat transfer coefficient (W/m2-K) 
ΔHc Enthalpy of combustion (kJ) 
Xb Burned mass fraction (-) 
P Pressure (kPa) 
V Volume (m3) 
Vc Clearance volume (m3) 
Q Heat energy (kJ) 
W Indicated work (kJ) 
Up Mean piston speed (m/s) 
k Thermal conductivity (W/m-K) 
Kp Reaction equilibrium constant (-) 
λ Gasification air ratio (-) 
γ Adiabatic index (-) 
∊ Crank/rod length ratio (-) 
μ Dynamic viscosity (Pa-s) 

ρ Density (kg/m3) 
θ Engine crank angle (deg.) 
η Indicated thermal efficiency (%) 

Abbreviations 
A/F Air to fuel mass ratio 
imep Indicated mean effective pressure 
fmep Friction mean effective pressure 
bmep Brake mean effective pressure 
LHV Lower heating value 
IGC Integrated gasification cycle 
IGCC Integrated gasification combined cycle 
E/FGR Exhaust (or Flue) gas recycling 
EGT Exhaust gas temperature 
CGE Cold gas efficiency 
RES Renewable energy source 
CDU Carbon dioxide utilisation 
CCS Carbon capture and storage 

Subscripts 
i Syngas products 
k Gasifier inputs (feedstock and agents) 
j Element index 
eng Engine 
sys Overall system 
bio Biomass feed  
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gasification are typical of large-scale, gas turbine-based, concentrated 
generation cycles using carbon capture and storage (CCS) technologies, 
typically oxy-fuel gasification/combustion. 

In contrast, at the scale of distributed energy generators, internal 
combustion engines (ICE) are often preferred to other prime-movers due 
to proven operational reliability, low capital and maintenance costs, 
rapid ramp-up and load following characteristics, and fairly constant 
efficiency over a wide operating range [20,21,22]. ICE are also resilient 
to fuel contaminants compared to gas turbines roughly by a factor of 100 
[23], an important consideration for gasification applications due to 
potential tar formation [24]. Furthermore, scalability of ICE make them 
ideal for use within a microgrid of small-scale, distributed generators 
[25,20] where small-scale units can be located near sources of biomass 
feedstocks to make best use of the resources available in an area [26]. 

Although some previous studies feature cycles that incorporate CO2 
recycling for gasification, their focus remains on assessing applications 
of CCS techniques [16,19] without directly evaluating any CDU aspects 
of the system. Furthermore, consideration of CO2 gasification is gener-
ally limited to comparisons with steam recycling gasification [17], 
reduction of soot formation [18], or overall system efficiency [16,19]. 
Notwithstanding some preliminary assessments investigating the inter-
action of power system parameters on the gasification process [19,27], 
these power systems were simulated using idealised cycles instead of 
detailed modelling techniques. While simplified Brayton or Otto power 
cycle models are convenient for basic studies, as in the previous refer-
ences, these models do not address combustion dynamics nor account 
for cycle heat losses. Considering that the recycled exhaust gas compo-
sition, temperature, and flow rate will have an influence on the gasifier 
thermochemical conditions, a more detailed engine model is required to 
account for combustion and heat transfer effects on the cycle working 
fluid. 

1.1. Contributions of the current work 

Given these limited investigations to date on direct CDU strategies 
used in integrated gasification cycles, an in-depth investigation is 
needed to fully understand how system parameters interact to influence 
both the overall system performance and the fundamental thermody-
namics of the gasification process specifically. Complexities of such in-
tegrated systems and the coupled interdependency of component 
operations mean that many factors can influence the system as a whole. 
Additionally, the high endothermicity of the CO2 utilisation reactions 
suggests gasification performance would be sensitive to any effect that 
changes the thermal conditions of the gasifier either through tempera-
ture or supplied allothermal heat, however this has yet to be investi-
gated in detail within an integrated system. Particularly, an assessment 
of the specific benefits and limitations of implementing such a CDU 
strategy in a gasification power cycle is needed to inform future system 
designs to optimally implement EGR gasification. This is of interest in 
the context of small-scale distributed generation systems and internal 
combustion engines where gasification-based direct CDU technologies 
have not been explored. 

In this work, we analyse the thermodynamic gasification conditions 
in a model representative of a small-scale, internal combustion engine- 
based biomass power cycle using EGR-enhanced gasification as a CDU 
strategy. System outputs of indicated power, efficiency, and specific 
emissions are studied along with resulting thermodynamic gasification 
parameters. This analysis focuses on the thermodynamic equilibrium 
conditions for gasification so that system-level effects of CO2 recycling 
can be studied separate from the performance of any individual gasifier 
design. Specifically, the potential for carbon utilisation in the system is 
investigated independently of carbon capture and storage technologies 
to determine benefits to system efficiency and reductions to specific 
emissions. System parameters that influence the thermodynamics of CO2 
conversion into syngas are also highlighted. Particular focus is given to 
the effects of N2 dilution within the system. 

2. Proposed system 

The integrated gasification cycle (IGC) is illustrated in Fig. 1. The 
aim of this system is to efficiently generate power from a feedstock of 
biomass fuel at the scale of a small, modular, distributed power gener-
ation unit. Critically, this system incorporates a recycling line from the 
engine exhaust to the gasifier to implement an EGR-enhanced gasifica-
tion scheme for direct CDU within the system, a practice not currently 
used in any piston-engine based IGC. A variable fraction of the exhaust 
stream can be recycled in such a manner while temperatures, flow rates, 
and chemical composition for each line are monitored to gain detailed 
information on system component interactions. This allows for detailed 
analysis of the system response to exhaust recycling. 

In the proposed system, biomass is converted to syngas in an air- 
blown gasifier operated at atmospheric pressure. Hot syngas is used to 
preheat the supplied gasification air (PRE-HEAT) to within 20 ◦C of the 
gasifier temperature. The product syngas then undergoes cyclone sep-
aration of ash and char and subsequent cooling to 40 ◦C (GASCOOL) to 
remove condensed species (DRAIN). Sufficient air for stoichiometric 
combustion is mixed with the syngas (CARB) and burned in an internal 
combustion engine to generate power (ENGINE). Exhaust gases from the 
engine are at high temperature and contain both CO2 and H2O. A portion 
of the flue gases are returned to the gasifier (FGR) as a source of both 
allothermal heat and additional gasifying agents CO2 and H2O, thus 
providing a method of using exhaust CO2 to enhance the gasification 
process. Residual flue gasses are released to the atmosphere (OUT). 

3. Modelling and methodology 

The proposed system is modelled using Aspen Plus chemical process 
simulation software. Custom program scripts written in Fortran are also 
integrated within the simulation. In summary, the input biomass feed is 
interpreted in a Fortran script based on its ultimate and proximate an-
alyses along with its calorific value and then combined with gasifying 
agents for the gasification sub model. After product gas cooling and 
separation of solid and condensed species, a Fortran script controls 
airflow to create a stoichiometric mixture of syngas and air for intake 
into a Fortran based engine model. Engine simulation is iterated until 
the exhaust stream properties of pressure, temperature, and composition 
satisfy relative convergence criteria of 0.01 %. The recycled exhaust 
stream is specified on a mass fraction basis and returned to the gasifier as 
an additional input. Overall system simulation is iterated until the 
syngas stream properties satisfy relative convergence criteria of 0.01 %. 

3.1. Feedstock 

To simulate a small generating unit, the biomass feed rate is set to 50 
kg/h to give a steady input of 230 kW in terms of biomass LHV. This 
corresponds to an anticipated generator system output of 50 kW 
assuming approximate conversion efficiencies of 80 % for the gasifier 
and 30 % for the engine. A model representative of industrial wood 
residues (sawdust) is approximated in terms of a proximate and ultimate 
analysis [28], as shown in Table 1. 

3.2. Gasification model 

Biomass gasification is simulated using a non-stoichiometric, ther-
modynamic equilibrium method [13]. Since the current analysis aims to 
investigate the thermodynamic conditions underlying the gasification 
process, this approach is particularly useful. The fundamental basis of 
this model is that under equilibrium conditions, the Gibbs free energy of 
the syngas mixture is minimized. By prescribing both the expected 
syngas chemical products and the reaction conditions, the model solves 
a system of equations describing the minimisation of the syngas Gibbs 
free energy (equation (4)) constrained by an elemental mass balance 
(equation (5)). In this study, syngas species of H2, CO, CH4, CO2, H2O, 

M.J. Greencorn et al.                                                                                                                                                                                                                           



Energy Conversion and Management 269 (2022) 116144

4

N2, and solid carbon char residues are considered as the possible outputs 
of the gasifier. Gasification temperature is also solved by considering an 
enthalpy balance across the reactor control volume (equations (6) and 
(7)). For the system presented here, the gasifier is assumed to be adia-
batic and is directly heated by using air as the primary gasification 
agent. Additional allothermal heat is introduced only through the 
recycled exhaust mass flow, thus indirect heating is neglected. Gasifi-
cation is specified to occur under atmospheric pressure while the reac-
tion temperature is a dependent parameter, calculated as described 
above. 

Gtotal =
∑

i
niΔG0

f ,i +
∑

i
ni R̂Tln

(
ni

∑
ni

P
P0

)

(4)  

nj =
∑

i
aijni =

∑

k
akjnk (5)  

∑

k
nk⋅ĥk +Qindirect =

∑

i
ni⋅ĥi (6)  

ĥi = ĥ
0
f ,i +

∫ T

T0

Cp,idT (7) 

Gasifying agent supply is quantified in terms of the gasification air 
equivalence ratio, λ, for air and a CO2 recycling ratio for engine exhaust. 
The former compares the air supplied to the amount required for com-
plete combustion of the biomass feedstock while the latter is a molar 
ratio of the recycled CO2 to carbon supplied in the feedstock. 

CO2 recycling ratio =
CO2 recycled (mol/s)

C in biomass (mol/kgb) × ṁb(kg/s)
(8)  

3.2.1. Gasification model validation 
Gasification is a complex process, sensitive to many operational and 

design parameters. The focus of the current work is on the system-level 
effects of CO2 recycling on the thermodynamic conditions of gasification 

rather than a detailed design analysis for specific gasifiers. Conse-
quently, only a 0-dimensional equilibrium model is capable of such an 
analysis since empirical, kinetic, or CFD models will be dependent on the 
exact design and geometry of a chosen reactor [4]. Indeed, equilibrium 
models are often the preferred method for assessing complex systems 
with integrated gasifcation cycles [29,30,13,19]. 

Previous work [27] has demonstrated this model matches pre-
dictions from comparable thermodynamic simulations in the literature. 
Fig. 2 further highlights the agreement between this model and a range 
of published thermodynamic equilibrium models for gasification. 

Thermodynamic studies of Ravikiran et al. [11] and Renganathan 
et al. [12] used this modelling approach to study gasification conditions 
across a range of simulated feedstock H/C/O compositions. Relevant 
parameters of these studies were the volumetric composition of H2, CO, 
CO2, and CH4 in the dry syngas, the carbon residual (1-XC), and the 
equilibrium temperature. The model developed for the present study 
shows strong agreement with these simulations for oxygen and steam 
gasification of a feedstock of CH0.9O0.45 under adiabatic conditions 
(Fig. 2 a & b). Similarly, the current model matches the results for pure 
CO2 gasification of a simulated feedstock with relative mass composition 
of 46 % C, 6 % H, and 48 % O under isothermal conditions at 850 ◦C. 
This study also reported the relative conversion of CO2 (XCO2) alongside 
the volumetric composition of the dry syngas (Fig. 2 c). 

Non-stoichiometric thermodynamic gasification models have also 
been incorporated into integrated cycle simulations, as in the work of 
Prabowo et al. [19]. Here, a simulated feedstock representative of co-
conut shells (49.3 % C, 5.5 % H, 45.0 % O) drives an integrated power 
cycle where it is gasified with O2 and recycled CO2 to generate syngas. 
Again, the current model generates similar gasification results to those 
reported in the referenced study for a gasifier temperature of 850 ◦C 
(Fig. 2 d). This configuration assumes an adiabatic gasification model 
while controlling the supply of O2 gasifying agent to maintain the 
desired reaction equilibrium temperature. 

Although the focus of the current work is to analyse the thermody-
namic conditions of gasification within the integrated system, this 
approach can also approximate specific gasification tests. Additional 
validation data from Table 2 confirms the model can replicate experi-
mental, downdraft gasification conditions [28]. The feedstock for this 
study is a wood sawdust with the same properties described in Table 1 
while the gasifier was a pilot scale unit designed for a nominal 200 kW 
thermal input with a 0.3 m diameter throat. Under steady state condi-
tions, the temperature profile ranged from 334 ◦C above the air inlet to 
peak temperatures of 1100 ◦C in the throat’s combustion zone before 
dropping across the reduction zone to reach an outlet temperature of 
350 ◦C. While the equilibrium model is zero-dimensional and thus will 
not reproduce a temperature gradient, the calculated equilibrium tem-
perature of 625 ◦C is nevertheless representative of the reduction zone 
temperature partway between the combustion zone and the outlet. 

Fig. 1. Schematic of simulated biomass IGC with recycled exhaust.  

Table 1 
Proximate and ultimate analyses of wood sawdust pellets [28].  

Proximate Analysis (wt%) 

Moisture Volatile 
Matter 

Fixed Carbon Ash LHV (MJ/ 
kg) 

9.5% (ar) 80.63 % (dry) 17.27 % (dry) 2.10 % (dry) 18.43 (dry) 

Ultimate Analysis (wt%) 

C H N O  

48.91 % (daf) 5.80 % (daf) 0.18 % (daf) 45.11 % (daf)  

* (ar. as received, daf. dry, ash free). 
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Comparing the syngas compositions illustrates common limitations 
of a purely thermodynamic assessment of gasification conditions. Slight 
overpredictions in the H2 content and under predictions of the CO 
content are evident here. While simulated methane production appears 
to closely match the experimental results in this instance, methane is 
generally not a thermodynamically favourable product under typical 
gasification conditions and equilibrium models tend to under predict 
methane content is syngas. Similarly, higher carbon compounds like tars 
are not thermodynamically favoured and will not be accurately 
modelled under equilibrium conditions. Tar formation and subsequent 
cracking is understood to be a kinetic phenomenon of gasification [24] 
and is highly variable based on operating conditions, reactor geometry, 
and gasifier design. Even though syngas tar content is an important, 
practical consideration of integrated gasification power cycles, evalua-
tion of tars is best suited to detailed design studies of specific gasification 
reactors and is not within the scope of this thermodynamic assessment. 

3.3. Engine model 

Performance of the internal combustion engine is modelled with a 
series of differential equations (9)-(11) that align with established 
methods of time-dependent engine simulation [31,32]. Solutions to the 
system of equations are calculated in a Fortran subroutine using a fourth 
order Runge-Kutta method and integrated over the engine cycle to 
determine the indicated net work, heat transfer, and exhaust properties. 

dP
dθ

=
γ − 1
V

⋅
(

ΔHc⋅
dXb

dθ
−
dQL

dθ

)

−
γ⋅P
V

⋅
dV
dθ

+

[
γ − 1
V

(
γ0T0 R̂
γ0 − 1

)

⋅
dm
dθ

]

(9)  

dV
dθ

=
Vc⋅(rc − 1)

2
sin(θ)⋅(1+ ∊cos(θ) ) (10)  

dW
dθ

= P⋅
dV
dθ

(11) 

Combustion heat release is modelled using a Weibe function (eq 
(12)) to calculate the mass burn fraction. The standard Weibe function 
for petrol combustion uses parameters c1 = 5 and c2 = 3 [31], however 
the combustion dynamics of syngas are not like this case. Mass burn 
parameters tuned specifically for syngas combustion are employed to 
capture the characteristics of a syngas fuelled engine. Values of c1 = 2.23 
and c2 = 1.71 are shown to give good results for syngas fuelled engines 
across many configurations and operating points [33] and are used for 
this present study. Fig. 3 compares the combustion profile used in this 
simulation to experimental measurements of syngas combustion in an 
ICE while highlighting the difference in combustion dynamics between 
syngas and the traditional Weibe function used for petrol. 

Fig. 2. Comparisons of the developed gasifier model with numerical results showing key syngas species, carbon conversion, CO2 conversion, and equilibrium 
temperature as appropriate from a) oxygen & b) steam adiabatic gasification of Ravikiran et al. [11], c) isothermal CO2 gasification of Renganathan et al. [12], and d) 
adiabatic gasification with recycled CO2 of Prabowo et al. [19]. Lines represent published results while markers signify current simulation outputs. 

Table 2 
Comparison of syngas composition as predicted by the developed Aspen equi-
librium model and measured experimentally by Simone et al [28] for wood 
sawdust pellets in air at an air ratio λ = 0.3.  

Experiment Gas Composition (%vol) 

H2 CO CO2 CH4 N2 

Current model 19.73 19.97 12.66 2.44 39.91 
Simone et al. [28] Test 1 17.5 21.3 13.3 3.1 44.2 

Test 2 17.6 21.6 12.0 2.3 46.0 
Test 3 16.3 21.3 12.4 2.3 47.2  
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Xb(θ) = 1 − exp
− c1

(
θ− θs
θd

)c2

(12) 

Instantaneous cylinder heat loss is calculated using a fundamental 
Nusselt-Reynolds number relationship established by Annand [34] to 
determine the heat transfer coefficient, hc. Correlation parameters of c3 
= 0.76 and c4 = 0.71 are used to simulate heat transfer conditions for 
models similar to a 6-cylinder, 5.9 L engine run on syngas with a con-
stant cylinder wall temperature [33]. 

hc = c3kBc4 − 1
(
ρUp

μ

)c4

(13) 

Exhaust blowdown and residual mass fractions are also calculated at 
the end of each iterated engine cycle [31]. 

For a small, distributed generator, the dimensions of a typical four 
stroke, 6-cylinder, 5.9 L, spark ignited (SI) engine is chosen for the 
model. When run on natural gas, the engine has a rated brake output of 
50 kW. Specifications of the engine simulated are provided in Table 3. 
The engine air/fuel ratio was set for complete stoichiometric combus-
tion of the supplied syngas. While a detailed engine model is central to 
the work at hand, the present analysis focuses on the system-level 
integration of CO2 gasification. As such, variations of engine parame-
ters, including combustion equivalence ratio, were not considered. 

3.3.1. Engine model validation 
Validation cases using syngas (19 % H2, 18 % CO, 1.8 % CH4, 12 % 

CO2, 49.2 % N2) at an A/F ratio of 1.27 and inlet pressure of 78.9 kPa 
were compared to experimental data available in the literature [35]. 
Indicated power calculated by the simulation was converted to brake 
power by approximating the fmep based on the engine speed [31] and 
determining the bmep from the imep calculated by the in-cylinder 
simulation. At power settings ranging from 5 kW to 27 kW, both the 
simulated brake power and in-cylinder pressure traces agree closely 
with the experimentally measured data, as demonstrated in Fig. 4. 

Similar agreement is shown in the engine’s overall energy distribu-
tion for a similar case with 123.5 kW of thermal input [35]. Some 

discrepancy in exhaust sensible energy is noted, however experimental 
determination of this parameter was based on measured exhaust mani-
fold temperatures. Any heat losses from the exhaust manifold would 
cause the experimental exhaust sensible load to appear lower than the 
modelling case. 

3.4. Exhaust gas recycling 

The exhaust gas stream leaving the engine model is split with one 
branch returning to the gasifier as stream FGR in Fig. 1. Parameters of 
the FGR stream are identical to the exhaust stream leaving the engine in 
terms of component mole fractions, pressure, and temperature while the 
total stream mass flow is a specified fraction of the exhaust stream. This 
stream becomes an additional gasifying agent input to the gasification 
sub model. To study the effects of FGR enhanced gasification, successive 
iterations of the system model vary the mass fraction of exhaust gases 
recycled to the gasifier from this point. The range of CO2 recycling ratios 
is set to encompass a baseline where no exhaust is recycled to the gasifier 
and extend to recycling ratios slightly beyond the 1.6 molCO2/molC 
ratio reported in the experiments of Prabowo et al. [10]. Remaining flue 
gases are released from the system through a flue stack, stream OUT in 
Fig. 1. 

4. Results and discussion 

A preliminary case of the simulated IGC at a gasification air ratio of λ 
= 0.3 without any exhaust recycling provides a baseline for the system 
performance. Syngas generated under these conditions is typical of the 
products of air gasification. The gaseous products were 22.24 % H2, 
28.89 % CO, 7.42 % CO2, and 41.45 % N2 by volume with negligible 
CH4, having a LHV of 6.19 MJ/Nm3 (6.08 MJ/kg) while the equilibrium 
gasification temperature was 972 ◦C. This results in a gasifier cold gas 
efficiency (CGE) of 82.13 %. 

Engine performance under these conditions generated 65.18 kW of 
indicated power with a cylinder cooling load of 61.93 kW, giving an 
engine thermal efficiency, ηeng, of 34.80 % and an exhaust temperature 
of 604 ◦C. Compared to the total thermal energy input from the biomass 
feeding rate, the overall IGC system has an indicated efficiency, ηsys, of 
28.14 %. 

CGE =
ṅsyn⋅LHVsyn

ṁbio⋅LHVbio
× 100% (14)  

ηeng =
Ẇnet

ṅsyn⋅LHVsyn
× 100% (15)  

ηsys =
Ẇnet

ṁbio⋅LHVbio
× 100% (16)  

4.1. Effect of exhaust recycling 

To examine the potential use of exhaust gases in a CO2 utilisation 
scheme to enhance gasification performance, the model is adapted to 
recycle a portion of the engine exhaust to the gasifier. Recycled exhaust 
is quantified by the amount of CO2 returned to the gasifier through the 
molar recycling ratio (equation (8)). While this ratio is defined in terms 
of CO2 recycling, the exhaust gases returned to the gasifier will also 
contain some water vapour as a co-product of the engine’s combustion 
reaction. 

4.1.1. Constant air ratio cases 
An integrated exhaust recycling gasifier represents a complex gasi-

fication system since flowrates of gasifying agents, supplied allothermal 
heat, and equilibrium temperatures are all coupled with the contents of 
the produced syngas. Fig. 5 presents data for the syngas generated under 
various amounts of exhaust recycling while the gasification air flow, and 

Fig. 3. In-cylinder combustion curves for petrol, simulated syngas, and 
experimental syngas combustion from [33]. 

Table 3 
Simulated engine specifications.  

Cylinders 6 – 
Bore 102 mm 
Stroke 120 mm 
Connecting rod 192 mm 
Compression ratio 10.5 – 
Engine cycle 4 stroke  
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thus air ratio, is held constant at λ = 0.3. As more exhaust gases are 
returned to the gasifier the total volume of syngas increases accordingly. 
Despite a modest increase in the total H2 production from 0.348 mol/s to 
a maximum of 0.396 mol/s at a recycling ratio of 0.923 molCO2/molC, 
the higher total volume of produced gas decreases the fraction of H2 in 
the syngas as the recycling ratio goes up. Furthermore, a slight decrease 
in the total production of CO from 0.399 mol/s to 0.248 mol/s over the 
same range of recycling ratios contributes to an increase in the H2/CO 
ratio. Both H2 and CO production drop off dramatically as the recycling 

ratio passes 1.0 molCO2/molC. A minor increase to the CH4 content is 
also evident as the recycling ratio rises, reaching 0.063 mol/s at the 
maximum recycling ratio. Additionally, there are significant increases to 
the N2 and CO2 content as exhaust gases are recycled. This dilution of the 
syngas with N2 and CO2 has the consequence of decreasing the syngas 
LHV with increased exhaust recycling. Sources of these diluents within 
the gasifier system are the N2 introduced with the gasification air stream 
and the N2 contained in the recycled exhaust gas since air is also used as 
the oxidizer in the combustion engine. The CO2 diluent is generated 
from both the gasification and combustion processes. 

Under this system configuration, gasifier temperatures decrease with 
increasing exhaust recycling (Fig. 6), creating thermodynamic condi-
tions less favourable to endothermic reactions. As the recycling ratio 
exceeds 1.5 mol CO2/mol C, the gasifier equilibrium condition can no 
longer convert all the carbon contained in the biomass feed into gases 
and char residues are produced. This behaviour is also reflected in the 
observed cold gas efficiency (CGE) where initial efficiency losses due to 
declining syngas LHV are moderate but significantly drop off beyond the 
carbon boundary point noted above. In principle, this gasifier perfor-
mance agrees with previous thermodynamic studies of CO2 gasification 
[12] where lower gasification temperatures, incomplete carbon con-
version, and poor CGE were observed with increased supply of a CO2 
gasifying agent. Increases in the H2:CO ratio and syngas dilution were 
also associated with lower gasification temperatures. 

Despite the decreasing quality of the syngas, engine performance 
(Fig. 6) shows a marginal improvement in indicated power of 170 W for 
low levels of exhaust recycling. Since gasifier performance decreased 
under these same conditions, this phenomenon is attributable to the 
excess N2 and CO2 acting as a combustion diluent within the engine, 
lowering the average cylinder temperatures. With lower combustion 
temperatures, less charge energy is lost to the engine coolant so a higher 
proportion of the available energy can be transferred to useful work. 
Furthermore, higher CO2 concentrations in the cylinder working fluid 
have previously shown limited improvement to engine performance due 
to changes in thermal properties [36]. This has diminishing returns, 
however, since the specific LHV of the fuel is decreasing overall as the 
recycling ratio increases. 

Moreover, the lower combustion temperatures from the lower LHV 
fuel produce lower exhaust temperatures. In this coupled system, these 
exhaust gas temperatures (EGTs) have an effect on the gasification 
process since the recycled exhaust gases also act as a source of allo-
thermal heat in the gasifier. The conditions of this case produced EGTs 
that were always cooler than the corresponding gasification tempera-
ture, limiting this benefit to the gasifier. High EGR can also lower the 
gasification temperature by encouraging endothermic reactions since 
higher concentrations of CO2 and H2O will tend to push the equilibrium 
point of the reverse Boudouard and primary water-gas char reduction 

Fig. 4. Validation of the simulated engine model and empirical engine performance for (left) cylinder pressure traces and shown brake power outputs at different 
power settings and (right) distribution of energy output from experimental data and simulated model. 

Fig. 5. Dry syngas composition and unconverted char residual (top) and dry 
syngas LHV and production rate (bottom) for air gasification at λ = 0.300 
enhanced with recycled engine exhaust gases. 
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reactions. Lower equilibrium temperatures however will tend to favour 
the exothermic water-gas shift reaction, hence the increasing H2:CO 
ratio. In total, EGR gasification for this case showed minimal benefit, 
increasing the system efficiency to only 28.21 % at a recycling ratio of 

0.219 molCO2/molC. 

4.1.2. Varying gasifier air ratio 
Although the previous case demonstrated only minor system benefits 

for recycling engine exhaust, CO2 gasification is known to enhance char 
conversion [9], potentially improving gasification conditions under 
lower air ratios. The initial air ratio of λ = 0.300 was capable of 
generating a good quality syngas and completely converting the biomass 
carbon content to syngas. However, higher air ratios would actually 
decrease the quality of syngas since additional oxygen would promote 
more combustion, generating higher temperatures and more CO2 and 
H2O rather than fuel species. On the other hand, an air equivalence ratio 
too low would produce temperatures too cold for effective gasification 
and cause low carbon conversion. 

To further investigate the interaction of exhaust gas enhanced gasi-
fication and air ratio, four different air ratio cases are studied while 
varying amounts of exhaust gases are recycled to the gasifier. Equiva-
lence ratios were chosen to cover a range of simulations where carbon 
conversion varied depending on CO2 recycling. The baseline λ = 0.300 
showed complete carbon conversion without the need for any CO2 
recycling while the extreme rich condition of λ = 0.225 was not capable 
of complete carbon conversion at any recycling ratio. Fig. 7 illustrates 
the syngas composition for these cases. Trends in gaseous species con-
centration remain similar across all the studied air ratios, with N2 and 
CO2 dilution remaining as a significant feature of increased recycling. 
However, observable differences in char production highlight a notable 
feature of EGR enhanced gasification. While λ = 0.275 appears to be 
sufficient to fully convert the biomass carbon without EGR, a lower λ =
0.250 can only achieve full conversion with some exhaust recycling. 
Finally, no amount of exhaust recycling is capable of complete carbon 
conversion for the lowest λ = 0.225 case in this system configuration. 

Gasifier CGEs for these cases (Fig. 6) highlight the benefit of full 
carbon conversion at the lowest possible air ratio, as the peak CGE of 
84.06 % and system efficiency of 29.24 % correspond to the λ = 0.250 
case with a recycling ratio of 0.136 mol CO2/mole C. The λ = 0.275 case 
showed trends in efficiencies similar to the original case of λ = 0.300 
with initial efficiencies slightly higher, indicating the original air ratio 
was higher than necessary. Finally, the λ = 0.225 case demonstrates 
some of the limitations of air ratio reductions as its efficiencies were 
lower than the base case regardless of amount of exhaust recycling. 

One reason for the incomplete carbon conversion at low air ratios is 
the lower gasification temperatures. Supplying air is what allows for 
partial oxidation of some of the feedstock, providing the needed energy 
to drive the gasification reactions. Although the λ = 0.250 case was 
successfully able to supplement some autothermal heat with recycled 
exhaust heat, the exhaust temperatures in the λ = 0.225 case were not 
hot enough to compensate for the low air ratio, despite the recycled 
exhaust heat. 

4.1.3. Constant temperature gasification 
The previous simulations showed that equilibrium temperatures 

were influenced by exhaust recycling when gasification air supply 
remained fixed. Since the air ratio in the gasifier has the strongest in-
fluence over the gasification temperature, control of the air flow can 
effectively set the gasification temperature. By manipulating the airflow 
into the adiabatic gasifier model, three additional simulations for con-
stant gasifier temperatures of 650 ◦C, 700 ◦C, and 750 ◦C were analysed 
for system performance. 

For these cases, equilibrium temperatures over 700 ◦C caused full 
char conversion without any exhaust recycling while only the 650 ◦C 
gasification case required EGR of at least 0.163 mol CO2/mol C for 
complete carbon conversion. This latter case also had the highest effi-
ciencies of 83.94 % for CGE and 29.23 % for the overall system effi-
ciency occurring at the carbon boundary point (Fig. 8). Recycled gas 
temperatures significantly limit EGR benefits in these cases since EGTs 
become increasingly colder than the target gasifier temperature. This 

Fig. 6. System performance parameters under varying degrees of exhaust 
recycling showing (top) engine performance, (middle) CGE in green and total 
system efficiency in blue for different E/R, and (bottom) EGT in red and gasi-
fication temperature in green at different E/R. 
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has the effect of requiring additional sensible heat to bring these re-
actants up to temperature, forcing ever higher air ratios in the gasifier to 
maintain the desired equilibrium temperature (Fig. 8 c). 

4.2. Effect of excess diluents 

From the previous analyses, it is evident that temperature differences 
between the recycled exhaust and the gasifier cause limitations to the 
benefits of EGR gasification. It was also shown that the dilution of the 
syngas with N2 contributes to the low EGT that exacerbates this issue. In 
order to quantitatively examine this aspect of the integrated gasification 

system, two separate modelling cases are considered where N2 is arti-
ficially removed from the modelled system; one where N2 is eliminated 
from the syngas stream and another where it is instead removed from the 
recycled exhaust stream. Both cases remove the diluent downstream 
from one of the two sources where it originates: in the gasifier air or the 
combustion air. 

Under constant air ratio configurations, Fig. 9 indicates removal of 
N2 from the syngas stream prior to combustion in the engine has the 
strongest impact on overall system efficiency. Less diluent during com-
bustion results in an initial EGT roughly 100 ◦C higher than the baseline 
case, a trend which continues to improve across all recycling ratios. This 
beneficial influence on the total system efficiency demonstrates the 
improved allothermal heating supplied by the recycled exhaust gases at 
higher temperatures. For the λ = 0.250 case the EGT actually exceeds 
the gasifier temperature for low recycling ratios (Fig. 10) and increases 
the overall system efficiency to a maximum of 31.02 % at a recycling 
ratio of 0.220 mol CO2/mol C. 

Both scenarios of N2 removal demonstrate the effect of diluent build 

Fig. 7. Dry syngas composition and unconverted char residual for air gasifi-
cation enhanced with recycled engine exhaust gases at λ = 0.275 (top), λ =
0.250 (centre), and λ = 0.225 (bottom). 

Fig. 8. CGE in green and system efficiency in blue (top), EGT in red and gasifier 
temperature in green (centre), and required air ratio (bottom) for constant 
gasifier temperatures. 
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up within the exhaust recycling system. The rates of change in system 
efficiency for both removal scenarios are approximately identical after 
any local efficiency peak, showing the effect of CO2 build up when it is 
isolated from the long-term build-up of N2 within the system. Similarly, 
the offset between the efficiency curves indicates the impact of pre- 
combustion versus post-combustion diluent removal. For the λ =
0.300 air equivalence ratio, this difference was ~ 1.5 % and rose to ~ 
2.5 % for the λ = 0.250 case. 

Removal of N2 from the exhaust stream before recirculation to the 
gasifier actually has a slightly negative effect on system performance 
compared to the original simulation for low to moderate amounts of 
exhaust recycling. This highlights the importance of the exhaust gases in 
reusing waste heat. Since the N2 species is inert in the gasifier, we can 

see here the effect of supplying additional heat to the gasifier through 
the mass flow of exhaust N2 compared to the case where it is removed 
from the exhaust. It appears that the lower temperature of the N2 diluted 
exhaust is offset by the increased mass flow of the exhaust stream to the 
gasifier, thus carrying more thermal energy into the gasifier. This result 
is eventually negated at higher recycling ratios as the continuous build- 
up of N2 diluent causes a rapid decrease in EGT as the recycling ratio 
accumulates. 

Precombustion diluent removal also improves the performance when 
constant temperature gasification is used. Fig. 11 demonstrates this ef-
fect is most pronounced for lower gasifier temperatures since the higher 
EGTs will have a greater allothermal heating effect, particularly for the 
650 ◦C and 700 ◦C gasifier temperature cases at low recycling ratios 
when EGTs are above the gasifier equilibrium temperature. Again, the 
removal of diluent from the exhaust stream in the second case has a 
marginally negative impact on overall system performance for the same 
reasons highlighted above. Peak system efficiencies of 31.17 % and 
30.84 % were reported at recycling ratios of 0.220 and 0.163 mol CO2/ 
mol C for pre-combustion N2 removal at the constant gasifier tempera-
tures of 650 ◦C and 700 ◦C, respectively. 

4.3. Assessment of CO2 utilisation and emissions 

Analysis has so far focused on the overall system performance and 
thermal integration of the gasifier and engine exhaust. Assessment of the 
CO2 utilisation within the system will also provide insight on the most 
effective CDU aspects of EGR enhanced gasification. To determine the 

Fig. 9. System efficiencies at λ = 0.300 (top), λ = 0.275 (centre), and λ = 0.250 
(bottom) for different diluent removal strategies. 

Fig. 10. Effect of nitrogen removal on EGT in red and gasifier temperature in 
green for λ = 0.250 (top) and constant temperature 650 ◦C (bottom). 
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actual generation rate of CO2 from gasification, the gasifier’s net CO2 
production is calculated as the difference between the CO2 content in the 
syngas and the amount of CO2 supplied to the gasifier as a gasifying 
agent (Equation (17)). In this way the CO2 generated during gasification 
is distinguished from the CO2 recycled to the gasifier from the engine 
exhaust. 

CO2,net = CO2,syngas − CO2,EGR (17) 

Fig. 12 shows a trend that, in general, net CO2 increases with recy-
cling ratio, indicating that recycled CO2 is not being consumed in the 
gasifier. This is due to the lower gasifier temperatures (see Fig. 6) which 
will not favour the endothermic reactions that convert CO2 to syngas. As 
examples of this situation, the equilibrium constants (see Table 4) of the 
reverse Boudouard (equation (1)), reverse WGS (equation (2)), and 
methane dry-reforming (equation(3)) reactions demonstrate a marked 
downward shift for temperatures corresponding to increased recycling 
ratios, often in orders of magnitude. Such changes mean the reactants 
(including CO2) become thermodynamically favoured over the products 
of those reactions. Mathematically, this behaviour is predictable from 
the calculation of the equilibrium constant from fundamental thermo-
dynamic principles as Kp = exp(-Δ G/RT). This effect is further evi-
denced by the corresponding reductions in CO production discussed 
previously in Fig. 5 and Fig. 7 due to these same temperature-induced 
equilibrium shifts in the WGS and dry-reforming reactions that favour 
CO2 over CO. Higher recycling ratios at constant air ratios indicate an 
eventual benefit of concentration-based shifts to the CO2 equilibrium in 
the gasifier, however the corresponding syngas is very dilute, carbon 
conversion is poor, and the equilibrium temperature is so low that 
gasification may not be achievable in practise. 

For the 650 ◦C constant gasifier temperature case, the continuous 
increase in air ratio required to maintain the gasification temperature 

will favour the oxidation reactions, thus increasing the net production of 
CO2 in a nearly linear fashion beyond the carbon boundary. Although 
reaction equilibrium constants will remain the same at the constant 
gasification temperature, the increase in O2 supply to the gasifier pro-
motes the formation of CO2 through combustion reactions. While partial 
char oxidation reactions would generate some CO due to the increase in 
O2 supply up to the carbon boundary, CO2 remains the thermodynam-
ically favoured product given the significant difference in equilibrium 
constants since Kp,comb ≫ Kp,p-ox. Additionally, CO combustion reactions 
will contribute to a decrease in CO and a corresponding increase in CO2 
as additional O2 is supplied beyond the carbon boundary. 

A minor improvement in CO2 conversion occurs for low amounts of 
exhaust recycling in the constant temperature gasifier. However, net 
CO2 production only decreased by approximately 1.00 % from initial 
conditions up to the point of full char conversion while O2 input in-
creases by 44.04 % further indicating the gasification thermodynamic 
conditions favour char oxidation reactions over the reverse Boudouard 
reaction. Despite the limited CO2 conversion for the constant tempera-
ture case up to the carbon boundary, it otherwise appears that the 

Fig. 11. System efficiency for constant gasifier temperatures of 650 ◦C (top) 
and 700 ◦C (bottom). Fig. 12. Net CO2 production in the gasifier for (top) constant λ = 0.25 and 

(bottom) constant gasifier temperature of 650 ◦C. 

Table 4 
Equilibrium constants for reverse Boudouard (1), reverse water-gas shift (2), and 
methane dry-reforming (3) reactions under exhaust recycling ratios at corre-
sponding gasifier temperatures.  

CO2/C Temp (◦C) Kp,1 Kp,2 Kp,3 

0  690.5  8.50*10− 1  6.33*10− 1  5.19*100 

0.508  524.7  1.01*10− 2  2.56*10− 1  5.88*10− 3 

1.034  408.4  1.22*10− 3  1.01*10− 1  7.25*10− 6  
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recycled CO2 is not active in any chemical reactions to produce fuel since 
the net CO2 production from the gasifier continues to increase. In this 
instance the increase in system performance is attributable to CO2 and 
other exhaust gases acting primarily as a heat transfer medium to recycle 
heat rejected from the engine cycle to the gasifier. 

N2 dilution in the system has a significant, negative impact on these 
CO2 utilisation trends. For the cases where N2 is removed from the 
syngas or exhaust gases, dramatic reductions in gasifier CO2 generation 
are evident over the same recycling ratios. In the first instance, removal 
of excess N2 effectively increases the concentration of CO2 in the gasifier 
as exhaust gases are recycled, even though the total amount of CO2 
supplied to the gasifier is the same as before. This is in contrast to the 
original cases where N2 concentrations in the syngas were typically 
above 40 % by volume and tended to approach 80 % at very high 
recycling ratios. Additionally, the increases in EGT when N2 is removed 
allowed for higher gasifier temperatures, making favourable conditions 
for endothermic reactions to consume CO2. In fact, a 1.74 % improve-
ment in CO2 conversion occurs at the carbon boundary for the 650 ◦C 
constant temperature gasifier before a moderate increase in net CO2 
production. This operating point is near the peak EGT condition. Addi-
tionally, the higher temperature recycled exhaust heat minimised the 
required air flow to maintain the constant gasifier temperature, allowing 
for net CO2 production to once again decrease at higher recycling ratios. 
This is consistent with experimental results that indicate best CO2 con-
version conditions exists at the highest temperatures [9]. 

Although the chemical utilisation of CO2 as a gasifying reagent tends 
to be poor, the modest improvements to indicated power and system 
efficiency from exhaust recycling will affect specific emissions released 
from the power cycle. Under all system configurations, the local minima 
of indicated specific CO2 emissions occur at the best efficiency points, 
highlighting the importance of gasifier equilibrium conditions on the 
overall system performance. In the context of biomass energy, this 
aspect becomes important due to the delay between CO2 emissions from 
the power cycle and the reabsorption of the carbon into the next gen-
eration of feedstock required to make the cycle carbon neutral. While 
there is considerable variability in the extent of this “carbon debt” 
[37,38] it stands to reason that any improvement in bioenergy specific 
emissions will be beneficial in reducing the carbon debt for a given rate 
of bioenergy generation. 

While it seems there are marginal benefits in the gasifier’s CO2 
consumption at higher recycling ratios, the dilute, low-quality syngas 
produced under these conditions drastically reduces both the CGE and 
the engine’s indicated power output. Regardless of the gasifier’s CO2 
conversion conditions, use of EGR enhanced gasification successfully 
reduced the indicated specific CO2 emissions at the optimal efficiency 
operation points. Table 5 summarises the system efficiencies and CO2 

emissions for these key cases, underscoring the combined effect of air 
ratio and recycling ratio on the overall system performance. Although 
the increase to system efficiency is minor, EGR gasification at an air ratio 
of λ = 0.250 would reduce the specific CO2 emissions by 46.2 g/kWh, a 
3.79 % decrease from the original system configuration at λ = 0.300. 

Significant emissions improvement would be achieved if inert dilu-
ents could be removed from the syngas or if gasification temperatures 
could be increased. In addition to the efficiency benefits previously 
discussed, pre-combustion N2 removal would decrease indicated CO2 
emissions by 9.73 %, emitting 118.5 g/kWh less than the basic system. 

5. Conclusions 

Analysis of a representative numerical model has quantified the ca-
pacity for direct CDU in a small-scale, air-blown, biomass gasification 
power cycle using EGR enhanced gasification. Key conclusions relating 
to thermodynamic gasification conditions and system responses are as 
follows: 

• Marginal improvements in indicated output power, system effi-
ciency, and specific emissions are observed under modest exhaust 
recycling conditions.  

• Over certain ranges, EGR supply to the gasifier can lower the air ratio 
required in the gasifier to maintain full carbon conversion, thus 
increasing CGE.  

• Recycling 0.136 mol-CO2/mol-C to a gasifier with an air-ratio of λ =
0.250 increased overall system efficiency by 1.1 % and reduced the 
specific CO2 emissions by 46.2 g-CO2/kWh compared to the refer-
ence system configuration.  

• Exhaust recycling dilutes the syngas with excess N2 and CO2, 
resulting in a lower LHV, lower EGT, and thus lower equilibrium 
temperatures. High amounts of EGR limits gasifier thermodynamic 
performance since lower equilibrium temperatures cause lower CO2 
conversion and thus lower syngas quality.  

• Gasification equilibrium temperatures dropped by 318 ◦C from the 
reference case when the gasifier had 0.136 mol-CO2/mol-C of 
exhaust recycled and the air-ratio reduced to λ = 0.250. The net-CO2 
utilisation decreases and the H2:CO ratio tends to increase with 
exhaust recycling due to lower equilibrium temperatures.  

• Modelling techniques revealed the impact of N2 dilution is most 
prevalent in the engine exhaust temperatures. In total, syngas N2 
dilution lowers the overall system efficiency by 2.5 percentage points 
and increases specific emissions by 72.4 g-kWh, or 6.16 %, compared 
to a N2-free syngas. This suggests CDU aspects of the system could be 
further enhanced if additional syngas upgrading or diluent removal 
is implemented.  

• Due to unfavourable thermodynamic conditions in the gasifier, most 
cases studied showed poor CO2 conversion to syngas. This indicates 
the primary use of recycled CO2 under these conditions is as a heat 
transfer medium rather than chemically active reagent. Evidence of 
enhanced CO2 chemical conversion to CO is limited to the point of 
full char conversion in 650 ◦C gasifiers, with N2 dilution of the syngas 
also diminishing this effect. 

This technical assessment has highlighted the thermodynamic ben-
efits and limitations of EGR enhanced gasification as a direct CDU 
strategy for a biomass IGC, leading to a detailed understanding of the 
system thermodynamic conditions under different operating points. It 
provides a system-level understanding of how EGR influences an IGC 
and serves as a baseline for future detailed analysis including specific 
gasifier designs. Given the modest improvements to system perfor-
mance, following work should also adopt an economic scope to deter-
mine the feasibility and potential impact of this CDU strategy when 
applied in practise. 

Table 5 
Summary of combined system efficiency and specific CO2 emissions for select 
system configurations.  

Air Ratio, 
λ 

Gasification 
Temperature 

N2 

Removal 
Recycling 
Ratio 

Combined 
System 
Efficiency 

Specific 
CO2 

Emissions 
(g-CO2/ 
kWh)  

0.300 (972 ◦C) –  – 28.14 %  1218.5  
0.300 (788 ◦C) –  0.219 28.21 %  1215.4  
0.250 (654 ◦C) –  0.136 29.24 %  1172.3  
(0.251) 650 ◦C –  0.163 29.23 %  1172.4  
(0.260) 700 ◦C –  0.020 29.15 %  1176.1  
0.250 (669 ◦C) from 

Syngas  
0.220 31.02 %  1104.3  

(0.241) 650 ◦C from 
Syngas  

0.220 31.17 %  1100.0  

(0.260) 700 ◦C from 
Syngas  

0.163 30.84 %  1111.6 

*Dependent gasification variable indicated in parentheses. 
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